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Synopsis

Design and synthesis of luminescent organic solids with different color
emission have been continuously attracting the scientific community for various
optoelectronic applications. However, most of the organic solids are non-emissive
in the solid state due to the obstacle called aggregation caused quenching (ACQ).
A great deal of efforts has been done to minimize the aggregate formation but
have ended up with limited success. The formation of aggregates at high
concentration or in solid state is an inherent phenomenon and difficult to prevent
it. Tang et al. in 2001 utilized the aggregation phenomenon and developed an anti
ACQ material which shows emission in the aggregated state and termed this
concept as aggregation induced emission (AIE). The AIE materials are highly
fluorescent in the solid state and work on the principle of restricted intramolecular
rotations. Generally, the propeller shape molecule exhibits AIE behavior, and
based on this concept various AIE active compounds have been developed.

The tetraphenylethylene (TPE) moiety has propeller shape molecular
structure and exhibits AIE behavior. The TPE can be functionalized at various
positions by changing the synthetic methodology. Owing to these properties TPE
serves as an important luminogen in the field of solid state emission and being
utilized in various applications such as organic light emitting diodes (OLEDs),
metal ion sensors, mechano-sensors, supramolecular assemblies and in-vivo as

well as in-vitro bio-imaging.

The fascinating properties of TPE derivatives inspired us to develop new
TPE based luminogens which would be applicable in OLEDs and emerging area
of mechano-sensors. We have coupled TPE to various chromophores such as
phenanthroimidazole, pyrenoimidazole, benzothiadiazole and pyrazabole with
varying degree of electronic structure and acceptor strength and further studied

their photophysical, AIE and mechanochromic properties.
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The main objectives of the present study are;

» To design and synthesize new TPE based AlE-active luminogens which
can show different colored emission.

» To study the structure property relationship of the new TPE based
luminogens.

» To explore the mechanochromic applications of the new TPE based AIE
luminogens.

» To investigate mechanistic understanding of the AIE and mechanochromic
effect.

Chapter 1: Introduction

This chapter describes how the AIE luminogens are important, followed
by detailed discussion about synthesis, properties and applications of TPE based

luminogens.

Chapter 2: Materials and experimental techniques

Chapter 2 summarizes the general experimental methods, characterization

techniques and details of instruments used for characterization.

viii



Chapter 3: Tetraphenylethylene substituted phenanthroimidazole
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In this chapter two TPE substituted phenanthroimidazoles 3a and 3b were
synthesized by the Suzuki cross-coupling reaction. The molecule 3b has
additional cyano-group on the phenanthroimidazole ring. The single crystal
structure, photophysical properties, AIE and mechanochromic properties are
discussed. The crystal structure of 3a and 3b shows twisted geometries for TPE
and phenyl rings and no m-m stacking interaction in the crystal packing diagram.
The presence of cyano-group in 3b results in strong hydrogen bonding and higher
extent of C-H---n interactions which results in tight crystal packing in 3b as
compared to 3a. The phenanthroimidazoles exhibit good thermal stability and
cyano-group helps in further improvement of thermal stability. The cyano-group
in phenanthroimidazole also enhances the AIE effect. The single crystal X-ray
structure and packing analysis reveal that hydrogen bonding and strong
supramolecular interactions are responsible for AIEE in 3b. The 3a and 3b show
reversible mechanochromic behavior with colors contrast between sky-blue and
yellow green. The powder XRD study shows that destruction of crystalline state
into amorphous state is associated with mechanochromism. The planarization
induced enhanced conjugation may be the responsible for the mechanochromic

behavior in TPE substituted phenanthroimidazoles.



Chapter 4: Effect of end-groups on mechanochromism and
electroluminescence in tetraphenylethylene substituted

phenanthroimidazoles
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In order to evaluate the positional effect of TPE unit and to study the
effect on solid state emission and mechanochromism by changing different end
groups on phenanthroimidazole, four TPE substituted phenanthroimidazoles 3a—
3d were designed. The phenanthroimidazoles 3a—-3d were synthesized by Suzuki
coupling reaction of iodophenathroimidazoles having different end groups (H,
CHs;, CF3; and CN) with 4-(1,2,2-triphenylvinyl)phenylboronic acid pinacol ester
in good vyields. The single crystal structures of 2b, 2c, 3a and 3d are reported and
show that the multiple phenyl rings in the TPE unit adopt non-planar orientation.
Their photophysical, aggregation induced emission (AIE), mechanochromic,
electrochemical and electroluminescence properties were studied. The
phenanthroimidazoles 3a-3d exhibit strong AIE effect. High color contrast
reversible mechanochromism between blue and green color was observed for
phenanthroimidazoles 3a-3d. It was found that the solid state emission and
mechanochromic behavior of tetraphenylethylene substituted
phenanthroimidazoles 3a-3d are function of the end group on

phenanthroimidazole. The electroluminescence behavior of 3a and 3d was studied



and performed well as non-doped blue emitters in the organic light-emitting

diodes and exhibits 3.9% and 4.0% external quantum efficiency, respectively.

Chapter 5: Tetraphenylethylene substituted phenanthroimidazole
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In order to evaluate the effect of increasing the conjugation on
phenanthroimidazole, phenanthroimidazole was changed to pyrenoimidazole,
along with the alteration in the TPE unit. Two pyrenoimidazole based luminogens
3a and 3b were designed and synthesized by the Pd-catalyzed Suzuki cross-
coupling reaction of bromopyrenoimidazole with 4-(1,2,2-
triphenylvinyl)phenylboronic acid pinacol ester and 2-(4-pinacolatoboronphenyl)-
3,3-diphenylacrylonitrile. The single crystal X-ray structure of 3a was also
studied and reveals the twisted conformation. Their photophysical, AIE and
mechanochromic properties were studied. The pyrenoimidazoles 3a and 3b
exhibit strong AIE. The 3b show different colored emission with varying water
fraction. The 3a and 3b exhibit reversible mechanochromic behavior with color
contrast between blue and green. The enhanced conjugation and increasing
amorphous nature after grinding are associated with mechanochromism in

pyrenoimidazoles 3a and 3b.
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Chapter 6: Tetraphenylethylene substituted benzothiadiazole
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In order to understand how the donor (D)/ acceptor (A) substituents and
their substitution pattern affect the solution and solid-state optical properties, a
series of symmetrical and unsymmetrical TPE substituted BTDs 3-8 were
designed and synthesized by the Suzuki and Stille coupling reactions. Their
solvatochromic, aggregation induced emission (AIE), mechanochromic, and
vapochromic properties were studied and compared. The single crystal X-ray
structures of BTDs 5 and 6 are reported. The BTDs 3-8 are highly fluorescent
with tunable emissions. In BTDs 3-8, solvent dependent emission was observed
and their Lippert-Mataga plots showed a linear correlation of the Stokes shift with
solvent polarity. The emission study in varying tetrahydrofuran (THF):water
percentages showed enhanced emission in aggregates. The BTDs exhibit
reversible multi-stimuli response towards mechanical force, solvent and heat. The
detailed study using single crystal X-ray, photophysical properties, powder X-ray
diffraction, scanning electron microscopy and theoretical calculation reveals that
the planarization induced enhancement in conjugation and conversion of
crystalline to amorphous state are responsible for mechanochromism and

vapochromism.
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Chapter 7: Tetraphenylethylene substituted pyrazabole
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In this chapter a TPE substituted pyrazabole was designed and synthesized
by the Pd-catalyzed Suzuki cross-coupling reaction. The photophysical, AIE and
mechanochromic properties of TPE substituted pyrazabole were studied. The
pyrazabole TPE substituted pyrazabole exhibits strong aggregation induced
emission (AIE) and the nanoaggregate formation was further characterized by
dynamic light scattering (DLS) and scanning electron microscope (SEM). The
reversible mechanochromic behavior with high color contrast between blue and
green was observed. The powder XRD study shows that destruction of crystalline

state into amorphous state is responsible for mechanochromism.
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Chapter 1

General introduction and background

1.1. Background

Organic n-conjugated materials have been proved as promising candidate
for organic light emitting diodes (OLEDs),™ organic fluorescent
chemosensors,”? flat panel displays®® organic solid-state lasers,/ and
bioprobes® owing to their luminescence property. In order to increase the
luminescence efficiency of organic luminogens, a simple and efficient plan is
to extend the m-conjugation by connecting aromatic rings. The implementation
of this plan resulted in organic luminogens having highly emissive nature in
dilute solution. The luminescence behavior of such luminogens had been
examined in solution state for laboratory purpose. Although in real world
applications, luminogens are practically used in solid state. Unfortunately,
most of these conventional luminogens in solid state or in high concentration
weakens or quenches their emission, a result conventional luminogens are
ineffective in applications. This quenching effect was first discovered by
Forster and Kasper in 1954 for pyrene molecule. The fluorescence intensity of
the pyrene molecule decreases upon increasing the solution concentration.®!
Eventually the quenching effect was recognized to be a common occurrence
for most aromatic compounds. In the classic book of Birks on “Photophysical
Properties of Aromatic Molecules” mentioned about this effect as “known to
be common to most aromatic hydrocarbon and their derivatives”.l"! This
was an outcome of the strong interactions between ground state and excited
molecules which triggered the formation of sandwich shaped excimers and
exciplexes. The absence of solvent forces in concentrated state results solute
molecules to be in close proximity. The large aromatic frameworks of
luminogens particularly disc shaped molecules experience a strong m-m
stacking interaction leading to formation of random or ordered aggregates.
The excited states of these aggregates form excimer or exciplexes and are



prone to decay via non radiative pathway. This phenomenon is commonly

known as Aggregation caused quenching (ACQ) of light emission.®!

~

n-1 stacking
interaction

>
Aggregation caused

quenching (ACQ)

Emissive Nonemissive

Figure 1.1. Schematic presentation of ACQ effect of planar pyrene molecule.

The ACQ effect is usual for many organic molecules and forces the
researchers for using these luminogens in very dilute solutions. However
multiple problems were encountered by using dilute solutions of luminogens
such as emissions from dilute solutions are often weak, leading to poor
sensitivity in fluorescence sensory systems, quick photo bleaching of dye
molecules in dilute solutions when a harsh laser beam is employed as the
excitation light source. Furthermore, many applications like OLEDs, full color
displays, lighting, solid state lasers, mechano-sensors etc. require organic
luminescent materials to be used in solid state.l®! The ACQ effect is a thorny
obstacle and to minimize this, researchers have developed various chemical,
physical and engineering approaches. The commonly used chemical
approaches are use of branched alkyl chains, bulky substituents and spiro
linkages to barricade/obstruct the aggregate formation.[! During device
fabrication ACQ effect is minimized by physical passivation via surfactant
encapsulation (e.g. sodium dodecylsulfate) or blending non-conjugated
polymers such as poly(methyl methacrylate) (PMMA).[*? Regardless of the
attempts made, only limited success was achieved. The development of a
system in which aggregation constructively enhances the emission of system is
necessary. This would make development of emissive luminophores easier
because aggregation now turns to advantage and no extra efforts would be
required to artificially interrupt the natural process of luminophore

aggregation.[*!



1.2. Aggregation-Induced Emission (AIE)

In 2001, Tang et al. reported an exciting phenomenon termed as
aggregation induced emission (AIE). This was totally contradictory to the
ACQ phenemenon, in which light emission was enhanced by aggregation.
This unusual phenomenon was first observed for hexaphenylsilole (HPS)
(Figure 1.2) derivatives, which are non-emissive in dilute solutions of good
solvents (acetonitrile, tetrahydrofuran (THF) and chloroform).!*? Water being
a poor solvent for HPS; the addition of large amount of water into the
acetonitrile solution of HPS results in the formation of aggregates which are
highly emissive. This kind of enhancement of emission induced by

aggregation was termed as aggregation induced emission.[*?!

Water content (vol %)

0 60 70

Aggregation induced emission in O /s O

Hexaphenylsilole (HPS) molecule ©S®

Figure 1.2. Fluorescence photographs of HPS in acetonitrile/water mixtures

with different water fractions.

The AIE phenomenon was further studied by fluorescence
spectroscopic analysis technique. The fluorescence of the HPS solution in
acetonitrile was negligible (Figure 1.2) with a quantum vyield (@) 0.22%.[t
After gradual increase in water percentage up to 50%, the ®¢ value remains
constant and beyond that increases promptly. The poor fluorescence of HPS in
acetonitrile was enhanced in aggregated suspension (99% water fraction) by
255-folds (®r-56%). The AIE effect makes HPS highly fluorescent in the solid
state. The absorption spectra of different acetonitrile and water concentration

mixtures having high water concentration show absorption tails extending well



into the long wavelength region, this is due to the light scattering effect of
nano-aggregates. This effect is well known in case of nanoparticles and termed
as Mie effect.* The particle size analyses of HPS solution in the solvent
mixtures with 80% and 90% water reveal the existence of particles with
average sizes of 190 nm and 130 nm, respectively. This confirmed the HPS
molecules aggregated into nanoparticles.

The six phenyl rings of HPS have non-planar geometry resulting in a
propeller shaped molecule in the dilute solution of HPS. The phenyl rings
exhibit intramolecular rotations through the single bond which act as a non
radiative relaxation channel for the excited state. At higher concentration or in
aggregated state the intramolecular rotations became restricted and
consequently restricted the excited state decay by the radiative pathway.
Tang’s et al. has proposed this restriction of intramolecular rotation (RIR) in
the aggregates is a main cause for the AIE effect (Figure 1.3). Since HPS has
propeller shape, it does not exhibit -t stacking interactions in the aggregate
form. The validity of the RIR hypothesis was proved by series of experiments
where RIR process was modulated internally and externally.!*>®! The external
RIR was proved by increasing the solution viscosity, lowering the temperature
and pressurization which resulted boost in the emission of AIE molecules
efficiently.l*®! The structural perturbation turning the AIE active molecule to

AIE inactive proves the RIR internally.™*®]

HPS Restriction of 2 P

W Q Intramolecular .

O A O rotation (RIR) -
Si

Aggregation induced ¢
@ @ emission (AIE)

Nonemissive L.
Emissive

Figure 1.3. Schematic presentation of mechanism involving AIE as restricted

intramolecular rotation in hexaphenylsilole (HPS) luminogen.

1.3. Luminogens with Aggregation-Induced Emission Characteristics
Fascinated by the exciting phenomenon and its broad outlooks, more

and more researchers have done a large amount of outstanding work. Guided

4



by the basic understanding, researchers have synthesized different kinds of
molecules with a structural feature of propeller-shape, consisting of multiple
phenyl rotors and olefinic or aromatic stators to suppress intermolecular
interactions. Some examples of the AlEgens are summarized in Chart 1.1.
[12a155.17) The promising and efficient strategy to convert ACQ fluorophore to
AlEgen is by decorating an AlEgen onto an ACQ fluorophore. For example,
anthracene and pyrene show typical ACQ effects due to their unavoidable n—n
stacking in the aggregate states. Decorating them with AIE luminophore
converts these ACQphores to AIE active luminogens. By using this strategy
the developed luminogens show emission color covering entire visible region.
We were interested in design and synthesis of various AIE active luminogens

containing tetraphenylethylene unit.

Chart 1.1. Various molecules exhibiting aggregation induced emission

phenomenon.

1.4. Tetraphenylethylene (TPE)

Tetraphenylethylene (TPE) (Figure 1.4) represents a family of
polyaromatic compounds where an olefin is flanked by four phenyl rings. The
crystal structure of TPE was reported by Hong et al., which reveals four
phenyl rings adopt propeller like conformations.[*®! The phenyl rings are
twisted geometry with ~50° twisting angle corresponds to central olefin. This
propeller like conformation minimizes a direct n-n stacking interaction which

was observed in the molecular packing. The weak C-H---m interactions are



present in between hydrogen atoms of phenyl rings of one TPE molecule and
the n-electrons of the phenyl rings of the adjacent molecule. This weak C-H---
7 interactions can further lock the molecular conformation in the solids. The
absence of n-m stacking interaction and locking of intramolecular rotations of
phenyl rings makes TPE as an AIE active molecule.'™® The synthesis of
various functionalized TPE derivatives is a facile process which makes TPE a
very attractive and useful molecule in generating new luminogens with AIE
characteristics. The halogenated TPE can be synthesized very easily by using

halogenated precursors for TPE synthesis.

) O
O
Figure 1.4. Structure of tetraphenylethylene.
1.5. Synthesis of Tetraphenylethylene (TPE)

The synthesis of TPE and its derivatives were achieved by various
routes. The commonly used retrosynthetic pathway is from the central olefin,
along with this sometimes C-C bonds is also constructed between olefin and
phenyl ring during the synthesis of TPE derivatives. The very first synthesis
of TPE was performed by de Boissieu back in 1888 by dry distillation of
diphenylmethane in the presence of bromine.™ Subsequently various
synthetic routes are available in the literature for preparation of TPE (Scheme

1.1-1.4). Some of these routes are also suitable for building functionalized
TPE’s.

O O G n-BuLi, 0 °C g g PTSA g C
I l
HF O O oluene, reflux O O

Scheme 1.1. Synthesis of TPE by using Knoevenagel like condensation

reaction.

The Knoevenagel like condensation reaction was used by Wang et al.

for synthesis of TPE (Scheme 1.1). The diphenylmethane was first



deprotonated using n-BuLi in THF at 0 °C to which benzophenone was added
slowly to vyield tetraphenylethanol.?! The dehydration of resulting tertiary
alcohol was carried using catalytic para-toluene sulphonic acid (PTSA) and
water was removed using Dean-Stark apparatus via azeotropic mixture with
toluene which results the desired TPE. This synthetic methodology is also
important in synthesizing various functionalized TPEs, including halogenated
TPE. This methodology has limitations in terms of substituents on
diphenylmethane as well as benzophenone such as it is not applicable with

electron donating substituents on diphenylmethane unit due to formation of

o e OO
TiCly, Zn, Pyridine |
—_——
THF, 0-60 °C O O

Scheme 1.2. Synthesis of TPE by using McMurry like condensation reaction.

unstable anion.

Second important method of synthesizing TPE and its derivatives is the
McMurry coupling. In this the two ketones (benzophenone) are coupled in
presence of Ti(lll) and Ti(IV) salts and reducing agent Zn to TPE (Scheme
1.2). 1221 Symmetrically substituted TPE’s can also be prepared as this reaction
is tolerant to alkyl, halogen, ether, amine, alcohol, and phenol substituents.
This reaction has also been extended to cross-coupling of two benzophenones

with different substituents to yield unsymmetrically substituted TPEs.
S oV
CH,Cl,

+ e (YO
Scheme 1.3. Synthesis of TPE by using selenobenzophenones with
diphenyldiazomethane.

The reaction of selenobenzophenones with diphenyldiazomethane in
dichloromethane at -40 °C resulted in the formation of TPE as described in
Scheme 1.3.121 This reaction is believed to proceed via a 1,3,4-selenadiazoline

intermediate followed by deselenization and evolution of nitrogen gas. This
strategy can also be extended to afford unsymmetrical TPE derivatives.
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Scheme 1.4. Synthesis of TPE from diphenyldichloromethane.
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Diphenyldichloromethane was found to undergo an exothermic
reaction with stoichiometric copper metal in DMSO to yield TPE (Scheme
1.4).%4 This reaction is believed to proceed via a copper carbenoid
intermediate. Barhadi et al. developed similar electrochemical coupling
reactions of diphenyldichloromethane using nickel catalyst at room

temperature ionic liquids (Scheme 1.4).1°!

1.6. Applications of Tetraphenylethylene Derivatives

The TPE luminophores have been explored for a wide variety of
application due to the high emission efficiency in the solid state, which
differentiates them from the conventional luminophores. Some of the
common applications are discussed below:

1.6.1. Organic Light Emitting Diodes (OLEDSs)

The development of organic light-emitting diodes (OLEDs) has gained
extensive research interest since Tang and VanSlyke introduced the first
electroluminescence (EL) device by vapor deposition.”®! considerable
attempts have been made for the development of efficient OLEDs.?”) The
conventional luminogens suffer from the ACQ due to m—m stacking
interactions in the planar luminogens, which limits their applicability in the
efficient OLEDs. Now days, the use of AlEgens to decorate ACQphores is
comes out to be a famous strategy used to overcome from ACQ. The TPE has
been widely explored for generating AlEgens as well as for the development
of OLED materials.!®!



The full-color displays can be accomplished with emission colors
covering the whole visible range with the help of TPE. The well-known
pyrene ACQphore is converted in to the AlEphore by attaching TPE to the
periphery of pyrene. The OLED device fabricated with configuration as,
ITO/NPB/TTPEPY/TPBI/LiF/AI, where ITO = indium tin oxide, NPB = N,N’-
bis(1-naphthalenyl)-N,N’- bis(phenyl)benzidine and TPBi = 1,3,5-tris(1-
phenyl-1H-benzo[d]imidazol-2-yl)-benzene, which emits a sky blue light of
488 nm with a turn-on voltage of 3.6 V, maximum luminance (Lnax) 0f 36300
cd m2, current efficiencies of 12.3 cd A, power efficiencies of 7.0 Im W7,
and its high 7EL of (5.0%).[%

The luminogen developed from coupling TPE with benzo-2,1,3-
thiadiazole emits orange red emission. The OLED device fabricated with a
configuration of ITO/NPB (60 nm)/BTPETTD (20 nm)/TPBi (10 nm)/Alqgs
(30 nm)/LiF (1 nm)/Al (100 nm). The EL device of BTPETTD shows EL with
Limax Mcmax @nd Mexemax Of 8330 cd m?, 6.4 cd A™* and 3.1%, respectively,
which are much higher than attained by most non-doped fluorescent red
OLEDs.’! Non-doped fluorescent white organic light emitting diodes
(WOLEDs) based on AIE emitters have been explored using TTPEPY as the
blue emitter and BTPETTD as the red emitter (Figure 1.5). The device emits
white light with Commission Internationale de 1’Eclairage (CIE) coordinates
of (0.38, 0.41), a turn-on voltage of 6.0 V, maximum current efficiency of 7.4

cd A, and power efficiency of 4.0 Im W .1



BTPETTD TTPEPy + BTPETTD

Figure 1.5. Configuration of WOLED constructed from TTPEPy and
BTPETTD and photos of the B, R, and WOLEDs.

1.6.2. Fluorescent Sensors

In the recent years the design and synthesis of TPE based molecules
for developing fluorescent sensors has gained attention. The TPE based
luminogens are used to develop both turn-on and turn-off type sensors for
detection of various environment pollutants, metal ions and biological
systems. The TPE can be functionalized on various binding ligands and used
for detection of desired species. The main benefit in designing the TPE based
sensors is that they can be used in both solution and solid state.
1.6.2.1. Metal lon Sensing

lons are undoubtedly important component of systems as well as
surroundings. lons are essential for biological, physiological and
environmental process, their adequate amount sustains, whereas excess
destroy the process. Various TPE based AlEgens were developed for cation as
well as anion sensing.[**!

Mercury ion (Hg®") is a severe environmental pollutant and a toxicant
to the human body which can cause nausea, vomiting, stomach ache,
Minamata disease, and damages of liver, kidney, as well as brain. Tang et al.
has developed selective and sensitive turn-on fluorescent sensor for Hg?* in

aqueous solution by using the TPE-functionalized benzothiazolium salt with
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iodide as counter ion.*®! The high selectivity of TPE-functionalized
benzothiazolium salt towards Hg?* ion is due to the high affinity of Hg®" ion
towards I" and S atom of benzothiazolium unit. The enhancement in the light
emission after Hg”" ion is firstly due to the Hg** ion displaces the I" ion and
forms Hgl, and secondly is due the formation of fluorescent nano-aggregates
by complexation of Hg** with S-atom of benzothiazolium unit as shown in

below Figure 1.6.

o’

% . i @
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Solution State Aggregate State Complex

Figure 1.6. Schematic diagram of detection of Hg®* ion

1.6.2.2. Bio Sensing

The development of luminescent biosensors is of great significance in
the biological science, due to their usefulness as powerful analytical tools for
studying biological events in living systems. TPE was extensively studied in
the field of bio sensing. For example, the TPE based glucose sensor was
developed by carrying two boronic acids on the TPE unit (DBTPE).** The
glucose molecules are readily reactive towards boronic acid functionality. The
oligomerization reaction of two diol units in glucose with two boronic acids of
DBTPE forms rigid oligomers. The rigid oligomers further restrict the
intramolecular rotations of the phenyl rings of TPE, which enhances the
fluorescence intensity. The DBTPE acts as turn-on probe for specific detection
of glucose sensing (Figure 1.7).

Liu et al. designed and synthesized TPE Iluminogen probe by
functionalizing a TPE with two phosphate groups (TPE-phos) for the detection

11



of alkaline phosphatase (ALP) and its enzymatic activity based on the specific
interaction between the probe and ALP.B**) The TPE-phos are highly water
soluble and non-luminescent in the aqueous medium due to non-radiative
decay. The ALP recognizes and cleaves the phosphate groups in TPE-phos,
which gives a water-insoluble enzymatic residue. The insoluble residue is

highly luminescent due to the activated AIE process.
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Figure 1.7. Fluorescence “turn-on” probe for specific detection of glucose.

1.6.2.3. Nitro Sensing

In recent year development of highly selective and sensitive explosive
sensor become increasingly important and urgent issue due to its antiterrorism
applications in both national security and environmental protection. The TPE
based luminogens are used to develop highly sensitive nitro aromatic
fluorescent probes. The Tang and Yu et al. have developed various TPE based

nitro aromatic sensors. For example, mesoporous SBA-15 functionalized with
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TPE derivative via covalent chemical bonding was developed and used for
nitro sensing.l®®! It act as efficient and recyclable turn-off fluorescent sensor
for the detection of 2,4,6-trinitrophenol (picric acid, PA), with a quenching
constant of up to 2.5 x 10> M and detection limit of 0.4 ppm in a water
solution. The quenching of fluorescence works on the principle of photo
induced electron transfer or energy transfer from TPE unit to picric acid
(Scheme 1.5).

— : - -
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Scheme 1.5. The reversible fluorescence quenching mechanism of SNF with

PA based on photoinduced electron transfer and/or energy transfer.*®l

1.6.3. Liquid crystalline materials from TPE derivatives

A series of tetrakis[4-(trisalkyloxybenzoyloxy)phenyl]ethenes with
lipophilic side chains were synthesized by Schultz et al. and their mesomeric
properties were reported.’®” The desired product was obtained by a synthetic
convergent scheme involving a Mc-Murry coupling reaction of 4,4'-di-
methoxybenzophenone followed by demethylation and subsequent
esterification with different alkoxybenzoic acid. In accordance to the results of
polarizing microscopy, the yielded compounds showed hexagonal columnar
mesophases. The formation of hydrophobic periphery of the columns was
proposed to be due to stacking of molecules possessing disordered alkyl
chains on top of each other. The two neighboring molecules so as to attain
optimal space filling of the central core are believed to be rotated by 90°

within a column with respect to each other as shown in Figure 1.8.
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Figure 1.8. (A) TPE esters used in the study (B) Polarizing microscopy image
of tetrakis[4-(trisalkyloxybenzoyloxy)phenyl]ethenes showing fan shaped
texture ©) Possible arrangement of tetrakis[4-
(trisalkyloxybenzoyloxy)phenyl]ethenes in  the hexagonal columnar

mesophase.

1.6.4. TPE derivative in metal organic frameworks and complexes

In order to design organic as well as metal organic assemblies, the
inbuilt geometrical traits of the TPE core could be exploited for their further
use in field of crystal engineering. A tetragonal prism was designed using
multicomponent coordination-driven self-assembly by Stang et al. as
illustrated in Figure 1.9.581 Tetra(4-pyridylphenyl)ethylene containing four
pyridine groups along the TPE periphery was formulated to function as the
faces of a tetragonal prism during the self-assembly event, whereas the linear
donors 4,4’-bipyridine or trans-1,2-di(4- pyridyl)ethylene and platinum triflate
were designated as pillars and corners of the tetragonal prism, respectively.®]
The formation of tetragonal prism was presumed by reaction of the three

building blocks in stoichiometric ratio of 1:2:4 as shown in Figure 1.9.
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Figure 1.9. Multicomponent coordination driven self-assembly of tetragonal

prisms. ]

1.6.5. Stimuli Responsive Materials

Stimuli responsive materials show responses to different stimuli like
mechanical strain, heat, light, pH, electric and magnetic field, pressure and
solvent vapors which change their dynamic molecular architectures resulting
change in their absorption or emission properties.*® Consequently, design of
materials that respond to multiple stimuli in a distinct way is very important in
practical applications and has gained significant interest. Particularly, various
stimuli-responsive  materials such as mechanochromic, vapochromic,
thermochromic, and acidchromic materials have reported which adopt
different mechanisms to response the stimulus. Particularly, mechanochromic
and vapochromic materials have been developed for their applications in
mechano-sensors, vapo-sensor, environmental monitors, chemical sensors,
optical data storage, and security papers. Various mechanochromic materials
have been successfully synthesized from the TPE.
1.6.5.1. Mechanochromic Materials

Mechanochromic luminescent materials are a class of smart materials.
They change their emission colors in response to external mechanical stimuli
(grinding, rubbing or crushing). These materials can be degenerated to their

original state by another external stimuli. The mechanochromic luminescent

15



materials are widely used in mechano-sensors, security papers, and memory
chips.B%¥ The mechanochromism can be achieved by either chemical or
physical structural change. The chemical structural changes such as bond
formation or bond breaking at the molecular level are induced using chemical
reactions. To achieve this relatively high pressure is necessary to stimulate the
chemical reactions. The incomplete conversion, irreversibility of reactions, or
loss of luminescence ability of the luminophores can commonly occur in
chemical structural reactions and thus considered as drawback. "]

On the other hand, the luminescent properties of the solid-state
compounds found to be dependent on the molecular arrangement, and
intermolecular interactions. The mode of the molecular packing and/or
conformation of the compound would affect the molecular stacking mode and
effective conjugation which alter the fluorescent properties. Thus, controlling
the mode of molecular packing becomes interesting and important in tuning
the photophysical properties. In contrast to chemical structural change,
physical structural change is more efficient and easier methodology to apply in
realizing the dynamic control and reversible solid state fluorescence.[**#!!

The AlEphores overcomes the ACQ and are highly fluorescent in the
solid state. The AlEphores exhibit highly twisted geometry results in loose
packing in the solid state. This allows the luminogens to change their solid
state arrangement upon mechanical stimuli. Recently, TPE based AlEgens has
become an attractive research object for researchers interested in the

development of mechanochromic materials.[*%*]

Pressing
S E——

Annealing

Figure 1.10. The molecular structure of TPE substituted luminogen and their
reversible mechanochromic behavior, annealing sample (a) and pressing
sample (b) under 365 nm UV light.
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For example Xu, et al. have reported TPE substituted anthracene
through vinyl linkage as shown in Figure 1.10.1*4 The TPE substituted
anthracene exhibited AIE as well as good reversible mechanochromic
behavior between green and yellow color. The pristine compound show green
emission at wavelength 506 nm. After grinding the pristine solids with the
help of mortar and pestle, the grinded solid shows yellow emission at 574 nm.
This TPE substituted anthracene show a 68 nm grinding induced spectral shift.
The powder X-ray diffraction study reveals conversion of crystalline state to

amorphous state is associated with the mechanochromic behavior.
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Figure 1.11. ESPy-Zn taken at room temperature under ambient light (left)

and UV light (right). Samples: by, as-synthesized sample; Gy, ground sample;
Fp1, fumed sample (ground sample in methanol vapor for five minutes); Ay,
annealed sample (the ground sample was annealed at 300 °C for 1 hour and
cooled down at room temperature); Gy, re-ground sample; Fy,, re-fumed

sample; Ay, re-annealed sample.[*!
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Recently, tetraphenylethylene substituted terpyridine ligand and their
zinc ion complex was reported as first mechanochromic AIE complex.[*®!
They show multi-stimuli responses such as grinding, heating, solvent-fuming,
as well as exposing to acid and base (Figure 1.11). The pristine solid of
complex show blue emission at 474 nm. After grinding using mortar and
pestle it changes emission to 555 nm. These spectral changes are reversible
and can be achieved by solvent vapor fumigation. The solvent fumigated solid
emits at 476 nm which is close to the pristine solid. However the annealed
solids show green luminescence at 501 nm. The different stimuli based

behavior shown in schematic Figure 1.11.1%!

1.6.6. Biological Imaging

Biological imaging is the technique which provides the visual
representation of interior of a cell, tissue, or body for biological or clinical
analysis and medical intervention. The various imaging models are available
such as fluorescence imaging, magnetic resonance imaging (MRI),
bioluminescence imaging, etc. Among these imaging techniques, fluorescence
imaging has been attracting more research interest due to their advantages
such as, the large variety of fluorescent reagents, strong labeling capability,
intense output signal, high temporal and spatial resolution, low cost, and wide
applicability. The most important requirement for fluorescence imaging is the
highly luminescent imaging reagents i.e., luminogens. The frequently used
fluorescence imaging reagents comprise organic dyes and proteins (e.g., green
fluorescent protein) and inorganic quantum dots (QDs). However, the molar
absorptivity and photobleaching resistance of currently available organic dyes
or protein-based fluorescence imaging reagents are low. Moreover, the ACQ
effect of conventional fluorogens also prevents them from being good players
in biological imaging. The AlEphores such as TPE luminogens are come out
to be the effective methodology and therefore various TPE based luminogens
have been used in the bio imaging.?4*

Various light-up probes specific to mitochondria were developed by
Tang et al.[*®*) Each of these two AlEgens is composed of a large
lipophilic/hydrophobic moiety donated by TPE motif and other m-conjugate

groups, together with a positively charged head. Moreover, with well-extended
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electronic conjugation and strong D-A effect, the nanoaggregates of TPE
substituted benzothiazolium (TPE-Bz) and pyridinium (TPE-Py) salts in
mitochondria emit yellow and red fluorescence, respectively (Figure 1.12). It
is noteworthy that the images of mitochondria stained by TPE substituted
benzothiazolium and pyridinium salts show good resolution this might be due
to the auto fluorescence from the cells is avoided due to the mismatch in the

excitation wavelength.

Figure 1.12. Fluorescent images of the HelLa cells stained by (A)

benzothiazolium and (B) pyridinium salts.

1.7. Organization of thesis

Chapter 1 describes how the AIE luminogens are important, followed
by detailed discussion about synthesis, properties and applications of TPE
based luminogens.

Chapter 2 Summarizes the instrumentation and general methods used
for the present study.

In Chapter 3 two TPE substituted phenanthroimidazoles 3a and 3b
were synthesized by the Suzuki cross-coupling reaction. Their crystal
structure, AIE and mechanochromic properties were described. The cyano-
group induced enhanced AIE behavior was described which is ascribed to the

hydrogen-bonding assisted tight packing of nano-aggregates. They show
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reversible mechanochromic behavior with colors contrast between sky-blue
and yellow green.

In Chapter 4, the positional effect of TPE unit was studied. Along
with that the effect on solid state emission and mechanochromism is studied
by changing different end groups on phenanthroimidazole. To achieve this
four TPE substituted phenanthroimidazoles 3a-3d were designed and
synthesized. The substituent dependent solid state emission and
mechanochromic properties were described.

In Chapter 5 the effect of variation on AIE and mechanochromism is
studied by changing phenanthroimidazole unit to pyrenoimidazole and along
with that the TPE unit was also changed to triphenylacrylonitrile (TPAN), the
two pyrenoimidazole based luminogens 3a and 3b were designed. The 3a and
3b exhibit AIE and reversible mechanochromism.

In Chapter 6 a series of symmetrical and unsymmetrical TPE
substituted BTDs 3-9 were designed and synthesized to understand how the
donor (D)/ acceptor (A) substituents and their substitution pattern affect the
solution and solid-state optical properties. The BTDs 3-9 were synthesized by
the Suzuki and Stille coupling reactions. Their solvatochromic, aggregation
induced emission (AIE), mechanochromic, and vapochromic properties were
studied and compared.

In Chapter 7 TPE substituted pyrazabole was designed and synthesized by the
Pd-catalyzed Suzuki cross-coupling reaction. The photophysical, AIE and
mechanochromic properties of TPE substituted pyrazabole were described.
The good color contrast and reversible mechanochromic behavior between
blue and green color was observed.
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Chapter 2

Materials and Experimental Techniques

2.1. Introduction

In this chapter the materials used, general synthetic procedures,
characterization techniques and the instrumentation employed in this thesis are
discussed.

2.2. Chemicals for synthesis

Common solvents used for syntheses were purified according to
known procedures.[*! 4-bromobenzophenone, diphenyl methane, ammonium
acetate, phenanthroquinone, benzaldehyde, pyrene, were obtained from
Spectrochem India. 4,7-Dibromobenzolc]-1,2,5-thiadiazole, 4-iodopyrazole,
tributylborane solution, n-BuLi, dry THF, Cul, Pd(PPh3)s, PdCI;(PPh3),,
ferrocene, and tetrabutylammonium hexafluorophosphate (TBAPFg), were
procured from Aldrich chemicals USA. Aluminum oxide (neutral) and silica
gel (100 — 200 mesh and 230 — 400 mesh) were purchased from Rankem
chemicals, India. TLC pre-coated silica gel plates (Kieselgel 60F254, Merck)
were obtained from Merck, India.

Dry solvents dichloromethane, chloroform, tetrahydrofuran (THF),
N,N-dimethylformamide (DMF), dioxane and methanol were obtained from
spectrochem and S.D.Fine chem. Ltd. All oxygen or moisture sensitive
reactions were performed under nitrogen/argon atmosphere.

The solvents and reagents were used as received unless otherwise
indicated. Photophysical and electrochemical studies were performed with
spectroscopic grade solvents.

2.3. Spectroscopic Measurements
2.3.1. NMR Spectroscopy

'H NMR (400 MHz), and *C NMR (100 MHz) spectra were recorded
on the Bruker Avance (111) 400 MHz, using CDCI3 and acetone-dg as solvent.
Chemical shifts in 'H, and *3C spectra were reported in parts per million
(ppm). In *H NMR chemical shifts are reported relative to the residual solvent
peak (CDCls, 7.26 ppm). Multiplicities are given as: s (singlet), d (doublet), t
(triplet), g (quartet), dd (doublet of doublets), m (multiplet), and the coupling
constants J, are given in Hz. **C NMR chemical shifts are reported relative to
the solvent residual peak (CDCls, 77.36 ppm).
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2.3.2. Mass Spectrometry

High resolution mass spectra (HRMS) were recorded on Brucker-
Daltonics, microTOF-Q Il mass spectrometer using positive and negative
mode electrospray ionizations.

2.3.3. UV-vis Spectroscopy

UV-Vis absorption spectra were recorded using a Varian Cary100 Bio
UV-Vis and PerkinElmer LAMBDA 35 UV/Vis spectrophotometer. The
measurements were performed at 25 °C and path length of 1 cm quartz
cuvette. The 2.0 mL volume of luminogen solutions were used for study. The
solid state absorption spectra were recorded using BaSO4 as standard
2.3.4. Fluorescence Spectroscopy

Fluorescence emission spectra were recorded upon specific excitation
wavelength on a Horiba Scientific Fluoromax-4 spectrophotometer. The slit
width for the excitation and emission was set at 2 nm. The measurements were
performed at 25 °C and path length of 1 cm quartz cuvette. The 2.0 mL
volume of luminogen solutions were used for study. The solid state
fluorescence measurements were performed on glass slide and front face
sample holder accessory were used in fluorimeter.

The fluorescence quantum yields (¢g)

The fluorescence quantum yields (¢g) of luminogens were calculated
by the steady-state comparative method using following equation,

Or= Bst X Su/Sst X Ast/ Ay X N0/t e, (Eq. 1)

Where ¢r is the emission quantum vyield of the sample, ¢ is the
emission quantum vyield of the standard, A and A, represent the absorbance
of the standard and sample at the excitation wavelength, respectively, while Sy
and S, are the integrated emission band areas of the standard and sample,
respectively, and npg and np, the solvent refractive index of the standard and
sample, u and st refer to the unknown and standard, respectively.

2.4. Electrochemical Studies

Cyclic voltamograms (CVs) and Differential Pulse Voltamograms
(DPVs) were recorded on CHI620D electrochemical analyzer using Glassy
carbon or platinum as working electrode, Pt wire as the counter electrode, and
Saturated Calomel Electrode (SCE) or Ag/AgCl as the reference electrode.
The scan rate was 100 mVs'. A solution of tetrabutylammonium
hexafluorophosphate (TBAPFg) in CH,Cl, (0.1 M) was employed as the
supporting electrolyte.

2.5. Powder XRD (PXRD)

Powder X-ray Diffraction (PXRD) analyses were performed on the
Rigaku SmartLab, Automated Multipurpose x-ray Diffractometer.
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2.6. Computational Calculations

The density functional theory (DFT) calculation were carried out at the
B3LYP/6-31G** level in the Gaussian 09 program.

2.7. Single Crystal X-ray Diffraction Studies

Single crystal X-ray diffraction studies were performed on SUPER
NOVA diffractometer. The strategy for the Data collection was evaluated by
using the CrysAlisPro CCD software. The data were collected by the standard
'phi-omega scan techniques, and were scaled and reduced using CrysAlisPro
RED software. The structures were solved by direct methods using SHELXS-
97, and refined by full matrix least-squares with SHELXL-97, refining on F**,
The positions of all the atoms were obtained by direct methods. All non-
hydrogen atoms were refined anisotropically. The remaining hydrogen atoms
were placed in geometrically constrained positions, and refined with isotropic
temperature factors, generally 1.2Ueq of their parent atoms. The CCDC
numbers contain the respective supplementary crystallographic data. These
data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html ~ (or  from the Cambridge
Crystallographic Data Centre, 12 union Road, Cambridge CB21 EZ, UK; Fax:
(+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).

2.8.  Scanning electron microscopy (SEM)

The SEM images were collected on Carl Zeiss supra 55 and Field emission
JSM-7001F (JEOL) operated at 15 kV after sputtering with gold. The samples
for SEM were prepared by drop casting AIE solution of luminogens.

2.9. Thermogravimetric analysis (TGA)

Thermogravimetric analyses were performed on the Metler Toledo thermal
analysis system. The measurements were done at heating rate of 10 °C/minute
and heated upto 800 °C.

2.10. Dynamic light scattering (DLS)

The dynamic light scattering (DLS) studies were done on a Micromeritics
Nanoplus 3 instrument. The samples for DLS study was used as it is AIE
solution of luminogens.

2.11. Mechanochromism study

The mechanochromic properties were studied mainly by grinding, fuming and
annealing. The grinded samples were prepared by taking the
pristine/synthesized sample into a mortar and grinding it manually for
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approximately 10 minutes by using a pestle. Annealing was done by heating
the grinded samples in oven in open atmosphere at respective temperatures. In
order to perform fumigation, the grinded samples were taken on a glass plate.
The glass plate was further placed in a solvent chamber saturated with the
vapors of the particular solvent.
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Chapter 3

Reversible mechanochromism and enhanced
AlE In tetraphenylethene substituted
phenanthroimidazoles

3.1. Introduction

The development of mechanochromic luminescent materials have gained
substantial attention due to their potential applications in mechano-sensors,
security papers, data storage, and optoelectronic devices.[*®! High contrast and
solid state emission are key requirements for mechanochromic luminescent
materials.'] The conventional fluorescent molecules suffers from aggregation
caused quenching (ACQ), which leads to poor solid state emission.l”®! Tang et
al introduced an effective methodology to overcome ACQ, which is called
aggregation induced emission (AIE).™ The AIE active molecules are highly
fluorescent in the solid state, which is essential requirement for
mechanochromism. The tetraphenylethene (TPE) derivatives show AIE
phenomenon and mechanochromic effect.!!**! The literature reveals that the
incorporation of electronegative groups (F, CN) in AIE active fluorophores
result in aggregation induced enhanced emission (AIEE) which improves the
solid state emission.[*82!]

Phenanthroimidazoles based molecular systems have been explored in
optoelectronics and molecular biology.’?224 In this chapter, we wish to report
synthesis of novel mechanochromic compounds 3a and 3b, which exhibits
strong solid-state fluorescence and reversible mechano-response. Grinding of
3a and 3b results in change in fluorescence, which can be fully restored to its
original color upon heating or exposure to solvent vapors. The destruction of
solid state packing in the crystalline state to the amorphous state is responsible
for the change in emission. The incorporation of cyano group in
phenanthroimidazole leads to hydrogen bonding assisted tight packing in the

solid-state which results in improved thermal stability and AIEE.
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3.2. Results and discussion
3.2.1. Synthesis

The TPE substituted phenanthroimidazoles 3a and 3b were synthesized by
the Suzuki cross-coupling reaction of 4-(1,2,2-triphenylvinyl)phenylboronic
acid pinacol ester (5) with corresponding bromo-phenanthroimidazoles 2a and
2b using Pd(PPhs), as catalyst in 67% and 78% yields, respectively (Scheme
3.2). The 4-(1,2,2-triphenylvinyl)phenylboronic acid pinacol ester (5) was
synthesized from bromo-tetraphenylethene (TPE-Br) (4) (Scheme 3.1). The
condensation  reaction of  9,10-phenanthroquinone 1  with  4-
bromobenzaldehyde and aniline (for 2a)/4-aminobenzonitrile (for 2b) resulted
2-(4-Bromo-phenyl)-1-phenyl-1H-phenanthro[9,10-d]imidazole (2a) and 4-[2-
(4-Bromo-phenyl)-phenanthro[9,10-d]imidazol-1-yl]-benzonitrile (2b) in 91%
and 76% vyields, respectively.’??1 The phenanthroimidazoles 3a and 3b were
purified by column chromatography followed by crystallization. The TPE
substituted phenanthroimidazoles 3a and 3b were well characterized by *H
NMR, *C NMR, high resolution mass spectrometry (HRMS), and single

crystal X-ray analysis.

0 ‘ ‘ PTSA, Toluene ‘ | ‘

S —
- =
O O n-BuLi, 0 °C, THF
y (Yol ) (J
4

Br
Bis(pinacolato)diboron, KOACc, O O
PdCl,(dppf),, 1, 4-dioxane |
80°C, 18h O O
B~

Br

Scheme 3.1. Synthetic route to intermediate 5.

36



i
- T

Scheme 3.2. Synthetic route for the phenanthroimidazoles 3a and 3b.

(1) Aniline (for 2a)/ 4-aminobenzonitrile (for 2b), 4-bromo benzaldehyde,
acetic acid; (ii) KyCOs;, Pd(PPhs)s;, Toluene:Ethanol:Water (10.0 mL:4.0
mL:0.5 mL).

3.2.2. Thermogravimetric analysis
Thermal stability of the materials is key requirement for mechanochromic
effect.!”® The thermal stability of 3a and 3b were evaluated by
thermogravimetric analysis (TGA) (Figure 3.1). The thermal decomposition
temperatures (Tq) corresponding to 5% weight loss under nitrogen atmosphere
are 330 °C, and 445 °C for 3a and 3b respectively, which reflects that the

incorporation of cyano-group improves the thermal stability.
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Figure 3.1. Thermogravimetric analysis of 3a and 3b, measured at a heating

rate of 10 °C/ min under nitrogen atmosphere.

3.2.3. Photophysical properties

The electronic absorption and fluorescence spectra of 3a and 3b in
dichloromethane solution are shown in Figure 3.2 and corresponding data are
listed in Table 3.1. TPE substituted phenanthroimidazoles 3a and 3b exhibits
sharp absorption band at 261 nm and broad absorption between 300-370 nm
and poor emission at 415 and 458 nm respectively. The loss of excited state
energy by intramolecular rotations of tetraphenylethene (TPE) unit makes

them poorly fluorescent in solution.

Table 3.1 Photophysical, and thermal properties of the 3a and 3b.

Compounds  Amadfnm] (e[Lmol’em™])  Jun (nM) op Optical band  Theoretical Tq
gap (eV) band gap (eV)* (°C)
260 (52389)
3a 344 (33215) 415 0.009 3.12 4.08 330
363 (29321)
257 (51452)
3b 346 (28593) 458 0.004 3.04 3.31 445
360 (27064)

*Measured in dichloromethane. °The fluorescence quantum yields using 9, 10-
diphenylanthracence as a standard in ethanol solution were performed. ¢ Theoretical values at
B3LYP/6-31G(d) level.
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The aggregation induced emission (AIE) is the characteristic property of
TPE containing flurophores.’>% The AIE active molecules are fluorescent in
their aggregated state. The TPE substituted phenanthroimidazoles 3a and 3b
are highly soluble in THF, and sparingly soluble in water. The small
aggregates of molecules were prepared by gradual increase in the percentage
of water in THF. The poor fluorescence of 3a and 3b in THF was enhanced in
aggregated suspension (98% aqueous mixture) by 12 and 159 folds,
respectively (Figure 3.2 and Figure 3.3).
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Figure 3.2. (A) Electronic absorption spectra of 3a and 3b recorded in
dichloromethane. Fluoroscence spectra of 3a(B), and 3b (C) in THF-water
mixtures with different water fractions. (D) Plot of Photoluminiscence

intensity (PL) vs. % of water fraction (f,). Luminogen concentration: 10 xM;

excitation wavelength: 340 nm; intensity calculated at Amax.
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Figure 3.3. Fluorescence pictures of 3b solutions with different water
fractions under UV (365 nm) light.
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The quantitative enhancement in emission of 3a and 3b were evaluated by
the fluorescence quantum vyields, using 9,10-diphenylanthracene as standard.
In pure THF solution 3a and 3b show quantum vyield of 0.005 and 0.004
respectively this increased to 0.207 and 0.327 in the aggregated state (98 %
aqueous). In the aggregated state, the free molecular rotations in the TPE unit
decreases and results in increase in fluorescence intensity. Tang et al. termed
this phenomenon as restricted intramolecular rotation (RIR).™ The high fold
increment in AIE intensity of 3b compared to 3a can be attributed to tight
packing of molecules in the aggregated state, due to more number of C-H---n
interactions and additional C(4)-H(4)---N(3) interaction, which is evident from

the crystal packing.!*82!]

3.2.4. Mechanochromic property
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Figure 3.4. Solid state absorption spectra of 3a in crystalline (left) and its
grinded (right) form.

401 nm 424 nm

04+ ) 0.35 = grinded
m— crystalline

034 0.304

Absorbance
MuovliLvalivce

0.25+4
0.2+

460 560 660 700 460 660
Wavelenath (nm) Wavelength (nm)

Figure 3.5. Solid state absorption spectra of 3b in crystalline (left) and its
grinded (right) form.

The mechanochromic effect of TPE substituted phenanthroimidazoles 3a
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and 3b were explored by absorption and emission studies. The crystalline form
of 3a and 3b absorbs at 406 nm and 401 nm respectively (Figure 3.4 and
Figure 3.5). Upon grinding 3a and 3b exhibits bathochromic shift and absorbs
at 426 nm and 424 nm, respectively. The 3a and 3b show sky blue emission at
460 nm and 450 nm respectively. Upon grinding using a spatula or pestle the
sky blue emitting solids were converted to a yellowish green emitting solids
and the emission peak was red-shifted to broad band around 509 nm and 508
nm, respectively (Figure 3.6). The mechanochromic effect can be reverted to
its original color by annealing or fuming with solvent vapor. The grinded
sample of 3b upon annealing at 160 °C for 15 min or fuming with
dichloromethane vapor for 2 min, restored to the original blue emission,
whereas 3a required high annealing temperature up to 200 °C for 30 min. or
fuming with dichloromethane (DCM) vapor for 3 min. This mechanochromic
conversion can be repeated between blue and yellowish green emission (10

times) as these stimuli does not cause any chemical change (Figure 3.7).
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Figure 3.6. (A) Emission spectra of (A) 3a and (B) 3b as prisitne, grinded and

fumed solids and photograph taken under 365 nm UV illumination.

In order to understand the mechanism of mechanochromism, we studied 3a
and 3b at different solid states by powder X-ray diffraction (XRD). The XRD
diffractogram of the samples exhibit sharp diffraction peaks, indicative of their

crystalline nature (Figure 3.8). After grinding, the sharp peak vanishes and
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only a diffuse band was observed suggesting amorphous nature of solids. The

grinded powder when heated or fumigated with solvent vapor restores the

sharp diffraction peaks. This implies that the amorphous powder restored its

crystallinity upon heating or solvent fumigation. This study clearly concludes

that the mechanochromism in 3a and 3b are associated with the morphology

change from the crystalline state to the amorphous state and vice versa.®> The

bathochromic shift in absorption and emission spectra can be attributed to the

transformation of twisted crystalline state to planar amorphous state reflecting

enhanced conjugation.
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Figure 3.7. Repeated switching of the solid-state fluorescence of 3a and 3b by

repeated grinding and fuming cycles.
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Figure 3.8. The XRD patterns of (A) 3a and (B) 3b as synthesized, grinded
and heated solids.

3.2.5. Theoretical calculations

In order to understand the geometry and electronic structure of 3a and 3b,

density functional theory (DFT) calculations were carried out. The energy
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minimized structures for 3a and 3b show twisted conformation. The HOMO
energy level of 3a and 3b are distributed on the entire molecule (Figure 3.9).
The LUMO energy level in 3a is mainly distributed over imidazole and TPE
unit. The LUMO of 3b was distributed on 4-cyanophenyl and imidazole ring.
The incorporation of cyano group increases the acceptor strength of imidazole
in 3b. The theoretical band gap for 3a and 3b are 4.08 eV and 3.31 eV
respectively. The lower band-gap in 3b suggests bathochromic shift in the
electronic absorption spectra, which was not observed. To analyze the origin
of absorption bands in the 3b TD-DFT calculations were performed. The TD-
DFT calculations show good agreement with the experimental spectra, and
reveals that the main transition (Anax) in 3b is from HOMO—LUMO+1 (Table
3.2).
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Figure 3.9. HOMO and LUMO frontier molecular orbitals of 3a and 3b at the
B3LYP/6-31G (d) level.

Table 3.2. Computed vertical transitions and their oscillator strengths and

configurations.

DCM
Compound i i
Amax[NM] F Configuration
436.39 | 1.9068 HOMO—LUMO+I (-0.69633)
HOMO-1—-LUMO+1 (0.68106)
375.67 | 0.1205

ab HOMO—LUMO+2 (0.14759)
HOMO—LUMO+3 (0.64780)

356.25 | 0.1155 HOMO—LUMO+4 (-0.16147)
HOMO-1-LUMO+2 (-0.15729)
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3.2.6. Single crystal X-ray diffraction studies

The single crystal X-ray structure of 3a and 3b provide insight into the AIE
and mechanochromic mechanisms. The single crystal of 3a and 3b were
obtained by slow diffusion of ethanol into the dichloromethane solution. The
crystal structure of 3a and 3b exhibits twisted conformation of phenyl rings
(Figure 3.10). This twisted conformation support active intramolecular
rotations in solution leading to poor fluorescence. In the packing diagram of
3a, the two mutual C-H--- (2.938 A) and C-H---n (2.799 A) interactions were
observed (Figure 3.11). The packing diagram of 3b reveals tight packing than
those of 3a. The 3b shows moderate C-H---N hydrogen bonding interactions
in the solid state. 3b form a dimeric structure via two mutual hydrogen
bonding interaction between the —CN group and the hydrogen of
phenanthroimidazole [C(4)-H(4)---N(3) (2.728 A)]. Further, C(16)-H(16)---t
(3.156 A), C(17)-H(17)-—-n (3.309 A), and C(40)-H(40)--n (3.026 A)
interactions in 3b stabilize the packing (Figure 3.11).

3b

3a

Figure 3.10. Crystal structures of 3a and 3b.

Figure 3.11. Crystal packing of 3a and 3b.
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Table 3.3. Crystal data and structure refinement parameters.

Parameter 3a 3b
Identification code rm104 rml2la
Empirical formula Cs3 Hig Ny Csa Has Ng

Formula weight 700.84 725.85
Temperature 150(2) K 150(2) K
Wavelength(A) 1.5418 0.71073
Crystal system, space group Triclinic, P -1 Monoclinic, P 21/n
al (A) 9.4287(9) 9.0367(4)
b/ (A) 12.0253(11) 11.5650(8)
c/ (A) 21.1903(15) 38.221(2)
al(®) 75.864(7) 90
B (®) 86.937(7) 94.875(4)
7 74.600(8) 90
Volume 2246.0(3) A® 3980.0(4) A3
Z, Calculated density (mg m™) 2, 1.036 4, 1.211
Absorption coefficient /(mm™) 0.457 0.071
F(000) 736 1520
Crystal size 0.23x0.18x0.13 mm 0.21x0.17x 0.13 mm
@ range for data collection/(°) 3.93t0 74.82 2.95 to 25.00
Reflections collected / unique 16015/ 8638 [R(int) = 0.0333] | 32887 /7009 [R(int) = 0.1083]
Completeness to theta 0=7482; 93.4% 0 =25.00; 99.8 %

Absorption correction

Semi-empirical from
equivalents

Semi-empirical from
equivalents

Max. and min. transmission

0.9430 and 0.9021

0.9909 and 0.9853

Refinement method

Full-matrix least-squares on F>

Full-matrix least-squares on F?

Data / restraints / parameters

8638/0/497

7009/0/514

Goodness-of-fit on F?

0.980

1.005

Final R indices [1>2sigma(l)]

R1 =0.1095, wR2 = 0.3502

R1=0.0652, wR2 = 0.1371

R indices (all data)

R1=0.1834, wR2 = 0.3960

R1 =0.1526, wR2 = 0.1803

Largest diff. peak and hole (eA”
3

)

0.253 and -0.279

0.297 and -0.163
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3.3.  Experimental Section

Compound 4 was prepared according to the synthetic route shown in Scheme
3.1. Details can be found in the previous publication.!”’! The intermediate 2a
was prepared according to the reported procedure. %2

Synthesis and characterization of intermediates 5 and 2b:

5: Pd(dppf)Cl»(0.12 mmol) was added to a well degassed solution of bromo-
tetraphenylethene (2.4 mmol), bis(pinacolato)diboron (3.84 mmol) and KOAc
(7.2 mmol) in anhydrous 1,4-dioxane (20 mL). The resulting mixture was
stirred at 90 °C for 16 h under argon atmosphere. After cooling, the mixture
was evaporated to dryness and taken up with CH,Cl,. The organic layer was
washed with H,O, dried over MgSQ,, filtered and evaporated to dryness.
Column chromatography (SiO,, Hexane/CH,Cl, 95:5) gave compound 5 as a
colorless solid in 68% yield. *H NMR (400 MHz, CDCls, 25 °C): § 7.53-7.55
(m, 2H), 7.07-7.10 (m, 9H), 6.98-7.04 (m, 8H),1.31 (s, 12H); *C NMR (100
MHz, CDCls, 25 °C): 6 146.8, 143.7, 143.6, 143.5, 141.4, 140.9, 134.1, 131.4,
131.3, 131.3, 130.7, 127.7, 127.6, 126.5, 126.5, 126.4, 83.7, 24.9, 0.0 ppm;
HRMS (ESI): calcd. for Cs,H31BO,: 459.2495 (M+H)*, found 459.2491.

2b: The 9,10-phenanthrenequinone (9.6 mmol), 4-bromobenzaldehyde (9.6
mmol), 4-aminobenzonitrile (14.4 mmol), and ammonium acetate (96.1 mmol)
in glacial acetic acid (50 mL) refluxed for 4 h under an argon atmosphere.
After cooling to room temperature, a pale yellow mixture was obtained and
poured into a methanol solution under stirring. The separated solid was filtered
off, washed with 30ml water, and dried to gave compound 2b as a pale yellow
solid. *H NMR (400 MHz, CDCls, 25 °C): & 8.82 (dd, 1H, J=1.6, 8 Hz), 8.79
(d, 1H, J=8 Hz), 8.71 (d, 1H, J=8 Hz), 7.92 (dt, 2H, J=2, 8 Hz), 7.74-7.78 (m,
1H), 7.63-7.71 (m, 3H), 7.54-7.58 (m, 1H), 7.47 (dt, 2H, J=2.4, 8 Hz), 7.29-
7.37 (m, 3H), 7.09 (dd, 1H, J=0.8, 8 Hz) ppm; HRMS (ESI): calcd. for
CasH16BrNs: 474.0600 (M+H)*, found 474.0593.

Synthesis and Characterization of 3a-3b:

3a: Pd(PPh3)s (0.004 mmol) was added to a well degassed solution of 2-(4-
Bromo-phenyl)-1-phenyl-1H-phenanthro[9,10-d]imidazole (2a) (0.4 mmol), 5
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(0.48 mmol), K,CO3(1.2 mmol) in a mixture of toluene (12 mL)/ ethanol (4.0
mL)/ H,0 (1.0 mL). The resulting mixture was stirred at 80 °C for 24 h under
argon atmosphere. After cooling, the mixture was evaporated to dryness and
the residue subjected to column chromatography on silica (Hexane-DCM
80:20 in vol.) to yield the desired product 3a as colorless powder. The
compound was recrystalized from DCM:ethanol (8:2) mixtures as colorless
needle like crystals. Yield: 67.0%. *H NMR (400 MHz, CDCls, 25 °C): & 8.89
(dd, 4H, J=0.8, 8 Hz), 8.78 (d, 1H, J=8 Hz), 8.71 (d, 1H, J=8 Hz), 7.73-7.77
(m, 1H), 7.59-7.68 (m, 6H), 7.47-7.55 (m, 5H), 7.34 (dt, 2H, J=2, 8 Hz) 7.24-
7.29 (m, 1H), 7.18 (dd, 1H, J=0.8, 8 Hz) 7.02-7.14 (m, 17H) ppm; *C NMR
(100 MHz, CDCls, 25 °C): 6 150.6, 143.7, 143.7, 143.6, 143.6, 143.2, 141.2,
140.7, 140.4, 138.8, 137.8, 137.5, 131.8, 131.4, 131.3, 130.2, 129.8, 129.6,
129.2, 129.2, 129.1, 128.2, 128.2, 127.8, 127.7, 127.6, 127.3, 127.2, 126.5,
126.5, 126.4, 126.4, 126.1, 125.6, 124.8, 124.1, 123.1, 123.0, 122.7, 120.8, 0.0
ppm; HRMS (ESI): calcd. for Cs3HagN,: 701.2951 (M+H)", found 701.2953.

3b: Pd(PPh3), (0.004 mmol) was added to a well degassed solution of 4-[2-(4-
Bromo-phenyl)-phenanthro  [9,10-d]imidazol-1-yl]-benzonitrile (2b) (0.4
mmol), 5 (0.48 mmol), K,CO3(1.2 mmol) in a mixture of toluene (12 mL)/
ethanol (4.0 mL)/ H20 (1.0 mL). The resulting mixture was stirred at 80 °C
for 24 h under argon atmosphere. After cooling, the mixture was evaporated to
dryness and the residue subjected to column chromatography on silica
(Hexane-DCM 70:30 in vol.) to yield the desired product 3b as colorless
powder. The compound was recrystalized from DCM:ethanol (8:2) mixtures
as colorless niddle like crystals. Yield: 78.0%. *H NMR (400 MHz, CDCls, 25
°C): 6 8.86 (dd, 1H, J=1.2, 8 Hz), 8.80 (d, 1H, J=8 Hz) 8.72 (d, 1H, J=8 Hz),
7.91 (dt, 2H, J=2, 8.8 Hz) 7.74-7.78 (m, 1H), 7.66-7.70 (m, 3H), 7.49-7.57
(m, 5H), 7.30-7.36 (m, 3H) 7.02-7.15 (m, 18H) ppm; *C NMR (100 MHz,
CDCls, 25 °C): 6 150.5, 143.6, 143.6, 143.5, 142.8, 141.3, 141.3, 140.3, 137.9,
137.5, 134.0, 131.9, 131.4, 131.3, 131.3, 130.2, 129.7, 129.4, 128.4, 128.3,
127.8, 127.7, 127.6, 127.5, 126.9, 126.7, 126.5, 126.5, 126.5, 126.1, 126.0,
125.2, 124.4,123.1, 122.8, 122.4, 120.4, 117.7, 113.8, 0.0 ppm; HRMS (ESI):
calcd. for CssHasNs: 726.2904 (M+H)*, found 726.2923.
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3.4. Conclusions

In conclusion, we have designed and synthesized high color contrast
mechanochromic tetraphenylethene substituted phenanthroimidazoles 3a and
3b. The powder XRD results indicate the destruction of solid state packing
from crystalline to amorphous state is responsible for mechanochromism. The
cyano-group in phenanthroimidazole improves the thermal stability and
enhances the AIE. The single crystal X-ray and packing analysis reveals that
hydrogen bonding and strong supramolecular interactions are responsible for
AIEE in 3b. The results obtained here will help in design of new AIEE and

mechanochromic molecules for various optoelectronic applications.

Note: This is copyrighted material from Royal Society of Chemistry, Chem.
Commun., 2014, 50, 9076-9078 (DOI: 10.1039/C4CC02824D).
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Chapter 4

Effect of end-groups on mechanochromism in
tetraphenylethylene substituted
phenanthroimidazoles

4.1.  Introduction

Design and synthesis of mechanochromic materials and emitters for
organic light-emitting diode (OLED) are gaining considerable attention of
scientific community due to their potential applications in the field of
mechano-sensors, optical recording, security papers and optoelectronic
devices.* The emission property of organic materials is governed by number
of factors such as, effective conjugation length, planarity, and their
interactions with surrounding environment. The molecular arrangement of
materials in solid state is one of the important factors which control the
emission of solids. The control over the solid state emission is a great
challenge in designing the mechanochromic materials. Several attempts have
been made to control over molecular arrangement and planarity by using
electronegative elements and varying number and position of alkyl
substituents and their chain lengths.!™**]

To develop good mechanochromic material and achieve high
performance full color displays, highly efficient solid state emitters with
outstanding stability are essential. The traditional dyes are non-emissive in
solid state due to notorious effect called aggregation caused quenching
(ACQ).1***® To overcome this, the new family of molecules was developed
called aggregation induced emission (AIE) active molecules, they are highly
fluorescent in the solid state.l!”?! The tetraphenylethylene (TPE) is AIE
active molecule and frequently used in developing mechanochromic
materials.’??8] The TPE based AIE type emitters are also ideal as non-doped
emitters in the OLEDs because ACQ effect frequently observed in common
emitters can be avoided.*]

Our group is involved in the design and synthesis of mechanochromic
materials based on TPE.F°32 previous chapter, we have discussed TPE

substituted phenanthroimidazoles as efficient mechanochromic material.**!
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We were further interested to study the positional effect of TPE unit by
altering the position of TPE and phenyl unit on imidazole. The effect of
different end groups on phenanthroimidazoles on its solid state emission and
mechanochromism was studied. In this chapter we have designed four
mechanochromic materials 3a—3d by integrating tetraphenylethylene (TPE), a
typical AIE luminogen to phenanthroimidazole having different (H, CH3, CF3
and CN) substituents. It was found that the emission properties of
phenanthroimidazoles 3a-3d were dependent upon the substituent on
phenanthroimidazole. The phenanthroimidazoles 3a-3d show reversible

mechano-response between blue and green.

4.2. Results and Discussion
4.2.1. Synthesis

QO
. o O

L. 5)
iy N/}—®~R = ) R
° o" G

a-2d
2a: R=H 3a: R=H
2b: R=CHjg 3b: R=CH;,
2c: R=CF,4 3c: R=CF;
2d: R=CN 3d: R=CN

Scheme 4.1. Synthetic route for the phenanthroimidazoles 3a-3d. (i) 4-
iodoaniline, benzaldehyde (for 2a)/tolualdehyde(for 2b)/4-trifluoromethyl
benzaldehyde(for 2c¢)/4-cyanobenzaldehyde(for 2d), acetic acid; (ii) 4-(1,2,2-
triphenylvinyl)phenylboronic acid pinacol ester, Ky;COs;, Pd(PPh3),,
Toluene:Ethanol:Water (10.0 mL:4.0 mL:0.5 mL).

The synthesis of TPE substituted phenanthroimidazoles 3a—3d are shown
in Scheme 4.1. The 9,10-phenanthrogquinone 1 on condensation reaction with
4-iodoaniline and respective aldehydes (benzaldehyde for 2a, tolualdehyde for

2b, 4-trifluoromethyl benzaldehyde for 2c, and 4-cyanobenzaldehyde for 2d)
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resulted 2a—2d in 91%, 80%, 86% and 76% yields, respectively. The Suzuki
cross-coupling reaction of 4-(1,2,2-triphenylvinyl)phenylboronic acid pinacol
ester with corresponding iodophenanthroimidazoles 2a—2d using Pd(PPhs)4 as
catalyst resulted 3a-3d in 71% , 70%, 75% and 78% respectively. The TPE
substituted phenanthroimidazoles 3a—3d were well characterized by *H NMR,
¥C NMR, and high resolution mass spectrometry (HRMS). The
phenanthroimidazoles 2b, 2c, 3a and 3c were also characterized by single

crystal X-ray analysis.

4.2.2. Thermogravimetric analysis

100

o)
o
1

— 30
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o
1 "

160 260 360 460 560
Temperature °C
Figure 4.1. Thermogravimetric analysis of phenanthroimidazoles 3a-3d

measured at a heating rate of 10 °C/ min under nitrogen atmosphere.

To check the thermal stability of phenanthroimidazoles 3a-3d, the
thermogravimetric analysis (TGA) was performed (Figure 4.1). The thermal
decomposition temperatures (Tq4) corresponding to 5% weight loss under
nitrogen atmosphere are summarized in Table 4.1, and are 311 °C, 283 °C,
252 °C and 402 °C for 3a, 3b, 3c and 3d respectively. The thermal stability of
the phenanthroimidazoles 3a—3d follows the order 3d > 3a > 3b > 3c. This
reveals that, the thermal stability of the phenanthroimidazoles 3a—3d decreases

with bulkiness of substituent on phenanthroimidazole unit.
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4.2.3. Photophysical properties

The phenanthroimidazoles 3a—3d exhibits good solubility in common
organic solvents such as tetrahydrofuran (THF), dichloromethane, chloroform,
etc., but they are insoluble in water and methanol due to the hydrophobic
aromatic rings. The electronic absorption spectra of 3a-3d in THF solutions
are displayed in Figure 4.2 and corresponding data are listed in Table 4.1. The
strong absorption around 250-261 nm and weak broad absorption band
between 300-370 nm was observed. The phenanthroimidazoles 3a—3d are
weakly fluorescent in THF solutions. This may be due to the non rediative

decay of the excited state energy through molecular rotations of phenyl rings.

Table 4.1. Photophysical and thermal properties of the 3a-3d.
Compounds Amax[nm] (e[Lmol " cm™])? kem.(nm) T4(°C)

261 (109413)

3a 317 (58290) 370 311
261 (85759)

3b 317 (46170) 283
260 (106592)

3c 329 (59964) 402 252

2 254 (99272) 420 402

335 (51618)
# Measured in tetrahydrofuran.

The TPE is AIE active unit, so the AIE property of phenanthroimidazoles
was studied by preparing small aggregates of molecules. The aggregates were
prepared by gradual increase in the percentage of water in THF. The
concentrations of phenanthroimidazoles 3a-3d were kept at 10 uM. The AIE
property was studied with the help of the absorption and fluorescence
spectroscopy. The absorption spectra of AIE studies show almost similar
absorption band upto 60% water fraction. Above 60% water fraction light
scattering or Mie effect was observed due to the formation of nanoaggregate

suspension (Figure 4.2).
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Figure 4.2. UV-vis absorption spectra of phenanthroimidazoles 3a-3d in

THF—water mixtures with different water fractions.

Similar trend was observed in fluorescence spectra and no distinct change
in emission wavelength and intensity was observed upto 60% water fraction
whereas above 60% water fraction, emission was red shifted with enhanced
intensity (Figure 4.3). The free rotations of phenyl rings are suppressed in the
aggregated state which reduces the non-radiative excited state energy loss
leading to enhancement in emission intensity. The poor fluorescence of
phenanthroimidazoles 3a-3d in THF was enhanced in aggregated suspension
(98% aqueous mixture) by 98, 12, 33 and 9 folds, respectively (Figure 4.3).
The phenanthroimidazoles 3a—3d at 60% — 70% water fractions show vibronic
fluorescence spectra which may be due to formation of different sized

aggregates.
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Figure 4.3. Fluorescence spectra of 3a(A), 3b(B), 3c(A) and 3d(D) in THF-
water mixtures with different water fractions (10 uM). (E) Plot of
photoluminescence intensity (PL) vs. % of water fraction (f,). Luminogen
concentration: 10 uM; intensity calculated at Amax.

4.2.4. Mechanochromism

Table 4.2. Peak emission wavelengths (4, in nm) of 3a-3d under various

external stimuli.

Compound Emission Absorption
/lPristine /1Grinded A4 (nm)a /lPristine /lGrinded
(nm) (nm) (hm) (hm)
3a 456 491 35 428 439
3b 484 493 9 346 407
3c 462 495 33 404 419
3d 421 510 89 398 417

% Grinding-induced spectral shift, 44 = Acrinded — Aristine-

The mechanochromic properties of phenanthroimidazoles 3a-3d were
studied by absorption and emission spectroscopy. The emission spectra of 3a—
3d under various external stimuli are shown in Figure 4.4 and the
corresponding spectroscopic data are summarized in Table 4.2. All the
phenanthroimidazoles 3a-3d show good color contrast reversible
mechanochromic behavior which is dependent on the nature and size of
substituent on the phenanthroimidazole unit. The phenanthroimidazoles 3a—3d
in pristine states emit at 456 nm, 484 nm, 462 nm, and 421 nm which upon

grinding with mortar and pestle show red shifted emission at 491 nm, 493 nm,
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495 nm, and 510 nm respectively. The phenanthroimidazoles 3a—-3d show
grinding induced spectral shift (44) of 35 nm, 9 nm, 33 nm and 89 nm
respectively. This indicates that the size and nature of substituent on the
phenanthroimidazole unit plays a key role in deciding the emission in pristine
as well as grinded forms. The reversible nature of mechanochromism was
studied by using solvent fuming and annealing at high temperature. The
solvent fumigation with dichloromethane for 2 minutes shows good
reversibility for 3a, 3c and 3d whereas 3b show partial reversibility. The

grinded samples annealed upto 240 °C and show partially reversible nature.
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Figure 4.4. Emission spectra of (A) 3a, (B) 3b, (C) 3c and (D) 3d as
Synthesized, Grinded and Fumed solids and photograph taken under 365 nm

UV illuminations.

In order to understand more about emission behavior under different
stimuli the solid state absorption spectra (Figure 4.5-4.8) of 3a-3d were
recorded in synthesized and grinded forms, the data are summarized in Table

4.2. The grinded phenanthroimidazoles 3a—3d show bathochromic shift in the
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absorption spectra compared to their pristine form. The grinding induced red

shift in solid state absorption spectra may be due to planarization or enhanced

conjugation
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Figure 4.5. Solid state absorption spectra of 3a in crystalline and its grinded

form.
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Figure 4.8. Solid state absorption spectra of 3d in crystalline and its grinded

form.

To get more insight into the mechanochromic behavior, we have
studied the powder X-ray diffractions (PXRD) of pristine as well as grinded
form of samples. The pristine samples show sharp diffraction pattern which
indicates crystalline nature, whereas in grinded samples broad diffuse band
was observed suggesting amorphous nature of solids (Figure 4.9). After
fumigation or annealing, they restore crystalline nature and sharp peaks were
regenerated in the diffractogram. The PXRD study reveals that the
morphological change from the crystalline state to the amorphous state and
vice versa was associated with the  mechanochromism in

phenanthroimidazoles.
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Figure 4.9. PXRD curves of 3a(A), 3b(B), 3c(C) and 3d(D) in Synthesized,

Grinded and Fumed form.

4.2.5. Electrochemical properties

To determine the energy levels, cyclic voltammetry (CV) measurement
was performed in dichloromethane (DCM) solution with tetrabutylammonium
hexafluorophosphate (TBAPFg) as supporting electrolyte. The cyclic
voltammograms of 3a-3d are presented in Figure 4.10. Based on the onset
oxidation voltages (Eonset), the energy levels of highest occupied molecular
orbital (HOMO) were estimated and the values for 3a and 3d are -5.60 and -
5.61 eV respectively. Their LUMO values were obtained by addition of the
HOMO value to band gap (Eg) estimated from the onset absorption. The
calculated LUMOs are -2.53 and -2.51 eV for 3a and 3d, respectively.
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Figure 4.10. Cyclic voltammetry (CV) plots of 3a-3d.

4.2.6. Theoretical calculations

To understand the geometry and electronic structures of 3a—3d, density
functional theory (DFT) calculations were carried out. The DFT calculations
were performed at the B3LYP/6-31G(d) level.**3*! The energy minimized
structures for 3a—3d show twisted conformation of phenyl rings of TPE unit.
The Figure 4.11 depicts the frontier molecular orbitals (FMO) of the 3a-3d.
The highest occupied molecular orbital (HOMO) of 3a, 3b and 3d are
distributed on phenanthroimidazole part whereas in 3c it is distributed on
whole molecule. The lowest unoccupied molecular orbitals (LUMO) in 3a and
3b is mainly distributed over TPE unit, while in case of 3c along with TPE
some part is distributed on 4-trifluorophenyl and imidazole ring. The LUMO
orbital in 3d is mainly distributed on 4-cyanophenyl and phenanthroimidazole.
The LUMO distribution reveals that the electron withdrawing trifluoro and
cyano group shifted the LUMO orbital distribution. The theoretical HOMO-
LUMO gap for 3a, 3b, 3c and 3d are 3.58 eV, 3.80 eV, 3.90 eV and 3.66 eV
respectively.
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Figure 4.11. HOMO and LUMO frontier molecular orbitals of
phenanthroimidazoles 3a—3d at the B3LYP/6-31G (d) level.

The difference in the trend of HOMO-LUMO gap from UV-visible and
theoretical study suggests the different nature of transitions. To analyze the
origin of absorption bands in the 3a-3d, TD-DFT calculations were
performed. The computed vertical transitions, their oscillator strengths and
configurations are shown in Table 4.3. The TD-DFT calculations show good
agreement with the experimental spectra and reveals different origins of

absorption bands in 3a—3d.

Table 4.3. Computed vertical transitions and their oscillator strengths and

configurations of 3a-3d.

Compounds | Amax[nM] F Configuration
360.81 | 0.6341 HOMO-1—-LUMO (0.70296)

HOMO—LUMO+1 (0.39449)
333.11 |0.2315| HOMO—LUMO+2 (0.37922)
HOMO—LUMO+2 (0.33203)

3a

357.49 [1.0273| HOMO-1—LUMO (0.70301)
HOMO—LUMO+2 (0.46925)
3b 332.86 1 0.1966 | HoMOLUMO+3 (0.38415)

HOMO—LUMO+2 (-0.44977)
HOMO—LUMO+3 (0.49581)

3c 359.48 | 0.6074 | HOMO-1—LUMO (0.69990)

320.63 | 0.1630
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34544 | 05020 HOMO—LUMO+I (0.68154)

HOMO—LUMO (0.66316)
HOMO—LUMO+1 (-0.18545)

375.36 | 0.333

HOMO-1—LUMO (-0.43668)
HOMO-1—LUMO+1 (0.49070)

HOMO—LUMO+1 (0.63246)
365.34 | 0.1142 HOMO—LUMO (0.15057)
HOMO-1—LUMO+1 (0.17579)

3d 366.00 | 0.6876

4.2.7. Single crystal X-ray diffraction studies

The single crystals of 2b, 2c¢, 3a and 3c were obtained by slow diffusion of
ethanol into dichloromethane solution of the compounds. The collected
crystals were good enough for single crystal X-ray diffraction analysis, and the
data are summarized in Table 4.4. The crystal structures reveal that the phenyl
rings in the molecular structure adopt a non-planar orientation (Figure 4.12).
This twisted conformation promotes intramolecular rotations in solution phase
leading to weak fluorescence and also suppresses the n-mt stacking interaction
in solid state. The density of the solvent-free crystals of 2b, 2c, 3a and 3c are
1.512 mg m3, 1.610 mg m™, 1.224 mg m™, and 1.259 mg m™ respectively.
This reveals that the 3c has less density compared to their intermediate 2c, this
may be due the highly twisted TPE unit resulted loose crystal packing. The
crystal structure of 3c consists of two molecules in an asymmetric unit which

differs in the bond length and bond angles (Figure 4.12).

(A)

(B)

Figure 4.12. (A) Crystal structure of 3a. (B) Crystal structure of 3c having

two molecules in asymmetric unit.
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The packing diagrams of 3a and 3c are shown in Figure 4.13 and 4.14
which reveals no strong n---rt stacking interaction. This helps to prevent the
aggregation caused quenching (ACQ) effect. The packing diagrams of 3a and
3c exhibit extensive C-H---r interactions and are tabulated in Table 4.5. The
3c shows more number of C-H---xt interactions compared to 3a which may be

the cause of tight packing in 3c.

Figure 4.14. Crystal packing diagram of 3c.
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Table 4.4. Crystal data and structure refinement for 2b, 2c, 3a and 3c.

Parameter 2b 2c 3a 3c
Identification code RM186 RM184 rm140 rml42a
Empirical formula Cyg Hig I Ny Cyg HigF3IN, Cs3 Hig Ny Cio Hyzg

F0A67N0A44
Formula weight 510.35 564.33 700.84 170.85
Temperature 293(2) K 293(2) 293(2) K 293(2) K
Wavelength(A) 0.71073 0.71073 1.5418 1.5418
Crystal system, space Orthorhombic, | Orthorhombic, P | Triclinic, P -1 Monoclinic, P
group Pbca bca 21/c
al (A) 16.1014(4) 19.9382(4) 10.2369(6) 9.5686(4)
b/ (A) 14.4742(4) 9.1720(2) 12.3813(9) 21.5894(9)
cl (A) 19.2392(5) 25.4565(7) 15.6606(11) 22.1168(7)
al(®) 90 90 88.882(6) 114.219(3)
A ) 90 90 79.205(5) 100.897(3)
7 (°) 90 90 77.326(6) 92.228(3)
Volume 4483.8(2) 4655.31(19) 1901.8(2)A° 4056.9(3)
Z, Calculated density 8, 1.512 8, 1.610 2, 1.224 18, 1.259
(mg m™)
Absorption coefficient 1.446 1.419 0.540 0.662
J(mm™)
F(000) 2032 2224 736 1600
Crystal size 0.210 x 0.170 x 0.230 x 0.180 x 0.33x0.26 x 0.33x0.26 x
0.140 mm 0.130 mm 0.21 mm 0.21 mm
@ range for data 2.895 to 24.999 2.922 to 24.996 2.87t071.45 3.81t071.23
collection/(°)
Reflections collected / 39240/ 3945 43380/ 4093 12938 /7201 27182/ 15363
unigue [R(int) = 0.0449] | [R(int) = 0.0595] [R(int) = [R(int) =
0.0220] 0.0325]
Completeness to theta 0 =24.999; 0 =24.996; 0 =71.45; 0=71.23;
99.8 % 99.9 % 97.1% 97.6%
Absorption correction | Semi-empirical Semi-empirical Analytical Semi-empirical
from equivalents | from equivalents from
equivalents
Max. and min. 1.00000 and 1.00000 and 0.8951 and 0.8734 and
transmission 0.37955 0.35300 0.8419 0.8111
Refinement method Full-matrix least- | Full-matrix least- Full-matrix Full-matrix
squares on F2 squares on F? least-squares on | least-squares on
FZ FZ
Data / restraints / 3945/01/282 4093/321/335 7201/0/496 | 15363/0/1092
parameters
Goodness-of-fit on F? 1.064 1.032 1.064 1.067
Final R indices R1 =10.0479, R1 =0.0428, R1=0.0474, R1=0.0874,
[1>2sigma(l)] wR2 =0.1275 wR2 =0.1118 wR2 =0.1306 wR2 = 0.2514
R indices (all data) R1 =0.0543, R1 =0.0538, R1 =0.0632, R1=0.1076,
wR2 = 0.1345 wR2 =0.1222 wR2 =0.1438 wR2 = 0.2694
Largest diff. peak and | 1.761 and -1.325 | 0.913 and -0.732 0.169 and - 0.456 and -
hole (eA) 0.201 0.459

67




Table 4.5. Important distance of intermolecular interactions of 3a and 3c.

Interaction Distance (A)
3a

C(20)-H(20)-—n (C42,C43,C44,C45,C46,C47) 3.461
C(11)-H(11)--x (C16,C17,C18,C19,C20,C21) 2.918
C(52)-H(52)-—-x (N1,N2,C1,C14,C15) 2.821
C(4)-H(4)---n (C2,C3,C4,C5,C6,C7) 3.961
3c

C(6)-H(6)—n (C91,C92,C93,C94,C95,C96) 2.889
C(82)-H(82)---x (N3,N4,C55,C56,C69) 2.646
C(24)-H(24)—x (C9,C10,C11,C12,C13,C14) 2.668
C(25)-H(25)-—-x (C3,C4,C5,C6,C7,C8) 2.849
C(66)-H(66)--m (C9,C10,C11,C12,C13,C14) 3.154
C(18)-H(18)-—-x (C97,C98,C99,C100,C101,C102) 3.663
C(39)-H(39)---x (C43,C44,C45,C46,CAT) 3.320
C(79)-H(79)-—-x (C56,C57,C62,C63,C68,C69) 2.897
C(59)-H(59)--- (C103,C104,C105,C106,C107,C108) 2.961
C(54)-H(54)--x (C103,C104,C105,C106,C107,C108) 3.862
C(98)-H(98)——-nt (C43,C44,C45,C46,C47,C48) 3.737
C(60)-H(60)-—-x (C38,C39,C40,C41,C42,C43) 2.878
C(93)-H(93)--- (C103,C104,C105,C106,C107,C108) 3.165

4.3. Experimental section

Synthesis and characterization of intermediates 2a—2d:

General procedure for intermediates 2a-2d: The 9,10-phenanthrenequinone
(9.6 mmol), ) 4-iodoaniline (14.4 mmol), ammonium acetate (96.1 mmol) and
respective benzaldehydes (9.6 mmol) in glacial acetic acid (50 mL) refluxed
for 4 h under an argon atmosphere. After cooling to room temperature, a pale
yellow mixture was obtained and poured it into a methanol solution under

stirring. The separated solid was filtered off, washed with 30 mL water, and

dried to give intermediates 2a-2d.

2a: Yield: 91.0%. 'H NMR (400 MHz, CDCls, 25 °C): & 8.86 (dd, 1H, J=1.2,
8 Hz), 8.78 (d, 1H, J=8 Hz) 8.71 (d, 1H, J=8 Hz), 7.92 (d, 2H, J= 8 Hz) 7.72-
7.76 (m, 1H), 7.64-7.68 (m, 1H), 7.52-7.56 (m, 3H), 7.31-7.36 (m, 4H) 7.22-
7.26 (m, 3H) ppm; *C NMR (100 MHz, CDCls, 25 °C): & 150.9, 139.3, 138.4,
137.5, 130.9, 130.2, 129.5, 129.3, 129.0, 128.3, 128.3, 127.8, 127.3, 127.1,
126.4, 125.7, 125.0, 124.2, 123.1, 122.8, 120.7, 95.3 ppm; HRMS (ESI):
calcd. for Co7H17N,l: 497.0509 (M+H)*, found 497.0517.
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2b: Yield: 80.0%. '*H NMR (400 MHz, CDCls, 25 °C): & 8.86 (d, 1H, J=8
Hz), 8.78 (d, 1H, J=8 Hz), 8.71 (d, 1H, J= 8 Hz), 7.92 (d, 2H, J= 8 Hz), 7.66-
7.74 (m, 2H), 7.13-7.53 (m, 9H) ppm; **C NMR (100 MHz, CDCls, 25 °C): &
151.1, 139.3, 139.0, 138.5, 137.4, 130.9, 129.3, 129.2, 129.0, 128.2, 127.7,
127.3, 127.1, 126.3, 125.6, 124.9, 124.1, 123.0, 122.8, 120.6, 95.2, 21.3 ppm;
HRMS (ESI): calcd. for CogH19N2l: 511.0666 (M+H)®, found 511.0681.

2c: Yield: 86.0%. *H NMR (400 MHz, CDCls, 25 °C): & 8.84 (d, 1H, J= 8
Hz), 8.78 (d, 1H, J=8 Hz), 8.71 (d, 1H, J= 8 Hz), 7.97 (d, 2H, J= 8 Hz), 7.54-
7.78 (m, 7H), 7.34 (t, 1H, J= 8 Hz), 7.21-7.28 (m, 3H) ppm; *C NMR (100
MHz, CDCls, 25 °C): & 148.9, 139.5, 138.0, 137.6, 133.6, 130.8, 130.7, 130.4,
129.4, 128.3, 128.2, 127.4, 126.9, 126.5, 126.0, 125.3, 125.3, 125.2, 125.2,
124.2, 123.1, 122.7, 122.6, 122.5, 120.7, 95.7 ppm; HRMS (ESI): calcd. for
CagHisF3l N2: 565.0383 (M+H)", found 565.0418.

2d: Yield: 76.0%. *H NMR (400 MHz, CDCls, 25 °C): & 8.78 (d, 1H, J= 8
Hz), 8.70 (d, 1H, J=8 Hz), 7.98 (dt, 2H, J=2.4, 8 Hz), 7.73-7.78 (m, 1H),
7.66-7.70 (m, 3H), 7.54-7.62 (m, 3H), 7.32-7.36 (m, 1H) 7.25-7.29 (m, 2H),
7.21 (d, 1H, J=8 Hz) ppm; *C NMR (100 MHz, CDCls, 25 °C): 5 148.3,
139.7, 137.9, 137.8, 134.4, 132.1, 130.6, 129.6, 129.5, 128.5, 128.4, 127.5,
126.8, 126.6, 126.1, 125.6, 124.3, 123.2, 122.6, 122.5, 120.8, 118.4, 112.3,
96.0, 53.4 ppm; HRMS (ESI): calcd. for CogH1sN3l: 544.0281 (M+Na)*, found
544.0257.

Synthesis and characterization of phenanthroimidazoles 3a—3d:

General procedure for phenanthroimidazoles 3a-3d: Pd(PPhs), (0.004
mmol) was added to a well degassed solution of corresponding
iodophenanthroimidazoles 2a-2d 0.4 mmol), 4-(1,2,2-
triphenylvinyl)phenylboronic acid pinacol ester (0.48 mmol), K,CO3; (1.2
mmol) in a mixture of toluene (12 mL)/ ethanol (4.0 mL)/ H,O (1.0 mL). The
resulting mixture was stirred at 80 °C for 24 h under argon atmosphere. After
cooling, the mixture was evaporated to dryness and the residue subjected to
column chromatography on silica (hexane-DCM 50:50 in vol.) to yield the
desired phenanthroimidazoles 3a-3d as colorless powders. The compounds
were recrystallized from DCM:ethanol (8:2) mixtures as colorless crystals.

3a: Yield: 71.0%. *H NMR (400 MHz, CDCls, 25 °C): & 8.88 (d, 1H, J= 8
Hz), 8.78 (d, 1H, J=8 Hz), 8.71 (d, 1H, J= 8 Hz), 7.72-7.78 (m, 3H), 7.60-
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7.67 (m, 3H), 7.50-7.53 (m, 5H), 7.28-7.32 (m, 4H), 7.05-7.20 (m, 18H) ppm;
3C NMR (100 MHz, CDCls, 25 °C): & 151.0, 143.8, 143.6, 143.6, 141.7,
141.5, 140.1, 137.5, 137.4, 137.0, 132.1, 131.3, 131.3, 130.5, 129.4, 129.3.
129.2, 128.8, 128.2, 128.2, 128.2, 128.1, 127.8, 127.8, 127.7, 127.2, 127.2,
126.6, 126.6, 126.5, 126.3, 126.3, 125.6, 124.9, 124.1, 123.1, 123.1, 123.0,
122.7, 120.9 ppm; HRMS (ESI): calcd. for CssHzsN,: 701.2951 (M+H)",
found 701.2952.

3b: Yield: 70.0%. '"H NMR (400 MHz, CDCls, 25 °C): & 8.87 (d, 1H, J=8
Hz), 8.78 (d, 1H, J=8 Hz), 8.71 (d, 1H, J= 8 Hz), 7.72-7.79 (m, 3H), 7.65 (t,
1H, J= 8 Hz), 7.49-7.53 (m, 7H), 7.27-7.30 (m, 2H), 7.05-7.20 (m, 19H), 2.33
(s, 3H) ppm; *C NMR (100 MHz, CDCls, 25 °C): & 151.2, 143.9, 143.6,
143.6, 143.6, 141.7, 1415, 140.2, 138.8, 137.7, 137.4, 137.1, 132.1, 131.4,
131.3, 129.3, 129.3, 129.2, 129.0, 128.2, 128.2, 128.0, 127.9, 127.8, 127.7,
127.6, 127.2, 127.2, 126.6, 126.6, 126.6, 126.3, 125.5, 124.7, 124.1, 123.1,
123.1, 122.7, 120.8, 21.3 ppm; HRMS (ESI): calcd. for CssH3gN,: 715.3108
(M+H)*, found 715.3107.

3c: Yield: 75.0%. *H NMR (400 MHz, CDCls, 25 °C): & 8.86 (d, 1H, J= 8
Hz), 8.78 (d, 1H, J=8 Hz), 8.72 (d, 1H, J= 8 Hz), 7.82 (d, 2H, J= 8 Hz), 7.75
(d, 3H, J= 8 Hz), 7.68 (t, 1H, J= 8 Hz), 7.52-7.57 (m, 7H), 7.30 (s, 1H), 7.08-
7.21 (m, 17H) ppm; *C NMR (100 MHz, CDCls, 25 °C): & 149.2, 144.1,
143.6, 143.6, 143.5, 142.2, 141.6, 140.1, 137.6, 137.2, 136.8, 132.1, 131.4,
131.3, 129.5, 129.2, 128.5, 128.5, 128.4, 127.9, 127.8, 127.7, 127.4, 127.1,
126.7, 126.6, 126.6, 126.4, 126.3, 125.9, 125.3, 125.2, 125.2, 125.2, 124.2,
123.2, 122.9, 122.7, 121.2, 121.0 ppm; HRMS (ESI): calcd. for CssH3sF3N,:
769.2825 (M+H)*, found 769.2827.

3d: Yield: 78.0%. *H NMR (400 MHz, CDCls, 25 °C): & 8.84 (d, 1H, J= 8
Hz), 8.78 (d, 1H, J=8 Hz), 8.71 (d, 1H, J= 8 Hz), 7.83 (d, 2H, J= 8 Hz), 7.52-
7.78 (m, 11H), 7.28-7.29 (m, 2H), 7.05-7.22 (m, 17H) ppm; “*C NMR (100
MHz, CDCls, 25 °C): 6 148.4, 144.2, 143.6, 143.5, 143.5, 142.4, 141.6, 140.1,
137.7, 137.0, 136.6, 134.8, 132.2, 132.0, 131.4, 131.3, 131.3, 129.6, 129.5,
129.0, 128.8, 128.6, 128.4, 127.9, 127.8, 127.7, 127.5, 126.9, 126.7, 126.6,
126.5, 126.3, 126.0, 125.4, 124.2, 123.2, 122.8, 122.6, 121.0, 118.5, 112.1
ppm; HRMS (ESI): calcd. for CssH3sN3: 726.2904 (M+H)™, found 726.2902.
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4.4. Conclusion

In conclusion, we have synthesized novel mechanochromic
tetraphenylethylene substituted phenanthroimidazoles 3a-3d by Pd-catalyzed
Suzuki cross-coupling reaction. The phenanthroimidazoles 3a-3d show good
thermal stability and introduction of cyano-group helps to improve thermal
stability. The phenanthroimidazoles 3a-3d are weakly emissive in solutions
whereas strong emission was observed in the aggregated state due to the
aggregation induced emission (AIE). The reversible mechanochromism with
good color contrast between blue and green color was observed in all
phenanthroimidazoles 3a—3d. It is shown that the changing the end group is
effective strategy to tune the solid state emission and mechanochromism. We
believe that this study will help in designing the new mechanochromic

materials with desired properties.

Note: This is copyrighted material from American Chemical Society, J. Phys.
Chem. C, 2016, 120, 18487-18495 (DOI: 10.1021/acs.jpcc.6b06277).
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Chapter 5

Aggregation induced emission and
mechanochromism in pyrenoimidazoles

5.1. Introduction

In recent years the research on fluorescent organic solids has gained
momentum due to their wide range of applications in organic light emitting
diodes (OLEDs), non-linear optics (NLO), organic lasers, and fluorescent
sensors. The fluorescent organic materials are extensively used in
designing stimuli responsive solids called mechanochromic materials due to
their applications in mechano-sensors, optical data storage, and security
papers.[*®*3 pyrene is highly studied fluorophore for variety of applications
due to its pure blue fluorescence with high quantum yield, exceptionally long
fluorescence lifetime, excellent thermal stability, and high charge carrier
mobility.[}**8! In addition, pyrene shows characteristic excimer formation in
concentrated solutions and in the solid state, due to extensive n—m stacking of
planar pyrene rings.'*?1 However pyrene excimer exhibits red shifted
emission with decreased fluorescence quantum vyield, which is big hurdle in
solid state applications.”??*! The use of sterically hindered pyrenes is
promising strategy to overcome the problem of n—n stacking.[zs'zg] In this
attempt Tang et al. has established a milestone by introducing the concept of
aggregation induced emission (AIE). The propeller shape AIE active
molecules are highly fluorescent in the solid state. %! The tetraphenylethene
(TPE) and triphenylacrylonitrile (TPAN) are AIE active molecules.!3*3]

Our group is involved in the design and synthesis of mechanochromic
materials.%**! In the previous chapter, we have discussed mechanochromic
property of tetraphenylethene substituted phenanthroimidazoles.[42] We were
further interested to study the effect of variation in phenanthroimidazole and
TPE unit on the AIE and mechanochromic properties. Therefore we have
designed and synthesized pyrene based solid state emitters 3a and 3b by
substituting TPE and TPAN units on pyrenoimidazole, respectively. The 3a
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and 3b exhibit strong solid-state fluorescence and reversible mechano-

response between blue and green.

5.2. Results and Discussion
5.2.1. Synthesis

OO

e 7
iii :/ O Q /CN
3b

Scheme 5.1. Synthetic route for the pyrenoimidazoles 3a and 3b.

(i) Aniline, 4-bromo benzaldehyde, ammonium acetate, acetic acid; (ii) 4-
(1,2,2-triphenylvinyl)phenylboronic acid pinacol ester, K,COs, Pd(PPhs)s,
Toluene:Ethanol:Water (120 mL:4.0 mL:1.0 mL); (iii)) 2-(4-
pinacolatoboronphenyl)-3,3-diphenylacrylonitrile, K,COsg, Pd(PPh3)g,
Toluene:Ethanol:Water (12.0 mL:4.0 mL:1.0 mL).

The condensation reaction of pyrene-4,5-dione 1 with 4-
bromobenzaldehyde and aniline resulted 10-(4-bromophenyl)-9-phenyl-9H-
pyreno[4,5-d]imidazole 2 in 91% vyield.[**} The pyrenoimidazoles 3a and 3b
were  synthesized by the Suzuki cross-coupling reaction of
bromopyrenoimidazole 2 with 4-(1,2,2-triphenylvinyl)phenylboronic acid
pinacol ester and 2-(4-pinacolatoboronphenyl)-3,3-diphenylacrylonitrile using
Pd(PPh3), as catalyst in 89%, and 73% vyields, respectively (Scheme 5.1). The
4-(1,2,2-triphenylvinyl)phenylboronic  acid pinacol ester and 2-(4-
pinacolatoboronphenyl)-3,3-diphenylacrylonitrile were synthesized by using
reported procedures.***®! The pyrenoimidazoles 3a and 3b were purified by
column chromatography followed by recrystallization. The pyrenoimidazoles
3a and 3b were well characterized by *H NMR, **C NMR and high resolution
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mass spectrometry (HRMS) techniques. The pyrenoimidazole 3a was also

characterized by single crystal X-ray analysis.

5.2.2. Thermogravimetric analysis

100

80
— 30

= 3b
60

% WH. loss

20

' 160 ' 260 ' 360 ' 460 ' 560 ' 660
Temperature °C
Figure 5.1. Thermogravimetric analysis of 3a, and 3b measured at a heating

rate of 10 °C/ min under nitrogen atmosphere.

The thermal stability of pyrenoimidazoles 3a and 3b were investigated by
thermogravimetric analysis (TGA). The pyrenoimidazoles 3a and 3b exhibits
high thermal stability. The thermal decomposition temperatures (Tg)
corresponding to 5% weight loss under nitrogen atmosphere are 404 °C, and
412 °C for 3a and 3b respectively. This reflects the incorporation of cyano-

group improves the thermal stability (Figure 5.1).

5.2.3. Photophysical properties
The electronic absorption spectra of the pyrenoimidazoles 3a and 3b
are shown in Figure 5.2, and the data are summarized in Table 5.1. The
pyrenoimidazoles 3a and 3b exhibit similar absorption behavior with small red
shift in absorption spectra of 3b. The absorption spectra of 3a and 3b show
broad absorption band between 230-400 nm with absorption maxima around
243 nm, 292 nm, 350 nm and 387 nm. The absorption band between 310-410

nm corresponds to -7 transitions localized on the pyrenoimidazoles.**! This
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long wavelength absorption band is significantly red shifted than

corresponding TPE substituted phenanthroimidazole derivative.!?
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Figure 5.2. (A) Electronic absorption spectra of pyrenoimidazoles 3a and 3b
recorded in THF. Absorption spectra of 3a (B) and 3b (C) in different solvents
with varying polarities. Photoluminescence spectra of 3a (D) and 3b (E) in
different solvents with varying polarities (excitation wavelength or Aex = 340

nm).
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Table 5.1. Photophysical, and thermal properties of the 3a and 3b.

Optical Theoretical Ty
;‘max[nm] }"em b
Compounds 1 (OX band band (°C)
(e[Lmol™cm™))? (nm) c
gap (eV) gap (eV)
245 (71366)
292 (40354)
3a 438  0.0017 3.06 3.48 404
344 (49592)
386 (26260)
245 (75325)
387,
293 (42756)
3b 409, 0.0043 2.95 3.01 412
355 (46715)
432
387 (32859)

*Measured in tetrahydrofuran. "The fluorescence quantum yields using 9, 10-
diphenylanthracence as a standard in ethanol solution were performed. “Theoretical values at
B3LYP/6-31G(d) level.

The pyrenoimidazoles 3a and 3b are weakly fluorescent in solutions,
this can be ascribed to nonradiative decay of excited state due to free
molecular rotations of tetraphenylethylene unit in solution. The fluorescence
spectra of pyrenoimidazole 3b shows vibronic pattern whereas the vibronic
pattern disappears in pyrenoimidazole 3a. The effect of solvent polarities on
the absorption and fluorescence spectra was studied in solvents toluene,
chloroform, dichloromethane, and tetrahydrofuran. The pyrenoimidazoles 3a
and 3b are insoluble in highly polar (acetonitrile) and non-polar (cyclohexane)
solvents. The solvatochromic study shows negligible changes on both
absorption and fluorescence spectra (Figure 5.2 and Table 5.2). This reveals

that there is less charge polarization in ground as well as excited state.
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Table 5.2. Photophysical properties of 3a and 3b in different solvents.

Compounds Solvents Aabs.(NM)  Aem (NM)
Toluene 349,387 442
Chloroform 352,385 436

3 Dichloromethane 347,385 436
Tetrahydrofuran 345,386 436
Toluene 355,388 388, 410, 432
Chloroform 353,386 388, 410, 432

30 Dichloromethane 353,386 388, 410, 432
Tetrahydrofuran 354, 387 387, 410, 432

z

.
)
N

=
o
!

Intensity (a. u.)

)
N

o
L

©
1

o
1

400

water (vol %)

— ()

500 550 600 650
Wavelength (nm)

T
400

water (vol %)

T T ¥ T T
450 500 550 600 650

Wavelength (nm)

(Cho

30 4 —s—3a
—a—3b

1/1g

10

i

2I0 4IO R BIO 8I0 100
Water fraction (vol %)

Figure 5.3. (A) Fluorescence spectra of 3a, and (B) 3b in THF-water mixtures

with different water fractions. (C) Plot of fluorescence intensity (PL) vs. % of

water fraction (f,). Luminogen concentration: 10 «M; excitation wavelength:

340 nm; intensity calculated at Amax.
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To check the AIE behavior of pyrenoimidazoles 3a and 3b, the
absorption and fluorescence spectra in THF-water mixtures with different
water fraction were studied. The small aggregates were prepared in THF by
gradual increase in the water fraction. The pyrenoimidazoles 3a and 3b are
weakly fluorescent in pure tetrahydrofuran and becomes highly fluorescent at
higher water fraction which reveals these pyrenoimidazoles are AIE active
(Figure 5.3). The different percentage of water fraction was required for
pyrenoimidazoles 3a and 3b to start AIE effect. The pyrenoimidazole 3a
requires more than 80% water fraction, whereas pyrenoimidazole 3b requires
more than 60% water fraction. The poor fluorescence of pyrenoimidazoles 3a
and 3b in THF was enhanced in aggregated suspension (95% water fraction)
by 38 and 9 folds, respectively (Figure 5.3). The quantitative estimation of the
AIE process was obtained by calculating the fluorescence quantum vyields, in
the mixture of water and THF in various proportions, using 9,10-
diphenylanthracene as standard. In pure THF solution, pyrenoimidazoles 3a
and 3b exhibit poor fluorescence with quantum vyield 0.0017 and 0.0043
respectively, which was increased to 0.0460 and 0.0927 in the aggregated state
(95 % aqueous).

0% 10%  20% 30% 40% 50% 60% 70% 80%  90% 95%

0% 10% 20% 30% 40%  50% 60%  70% 80% 90% 95%

Figure 5.4. Photographs of 3a (A) and 3b (B) in THF—water mixtures with

different water fractions (10 «M) under 365 nm UV illumination.
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Figure 5.5. The particle size distributions of 3a in THF—water mixture (A) at
90% (f,,) and 3b in THF—-water mixture (B) at 70% (f,,) and (C) at 95% (f).

The images of pyrenoimidazoles 3a and 3b in THF-water mixture with
different water fractions under UV illumination are shown in Figure 5.4. The
pyrenoimidazole 3b emits different color light at different water fraction, the
aggregates formed at 70-80% water fraction emits blue color light (A = 482
nm), whereas aggregates formed at more than 90% water fraction emits yellow
light (A = 539 nm). The size of different nano-aggregates of pyrenoimidazoles
3a and 3b at different water fraction was studied by dynamic light scattering
(DLS). The DLS study of 3b shows average diameter of 325 nm at 70% water
fraction and 145 nm at 95% water fraction (Figure 5.5). The nano-aggregates
of 3a exhibit average diameter of 420 nm at 90% water fraction which is
larger compared to 3b (Figure 5.5). The larger average diameter of 3a nano-
aggregates compared to 3b may leads to the lower quantum yield in 3a. This
may be due to the decrease in number of particles on the surface which leads
to less contribution of molecules on the surface of the nano-aggregates in the
emission intensity.[* The AIE behavior was further explored by studying the
absorption spectra in the THF—water mixtures (10 xM) (Figure 5.6). The
absorption spectra of pyrenoimidazole 3a at 80% water fraction, whereas
pyrenoimidazole 3b at 60% water fraction started to show light scattering by

the nanoaggregate suspension in the THF—water mixtures.
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Figure 5.6. UV-vis absorption spectra of 3a (left) and 3b (right) in THF—-water
mixtures with different water fractions; Luminogen concentration: 10 xM.

5.2.4. Mechanochromic Property

The mechanochromic properties of pyrenoimidazoles 3a and 3b were
studied by solid state emission spectroscopy. In the pristine form 3a shows
blue light emission at 461 nm, and 3b show sky blue emission at 473 nm.
Upon grinding using a spatula or pestle 3a and 3b solids exhibit drastic change
in the emission behavior and exhibit yellowish green emission with emission
maxima at 499 nm and 510 nm respectively (Figure 5.7). This
mechanochromic effect is highly reversible in nature and can be reverted to its
original color by annealing or fuming with solvent vapors. The ground sample
of 3a upon annealing at 200 °C for 15 min or fuming with dichloromethane
vapor for 2 min, restored to the original blue emission. Whereas in ground
sample of 3b, annealing at 220 °C was required for 15 min to restore the
original blue emission whereas fuming with solvent vapor does not restore to

its original color completely.
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Figure 5.7. Emission spectra of 3a (left) and 3b (right) as Pristine, Ground

and Heated solids and photograph taken under 365 nm UV illumination.

In order to understand the emission behavior under different
stimuli, we have recorded absorption spectra in the solid state (Figure 5.8).
The pristine form of pyrenoimidazole 3a and 3b absorbs at 417 nm and 427
nm respectively which upon grinding exhibits bathochromic shift and absorbs
at 446 nm and 437 nm, respectively. The bathochromic shift in absorption and
emission suggests the enhanced conjugation, which can be attributed to the
transformation of twisted conformation in pristine form to comparatively

planar conformation in the ground form.
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Figure 5.8. Solid state absorption spectra of 3a (left) and 3b (right) in

crystalline and its ground form.
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The pristine, ground and fumed forms of pyrenoimidazoles 3a and 3b
were studied using powder X-ray diffraction (PXRD) (Figure 5.9). The
diffraction patterns for pristine samples show sharp peaks, which is
characteristic property of the crystalline state. The pristine samples upon
grinding show broad diffuse band for 3a and peak broadening in 3b which
indicates increased amorphous nature. The ground samples after fuming with
dichloromethane restore the sharp peaks, suggesting regeneration of the
crystalline nature. The PXRD study reveals that the morphological change
from the crystalline state to the amorphous state and vice versa is associated

with the mechanochromism in pyrenoimidazoles 3a and 3b.
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Figure 5.9. PXRD curves of 3a (left) and 3b (right) in Pristine, Ground and

Fumed form.

5.2.5. Theoretical calculations

The geometry optimized and electronic structures of the
pyrenoimidazoles 3a and 3b were obtained by density functional theory (DFT)
calculations. The DFT calculations were performed at the B3LYP/6-31G(d)
level. 1 The geometry optimized structures show highly twisted
conformation. The contours of the highest occupied molecular orbital
(HOMO) and lowest wunoccupied molecular orbital (LUMO) of
pyrenoimidazoles 3a and 3b are shown in Figure 5.10. The HOMO orbitals
are localized over pyrenoimidazole part in 3a and 3b. In case of 3a the LUMO
orbital is localized on the TPE, imidazole and some part on pyrene unit,
whereas in 3b the LUMO orbital is localized only on the

triphenylacrylonitrile. The replacement of phenyl in TPE with cyano-group in
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3b leads to stabilization of both the HOMO and LUMO. The extent of
stabilization of LUMO is more pronounced compared to HOMO, which leads
to low HOMO-LUMO gap in 3b compared to 3a. This indicates the stronger
donor-acceptor interaction in 3b compared to 3a.
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Figure 5.10. Correlation diagram showing the HOMO, and LUMO wave
functions and energies of the pyrenoimidazoles 3a (left) and 3b (right).

5.2.6. Single crystal X-ray diffraction studies

Table 5.3. Crystal data and structure refinement for 3a.

Parameter 3a
Identification code rm172
Empirical formula Ci11 H7.20 No.ao

Formula weight 144.97
Temperature 150(2) K
Wavelength(A) 1.5418
Crystal system, space group Triclinic, P -1
al (A) 9.4209(6)
b/ (A) 12.0079(11)
c/ (A) 21.6114(18)
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al(®) 75.523(8)
Al (°) 85.392(6)
7 (°) 73.484(7)
VVolume 2269.4(3) A°
Z, Calculated density (mg m™) 10, 1.061
Absorption coefficient /(mm™) 0.468
F(000) 760
Crystal size 0.230 x 0.190 x 0.130 mm
@ range for data collection/(°) 3.953 to 49.989
Reflections collected / unique 9573/ 4648 [R(int) = 0.0408]
Completeness to theta 6 =49.989; 99.9%
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 1.00000 and 0.85897
Refinement method Full-matrix least-squares on F*
Data / restraints / parameters 4648 /0/516
Goodness-of-fit on F* 1.153
Final R indices [I>2sigma(l)] R1=0.1041, wR2 = 0.3147
R indices (all data) R1=0.1268, wR2 = 0.3349
Largest diff. peak and hole (eA™) 0.348 and -0.253

The single crystal X-ray structure of 3a provides insight into the AIE.
Generally, the pyrene unit containing fluorophores were known for planar and
extensive m---7t stacking interactions, but the crystal structure of 3a exhibits
twisted conformation of phenyl rings of TPE unit (Figure 5.11). This twisted
conformation suppresses the n---n stacking effect of pyrene and supports AIE
active nature, also twisting in phenyl rings supports the intramolecular
rotations in solution leading to poor fluorescence. The packing diagram of 3a
exhibits intermolecular C-H---w interactions. Two mutual C-H---7t interactions
between two molecule via C(45)-H(45)---n(pyrene) And C(19)-H(19)---n
(phenyl) to form a dimeric framework in head to tail fashion. Such dimers are
connected to each other via C-H---m interaction C(42)-H(42)---n(pyrene)
forming 2D staircase shaped framework (Figure 5.11). Thus, packing diagram

reveals the absence of strong m---m stacking in pyrene unit.
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Figure 5.11. Crystal structure (left) and C-H---n interactions assisted crystal

packing (right) of 3a.

5.3. Experimental section

Synthesis and characterization of intermediate 2

2: The pyrene-4,5-dione (9.6 mmol), 4-bromobenzaldehyde (9.6 mmol),
aniline (14.4 mmol), and ammonium acetate (96.1 mmol) in glacial acetic acid
(50 mL) refluxed for 12 h under an argon atmosphere. After cooling to room
temperature, a pale yellow mixture was obtained and poured into a methanol
solution under stirring. The separated solid was filtered off, washed with 30 ml
water, and dried to give compound 2 as off white solid. Yield: 91.0 %. *H
NMR (400 MHz, CDCls, 25 °C): § 9.09 (dd, 1H, J=1.2, 8 Hz), 8.21 (dd, 1H,
J=1.2, 8 Hz), 8.10-8.16 (m, 2H), 8.03-8.06 (m, 2H), 7.63-7.71 (m, 4H), 7.58-
7.61 (m, 2H), 7.53 (dt, 2H, J=2, 8 Hz), 7.45 (dt, 2H, J=2, 8 Hz), 7.39 (dd, 1H,
J=0.8, 8 Hz) ppm; HRMS (ESI): calcd. for C1gH17BrN,: 473.0648 (M+H)",
found 473.0647.
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Synthesis and characterization of 3a and 3b

3a: Pd(PPh3)4 (0.004 mmol) was added to a well degassed solution of 10-(4-
bromophenyl)-9-phenyl-9H-pyreno[4,5-d]imidazole (2) (0.4 mmol), 4-(1,2,2-
triphenylvinyl)phenylboronic acid pinacol ester (0.48 mmol), K,CO3(1.2
mmol) in a mixture of toluene (12 mL)/ ethanol (4.0 mL)/ H,O (1.0 mL). The
resulting mixture was stirred at 80 °C for 24 h under argon atmosphere. After
cooling, the mixture was evaporated to dryness and the residue subjected to
column chromatography on silica (Hexane-DCM 25:75 in vol.) to yield the
desired product 3a as colorless powder. The compound was recrystalized from
DCM:ethanol (8:2) mixtures. Yield: 89.0%. *H NMR (400 MHz, CDCls, 25
°C): 8 9.13 (dd, 1H, J=1.2, 8 Hz), 8.20 (dd, 1H, J=1.2, 8 Hz), 8.10-8.16 (m,
2H), 8.03-8.05 (m, 2H), 7.61-7.70 (m, 8H), 7.52 (dt, 2H, J=4, 8 Hz), 7.34-7.41
(m, 4H), 7.02-7.14 (m, 17H) ppm; *C NMR (100 MHz, CDCls, 25 °C): &
150.8, 143.7, 143.7, 143.6, 143.2, 141.3, 140.8, 140.4, 138.9, 138.0, 137.8,
135.2, 132.2, 131.8, 131.7, 131.4, 131.3, 130.2, 129.9, 129.6, 129.2, 128.9,
127.9, 127.9, 127.8, 127.7, 127.6, 127.5, 126.5, 126.5, 126.4, 126.3, 126.1,
125.3, 124.5, 124.3, 123.5, 122.8, 122.4, 119.8, 117.9, 0.00 ppm; HRMS
(ESI): calcd. for CssHagN,: 725.2951 (M+H)", found 725.2954.

3b: Pd(PPhs)4 (0.004 mmol) was added to a well degassed solution of 10-(4-
bromophenyl)-9-phenyl-9H-pyreno[4,5-d]imidazole (2) (0.4 mmol), 2-(4-
pinacolatoboronphenyl)-3,3-diphenylacrylonitrile  (0.48 mmol), K,CO3(1.2
mmol) in a mixture of toluene (12 mL)/ ethanol (4.0 mL)/ H,O (1.0 mL). The
resulting mixture was stirred at 80 °C for 24 h under argon atmosphere. After
cooling, the mixture was evaporated to dryness and the residue subjected to
column chromatography on silica (Hexane-DCM 15:85 in vol.) to yield the
desired product 3b as greenish yellow powder. The compound was
recrystalized from DCM:ethanol (8:2) mixtures. Yield: 73.0 %. *H NMR (400
MHz, CDCls, 25 °C): § 9.13 (dd, 1H, J=1.2, 8 Hz), 8.10-8.22 (m, 3H), 8.03-
8.06 (m, 2H), 7.62-7.73 (m, 8H), 7.53 (d, 2H, J= 8 Hz), 7.70-7.49 (m, 8H),
7.31-7.34 (m, 2H), 7.21-7.29 (m, 3H), 7.05-7.07 (m, 2H) ppm; *C NMR (100
MHz, CDCls, 25 °C): 6 157.8, 140.4, 140.2, 140.0, 139.1, 138.8, 134.1, 132.2,
131.7, 130.8, 130.3, 130.2, 130.0, 129.8, 129.2, 129.1, 128.9, 128.5, 128.4,
128.0, 127.6, 126.9, 126.7, 126.4, 125.3, 124.6, 124.4, 123.6, 122.9, 122.4,
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120.0, 119.8, 118.0, 111.1, 0.00 ppm; HRMS (ESI): calcd. for CsoHgiNa+H":
674.2591 (M+H)", found 674.2599.

Fluorescence quantum yields (¢pF)

The fluorescence quantum yields of AIE study (¢r) were calculated using
9,10-diphenylanthracene as standard in various THF-water mixtures by the
steady-state comparative method.?

OF= st X SulSst X Agt/ Ay X N°py/n’pyy

Where ¢r is the emission quantum yield of the sample, ¢s is the emission
quantum vyield of the standard, As and A, represent the absorbance of the
standard and sample at excitation wavelength, respectively. The Sg; and S, are
the integrated emission band areas of the standard and sample, respectively,
and nps; and np, are the solvent refractive index of the standard and sample.

The u and st refer to the unknown and standard, respectively.

5.4.  Conclusion

In summary, we have designed and synthesized pyrenoimidazoles 3a
and 3b by the Pd-catalyzed Suzuki cross-coupling reaction of
bromopyrenoimidazole 2 with 4-(1,2,2-triphenylvinyl)phenylboronic acid
pinacol ester and 2-(4-pinacolatoboronphenyl)-3,3-diphenylacrylonitrile. The
single crystal structure and packing diagram of 3a reveals twisted
conformation and absence of strong m---mt stacking in pyrene units which
results in fluorescent solids. The strong aggregation induced emission (AIE)
and different AIE behavior was observed for 3a and 3b. The 3b shows
different colored emission at different water fraction which can be ascribed to
the different sized nanoaggregates formation. The pyrenoimidazoles 3a and 3b
exhibit reversible mechanochromic behavior with color contrast between blue
and green. The solid state absorption, emission and powder XRD study reveals
that, the transformation of twisted crystalline state to planar amorphous state is
the main cause for mechanochromism in pyrenoimidazoles 3a and 3b. The
optoelectronic applications of these materials are currently ongoing in our

laboratory.
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Chapter 6

Multi-stimuli responsive donor-acceptor
tetraphenylethylene substituted
benzothiadiazoles

6.1. Introduction

The design and synthesis of fluorescent organic solids with different
emission colors have been continuously attracting the scientific community for
full color displays and white light emitting devices.*®! In recent years,
fluorescent organic solids have been extensively used in the development of
environment sensitive materials with widespread applications in analytical,
environmental, optical, and biochemical areas. Particularly mechanochromic
and vapochromic materials have been developed for their applications in
mechano-sensors, vapo-sensors, environmental monitors, chemical sensors,
optical data storage, and security papers.”**! These applications require the
efficient solid state emission.[***®1 Unfortunately, most of the organic dyes are
non-fluorescent in solid state due to the notorious aggregation caused
quenching (ACQ) effect.'”?] The tetraphenylethylene (TPE) is a weak
electron donor and has propeller shaped molecular structure, which overcomes
the ACQ effect.”>] The TPE containing molecules show aggregation

induced emission (AIE) and are fluorescent in the solid state.!23"!

The photophysical properties of the donor-acceptor (D-A) molecular
systems are function of the strength of donor/acceptor (D/A) groups.l***¥ The
D—A system allows the fine tuning of electronic and optical properties by
modification of D/A or changing one without disturbing the other.®* A wide
variety of D-A molecular systems has been explored for

mechanochromism. 5421

In order to design efficient and desirable
mechanochromic materials, it is important to understand the structure—
property relationship. There are still no standard guidelines to predict the

mechanochromism. 34
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The 2,1,3-benzothiadiazole (BTD) is a strong electron acceptor owing to
its high electron affinity.’>®? Wang et al. and Wei et al. have reported
symmetrical BTD-cored cyano-substituted diphenylethene derivatives for
mechanochromism.®** Our group is interested in the design and synthesis of
TPE substituted mechanochromic materials.[® The TPE substituted BTDs
are rare to show mechanochromism. "2 In this chapter we wish to report, the
TPE substituted BTDs 3-9 and the effect of D/A strength of different
substituents and their substitution pattern on the photophysical, AIE,
mechanochromic and vapochromic properties.!’®’  The BTDs 3-9 (Chart
6.1) are designed in such a way that; (1) In BTD 3, symmetrically two TPE
units are substituted on BTD, which forms D-A-D architecture. (2) In BTD 4
the acceptor strength is increased by incorporating one more BTD unit, which
forms the symmetric D-A—A-D architecture. (3) In BTDs 5-9, the TPE unit is
fixed at one end of the BTD and the other end is systematically varied with
different units like phenyl (weak donor) in 5, tolyl (weak donor) in 6,
trifluoromethyl-phenyl (weak acceptor) in 7, cyanophenyl (weak acceptor) in
8 and triphenyl amine (strong donor) in 9, which forms unsymmetrical D—A—
D;, D-A-A; and D-A-D, architectures. The photophysical, AIE,

mechanochromic and vapochromic properties of BTDs 3-9 are tuned on the

basis of the strength of D—A interaction and conjugation length.

Chart 6.1. The TPE substituted BTDs 3-9.
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6.2.  Results and discussion

6.2.1. Synthesis

The TPE substituted BTDs 3-9 were synthesized by the Pd-catalyzed
Suzuki and Stille coupling reactions. The precursor 2 was synthesized by the
Pd-catalyzed Suzuki cross-coupling reaction of dibromo-BTD 1 with 0.9
equivalent of 4-(1,2,2-triphenylvinyl)phenylboronic acid pinacol ester.[#7373!
This reaction condition resulted di-TPE substituted BTD 3 as a minor product
(Scheme 6.1). The excess use of 4-(1,2,2-triphenylvinyl)phenylboronic acid
pinacol ester resulted in the formation of the disubstituted BTD 3 as a major

product.

S.
N° N

\ /

Scheme 6.1. Synthetic route for BTDs 2 and 3.

(1) 4-(1,2,2-triphenylvinyl)phenylboronic acid pinacol ester, K,COs,
Pd(PPh3)s, Toluene:Ethanol:Water, 80 °C, 24 h.

The symmetrical BTD 4 was synthesized by the Pd catalyzed Stille
coupling reaction of the precursor 2 with bis-(tributylstannyl)acetylene in 30%
yield (Scheme 6.2). The Suzuki cross-coupling reaction of the TPE substituted
bromo-BTD 2 with phenylboronic acid, p-tolylboronic acid, (4-
(trifluoromethyl)phenyl)boronic acid, 4-cyanophenylboronic acid pinacol ester
and 4-(diphenylamino)phenylboronic acid pinacol ester resulted in
unsymmetrical BTDs 5, 6, 7, 8, and 9 respectively in good yields (Scheme
6.3). All the BTDs 3-9 were well characterized by *H NMR, **C NMR and
HRMS techniques. The BTDs 5 and 6 were also characterized by single-
crystal X-ray diffraction technique.

Pd(PPhs),, Toluene
80°C,24h

2
Scheme 6.2. Synthetic route for BTD 4.
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K,CO5, Pd(PPhy),
Br

Toluene:Ethanol: Water
80°C,24h

Scheme 6.3. Synthetic route for BTDs 5-9.

(i)  phenylboronic  acid;  (ii)  p-tolylboronic  acid;  (iii))  (4-
(trifluoromethyl)phenyl)boronic acid; (iv) 4-cyanophenylboronic acid pinacol

ester; (v) 4-(diphenylamino)phenylboronic acid pinacol ester.
6.2.2. Single crystal X-ray diffraction studies

The crystals of the BTDs 5 and 6 were obtained by slow diffusion of
ethanol into the dichloromethane solution at room temperature. The single-
crystal X-ray structure of BTDs 5 and 6 are shown in Figure 6.1. The BTDs 5
and 6 crystallize in monoclinic | 2/c and triclinic P 1 space groups,
respectively. The crystal structure of BTD 5 shows that, the almost planar
BTD core with phenyl substituent and phenyl ring of TPE unit with dihedral
angles of 8.14° and 13.6° respectively. Contrary to this, the BTD 6 exhibits
twisted geometry and BTD core has dihedral angles of 57.77° and 53.16° with
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tolyl substituent and phenyl ring of TPE respectively. The twisted geometry of

TPE unit in BTDs 5 and 6 reduces the n-n stacking interaction.

Table 6.1. Crystal data and structure refinement for BTD 5 and 6.

equivalents

Parameter BTD5 BTD6
Identification code rmi158 shelx
Empirical formula Cag Has NS Cag Hag NoS

Formula weight 542.67 556.69
Temperature 150(2) K 293(2) K
Wavelength(A) 1.5418 0.71073 A
Crystal system, space group Monoclinic, 12/a Triclinic, P -1
al (A) 17.9549(11) 5.9323(3)
b/ (A) 5.7818(3) 9.0092(5)
c/ (A) 55.027(3) 28.6842(16)
al(®) 90 91.068(4)
B ®) 91.498(5) 90.990(4)
() 90 101.891(4)
Volume 5710.5(5) A® 1499.53(14) A®
Z, Calculated density (mg m™) 8, 1.262 2, 1.233
Absorption coefficient /(mm™) 1.226 0.138
F(000) 2272 584
Crystal size 0.33x0.26 x0.21 mm 0.210 x 0.180 x 0.140
@range for data collection/(°) 3.21t0 71.68 3.108 to 24.997
Reflections collected / unique 18686 / 5454 [R(int) = 11416 [/ 5252 [R(int) =
0.0380] 0.0419]
Completeness to theta 0=71.68; 98.0% 0 =24.997; 99.8%
Absorption correction Analytical Semi-empirical from

Max. and min. transmission

0.7829 and 0.6878

1.00000 and 0.59490

Refinement method

Full-matrix least-squares on

Full-matrix least-squares on

F2 F2
Data / restraints / parameters 5454/0/371 5252/0/380
Goodness-of-fit on F? 1.066 1.097
Final R indices [I>2sigma(l)] R1=0.07288, wR2 = R1=0.0610, wR2 = 0.1419
0.2292

R indices (all data)

R1=0.1152, wR2 = 0.2809

R1 =0.0967, wR2 = 0.1647

Largest diff. peak and hole (eA”%)

0.467 and -0.693

0.178 and -0.257
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Figure 6.1. Crystal structure of BTDs 5 and 6 (i) Front view, (ii) Side view.

The packing diagram of BTD 5 shows strong intermolecular C—H---S and
C—H:- -7 interactions. The intermolecular C—H---S (2.857 A) interaction leads
to the formation of the hydrogen bonded dimers in head-to-head fashion.
These dimers are interlinked through C—H--x interaction C11-H11---C15
(2.866 A) to form a 1D polymeric chain. The C—H:--m interaction of
C11-H11.--C15 (2.866) leads to the cross-linking of the chains leading to

formation of a 2D sheet like structure (Figure 6.2).

Figure 6.2. Crystal packing diagram of BTD 5 along b-axis.

The packing diagram of BTD 6 shows strong intermolecular S---w and
C—H:--m interactions. The intermolecular S---n (3.654 A) interactions lead to

the formation of ladder like framework. These ladders are interlinked through
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two mutual C—H--m interactions C23—-H23---C32 (2.823 A) to form a 2D
structural sheet (Figure 6.3).

Figure 6.3. Crystal packing diagram of BTD 6 along tilted a-axis.
6.2.3. Thermogravimetric analysis

The thermogravimetric analysis (TGA) was performed to study the
thermal stability of the BTDs 3-9 and thermograms are shown in Figure 6.4.
The BTDs 3-9 exhibit high thermal stability. The decomposition temperatures
(Tq, temperature at which 10% weight loss occurs during heating), for the
BTDs 3-9 were found in between 346-503 °C. The trend in thermal stability
follows order 4 >3 >9>8 > 6 > 5 > 7, which shows that the symmetrical
BTDs 3 and 4 are thermally more stable compared to unsymmetrical BTDs 5—
9.
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Figure 6.4. Thermogravimetric analysis of the BTDs 3-9, measured at a

heating rate of 10 "C/ min under nitrogen atmosphere.
6.2.4. Theoretical calculations

The density functional theory (DFT) calculations were performed at
the B3LYP/6-31G(d) level to understand the geometry and electronic structure
of the BTDs 3-9. The energy optimized structures show twisted geometry of
TPE and triphenylamine units. The contours of the HOMO and LUMO of
BTDs 3-9 are shown in Figure 6.5. The HOMO orbitals are localized over
TPE, and benzo part of the BTD unit in BTDs 3-8, whereas in BTD 9 it is
localized on the triphenylamine and benzo part of the BTD unit. The
distribution of HOMO in BTDs 3-8 show that the TPE is a strong electron
donor unit than the phenyl and tolyl units. The distribution of HOMO orbital
of BTD 9 reveals that the incorporation of strong electron donating group
(triphenylamine) decreases the contribution of TPE unit in the HOMO. The
LUMO orbitals of BTDs 3-9 are localized on the BTD and phenyl or cyano-
phenyl units, which indicate the acceptor nature of BTD and cyano-phenyl

units.
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Figure 6.5. Frontier molecular orbitals HOMO and LUMO of the BTDs 3-9.

The energy level diagram of the frontier orbitals are shown in Figure
6.6 which shows; (1) The incorporation of additional BTD unit stabilizes
LUMO energy level by keeping HOMO level constant, results in decreased
band gap and red shift in absorption spectra of BTD 4, (2) The 4-
(trifluoromethyl)phenyl and cyanophenyl units in unsymmetrical BTDs 7 and
8 stabilizes both HOMO and LUMO energy levels but stabilization of LUMO
level is more pronounced compared to HOMO which results in decreased
HOMO-LUMO gap, (3) The introduction of strong electron donating moiety
destabilizes both the HOMO and LUMO, and extent of destabilization of
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HOMO is more pronounced than the LUMO which results in decreased
HOMO-LUMO gap in BTD 9.
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Figure 6.6. Correlation diagram showing the HOMO, and LUMO energies of
the BTDs 3-9, as determined at the B3LYP/6-31G(d) level.

6.2.5. Photophysical properties
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Figure 6.7. (A) Normalized absorption spectra and (B) Fluorescence spectra

of BTDs 3-9 recorded in dichloromethane.

The UV—vis absorption and fluorescence spectra of BTDs 3-9 were

recorded in dichloromethane (Figure 6.7), and the data are summarized in
Table 6.2. The BTDs 3-9 exhibit strong absorption band between 260-350 nm
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corresponding to m—m* transition and another band between 360-460 nm
corresponding to charge transfer (CT) transition.[’” The BTD 4 shows red
shifted CT band due to two strong electron withdrawing BTD units which
increases the acceptor strengh and results in strong D—A system. The BTD 9
exhibits red shifted absorption followed the BTD 4, due to strong D-A
interaction between TPA and BTD, reflecting the strong electron donating
ability of TPA compared to TPE. All the BTDs 3-9 are highly fluorescent
with quantum vyields ~20%. The fluorescence spectra in dichloromethane
(Figure 6.7) show nice tuning of emission ranging from 570 — 645 nm. The

trend in the emission maxima follows the order 9>8>7>4>5>6~3.
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Figure 6.8. Normalized absorption spectra of BTDs 3(A), 4(B), 5(C), 6(D),
7(E), 8(F) and 9(G) in different solvents with different polarities.
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Figure 6.9. Photoluminescence spectra of BTDs 3(A), 4(B), 5(C), 6(D), 7(E),
8(F) and 9(G) in different solvents with different polarities (concentration =

1x10®° M, excitation = 370 nm). (H) Stokes Shift (Av) of BTDs 3-9 as a

function of the solvent polarity parameter (Af).

The spectral properties of D-A molecules are highly sensitive towards
solvent polarity. In order to study the solvatochromism, solvents of various
polarities  (cyclohexane, toluene, chloroform, dichloromethane and
acetonitrile) were selected, and the absorption and emission spectra were
recorded (Figure 6.8 and 6.9). The solvatochromic data are summarized in
Table 6.2. The absorption and emission spectra of BTD 4 was not recorded in
cyclohexane and acetonitrile due to its insolubility. In polar solvents, the
absorption spectra of BTDs 3-9 show slight blue shifted CT band. The
fluorescence spectra show large red shift and decreased fluorescence quantum
yield with increasing solvent polarity from cyclohexane to acetonitrile,
reflecting the larger charge separation and higher dipole moment in the excited
state than in the ground state. The solvent dependence of absorption and
emission was further confirmed by the Lippert-Mataga plot, which shows a
linear correlation of the Stokes shift with solvent polarity (Figure 6.9). The
trend in the slope of Lippert-Mataga plot follows the order,8>9>7>4>6>
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5 > 3 (Table 6.3) which reveals highest sensitivity of unsymmetrical BTD 8
towards solvent polarity.

Table 6.2. Photophysical properties of BTDs 3-9 in different solvents.

BTDs Solvents Aaps.(NM) | Aem (NM) shsi;g(ié(rans'l)
Cyclohexane 418 516 4544
Toluene 418 534 5197
3 Chloroform 419 561 6041
Dichloromethane 413 570 6670
Acetonitrile 406 593 7767
4 Toluene 452 529 3220
Chloroform 452 570 4580
Dichloromethane 448 592 5430
Cyclohexane 406 510 5023
Toluene 407 526 5559
5 Chloroform 406 560 6773
Dichloromethane 403 571 7300
Acetonitrile 396 599 8558
Cyclohexane 404 517 5410
Toluene 405 538 6104
6 Chloroform 404 579 7420
Dichloromethane 398 598 8466
Acetonitrile 387 634 10067
Cyclohexane 404 509 5106
Toluene 403 527 5838
7 Chloroform 403 565 7114
Dichloromethane 399 579 7791
Acetonitrile 391 614 9289
Cyclohexane 410 523 5270
Toluene 408 545 6161
8 Chloroform 408 590 7560
Dichloromethane 401 610 8544
Acetonitrile 392 649 10102
Cyclohexane 446 542 3971
Toluene 446 578 5120
9 Chloroform 448 626 6347
Dichloromethane 443 645 7070
Acetonitrile 434 691 8570

Table 6.3. Slopes of Lippert-Mataga plot for the BTDs 3-9.

BTDs Slope

3 10298
13608
10499
13268
13871
15506
14664

((o3Nech i NINopREéa JIN-N
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Generally, the TPE containing molecules are AIE active and are non-
fluorescent in solution and highly fluorescent in the aggregated state.
However, BTDs 3-9 are highly fluorescent both in solution and in aggregated
state. The BTDs 3-9 are highly soluble in THF and poorly soluble in water.
The solutions of BTDs 3-9 in different THF and water percentage were
prepared to study the AIE. The AIE property of BTDs 3-9 was studied by
using fluorescence spectroscopy (Figure 6.10).
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Figure 6.10. Fluorescence spectra of BTDs 3(A), 4(B), 5(C), 6(D), 7(E), 8(F)
and 9(G) in THF—Water mixtures with different water fractions (10 uM). (H)
Plot of fluorescence intensity (PL) vs. % of water fraction (f,). Luminogen

concentration: 10 xM; intensity calculated at Amax 0f BTDs 3-9.

The BTDs 3-9 show distinct response in different THF and water
percentage. The fluorescence spectra of BTDs 3-9 show gradual red shift at
low water percentage (<60%) with decrease in fluorescence intensity. This is

due to the gradual increase of solvent polarity with increase in water
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percentage. At high water percentage (>60%) the emission spectra of BTDs 3,
5, 6, 7, 8 and 9 show blue shifted emission with enhanced intensity, however
the BTD 4 shows decreased emission intensity. The solubility of the BTDs 3-
9 decreases at higher water percentage (60-90%) and forms nanoaggregates.
In the aggregated form molecular rotation ceases and leads to enhanced
emission in BTDs 3, 5, 6, 7, 8 and 9. The AIE study reveals that at lower water
percentages emission is controlled by solvent polarity, whereas at higher water
percentage AIE dominates over solvent polarity. The photograph of the AIE
study of representative BTD 9 clearly indicates the solvent polarity and AIE
dependent emission behavior (Figure 6.11). The synthesized BTDs 3-9 show
tunable solid state emission ranging from 470-600 nm. The solids emit blue,
green, orange and orange red color under UV illumination (Figure 6.11).

ARENn
& ‘-18 9

0% 10% pA 30% 40% 50% 60% 70% 80% 90% 95%

BL JNNs

Figure 6.11. (A) Photograph of synthesized solid of BTDs 3-9 under 365 nm
UV illumination. (B) Photograph of BTD 9 in THF—water mixtures with

different water fractions (10 M) under 365 nm UV illumination.
6.2.6. Mechanochromic property

The mechanochromic property of the BTDs 3-9 was investigated by
emission spectroscopy and their emission behaviors with respect to various
stimuli are shown in Figure 6.12, and data are tabulated in Table 6.4. The
pristine form of BTDs 3-9 show greenish yellow (522 nm), orange red (598
nm), green (526 nm), blue (471 nm), green (512), green (521 nm) and orange
(572 nm) emissions, respectively (Figure 6.12). Upon grinding with the mortar
pestle, all the BTDs show different mechanochromic behavior. After grinding,
the BTDs 3-9 show lime green (536 nm), orange red (601 nm), green (526),
green (534), yellow (547 nm), yellow (565 nm) and orange red (599 nm)
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emissions respectively. The BTDs 3-9 exhibit grinding induced spectral shift
(AX) of 14 nm, -3 nm, 0 nm, 35 nm, 63 nm, 44 nm and 27 nm respectively,
which reveals that BTDs 3, 6, 7, 8 and 9 exhibit mechanochromism, whereas
mechanochromism was absent in BTDs 4 and 5.
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Figure 6.12. Emission spectra of 3(A), 4(B), 5(C), 6(D), 7(E), 8(F) and 9(G)
as Pristine, Grinded and Fumed solids and photographs taken under 365 nm
UV illumination.
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Figure 6.13. photograph taken under 365 nm UV illumination of BTDs 3(A),
4(B), 5(C), 6(D), 7(E), 8(F) and 9(G) as pristine and ground solids.

To know more about conjugation and electronic structure before and
after grinding, the BTDs 3-9 were also studied by using absorption
spectroscopy (Figure 6.14) and data are tabulated in Table 6.4. The BTDs 3, 6,
7, 8 and 9 show red shifted absorption bands upon grinding which indicate
enhanced conjugation or increased D—A interaction. However, after grinding
BTDs 4 and 5 does not show any recognizable change in the absorption
spectrum (Figure 6.14), reflecting no change in the conjugation. The
comparison of absorption and emission properties of BTDs 3-9 reveal that the
mechanochromism is due to the increase in effective conjugation and strength

of donor—acceptor interaction before and after grinding.
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Table 6.4. Absorption and emission wavelengths of solid BTDs 3-9 under

various external stimuli.

BTDs Emission Absorption
Apristine AGrinded AL (nm)a Apristine AGrinded
(nm) (nm) (nm) (nm)
3 522 536 14 395-475 415-515
4 598 601 -3 400-470 400-470
5 521 521 0 410-495 420-510
6 471 534 63 426-447 416-506
7 512 547 35 433-484 433-487
8 526 565 44 390-515 390-550
9 572 599 27 415-560 450-590

? Grinding-induced spectral shift, AL = Agrinded — Apristine.

The BTDs 5 and 6 have almost similar electronic structures but both
exhibits different absorption and emission behavior. The BTD 6 exhibits
mechanochromism with 63 nm spectral shift in emission, whereas
mechanochromism was absent in BTD 5. The absorption and emission
wavelengths in grinded form are in similar region but in pristine forms they
are in different region (Table 6.4) which indicates that the huge difference in
the mechanochromism is due to the difference in their pristine forms. The
different absorption and emission in the pristine form of BTDs 5 and 6 can be
explained with the help of their single crystal structures. The single crystal
structure of BTD 5 exhibits almost planar geometry of phenyl, BTD and
phenyl ring of TPE whereas BTD 6 shows twisted geometry. The twisted
geometry of BTD 6 decreases the conjugation and results blue shift in
absorption and emission. After grinding of BTD 6, there might be possibility
to form planar geometry like BTD 5 which result in comparable conjugation
and electronic structures which leads to the absorption and emission in similar

region.
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Figure 6.14. Absorption spectra of BTDs 3 (A), 4 (B), 5 (C), 6 (D), 7 (E), 8
(F) and 9 (G) as pristine and grinded solids.

The study of mechanochromic property shows the design of
unsymmetrically substituted BTDs with D-A-A; architecture as the best
strategy for developing good mechanochromic materials based on BTD. The
crystal structures and photophysical properties of BTDs 5 and 6 reveal the key
role of twisting in the molecular backbone for mechanochromism.

To support the planarization caused mechanochromism in BTD 6, we
performed the single point energy calculation at the B3LYP/6-31G(d) level on
BTD 5 and BTD 6. The calculations were carried out by keeping the structural
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parameters (like bond lengths, bond angles and dihedral angles) same as their
crystal structures. Further the BTD 6 was taken in same geometry as the
crystal structure of BTD 5. The main differences in two structures of BTD 6
are dihedral angles only. We studied the effect of planarity (dihedral angle) on
the energy levels of BTD 6. The twisted BTD 6 is denoted as BTD 6T and
planar BTD 6 is denoted as BTD 6P. The Figure 6.15 shows HOMO and
LUMO energy levels of the BTDs 5, 6T and 6P. The comparison of energy
levels of BTD 5 with BTD 6P and BTD 6T reveals that, the BTD 6P shows
almost similar energy levels with BTD 5 whereas in BTD 6T the HOMO is
stabilized and the LUMO is destabilized. This results in almost equal HOMO-
LUMO gap values for BTD 5 and BTD 6P whereas BTD 6T have higher
HOMO-LUMO gap value. The low HOMO-LUMO gap value for BTD 6P
than BTD 6T supports the planarization induced red shift in absorption and

emission of BTD 6.
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Figure 6.15. Correlation diagram showing the HOMO, LUMO and HOMO-
LUMO gap energies of BTD 5, twisted BTD 6 (BTD 6T) and planar BTD 6
(BTD 6P), determined at the B3LYP/6-31G(d) level.

The reversible nature of mechanochromism was studied by annealing
or solvent vapor fumigation. To achieve the original color of grinded BTDs 3,
6 and 7 required annealing temperatures 220 °C, 205 °C and 205 °C

respectively for 30 minutes or fumigation with hexane vapor for 2 minutes.
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The BTD 8 required annealing at 80 °C for 5 minutes or fumigation of hexane
vapor for 2 minutes. The BTD 7 shows irreversible mechanochromism
through annealing, whereas fumigation of hexane vapors for 2 minutes show
partial reversibility and emits at 586 nm. The reversibility study reveals

excellent reversible mechanochromism in BTD 8 compared to other BTDs.
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Figure 6.16. Powder XRD patterns of BTDs 3 (A), 4 (B), 5(C), 6 (D), 7 (E), 8
(F) and 9 (G) in the state of as-prepared solid, after grinding and solvent

fumigation treatment.

Further, different solid states (pristine, grinded and fumigated) of
BTDs 3-9 were studied by powder X-ray diffraction (XRD). The pristine state
of BTDs 3-9 exhibit sharp diffraction peaks in XRD, indicating their
crystalline nature (Figure 6.16). After grinding BTDs 3, 6, 7, 8 and 9, the
sharp peaks in pristine form disappear and broad diffuse bands were observed
which reflects the amorphous nature of solid. The sharp diffraction peaks in
BTDs 4 and 5 did not completely vanish. The grinded powder of BTDs 3, 6, 7,
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8 and 9 when fumigated with solvent vapor regains the sharp diffraction
peaks, which suggests the amorphous powder restored to its crystallinity after
solvent fumigation. The powder XRD studies suggest that the
mechanochromism in BTDs 3, 6, 7, 8 and 9 is associated with the morphology

change from the crystalline state to the amorphous state and vice versa.
6.2.7. Vapochromic property

During the synthesis of BTDs 3-9 one interesting phenomenon was
observed. The BTDs 3-9 form different colored solids with different solvents.
The literature survey reveals that, this phenomenon of changing color on
interaction with different solvent vapors or solvents is called
vapochromism.[®"1 particularly, in the synthesis of BTD 6 we have observed
this phenomenon predominantly, when we dried the solution of BTD 6 in
hexane we observed light green solid whereas from dichloromethane solution
green solid was obtained. To explore more about this phenomenon, we
exposed the solid to different solvents and we observed that the color change
is a reversible process. The fluorescence spectra of these two solids show huge
difference, light green solid (from hexane/ethanol) emits at 476 nm (blue light)
whereas green solid (from DCM) emits at 542 nm (green light). This study
inspired us to investigate the vapochromic behavior of all the BTDs, which
reveals the different extent of vapochromism in BTDs 3-9. To study the
vapochromic behavior we selected two volatile solvents hexane and
dichloromethane. The emission responses of BTDs 3-9 were recorded after
exposure with hexane and dichloromethane (Figure 6.17) and the
corresponding data is tabulated in Table 6.5. The pristine solids of BTDs 3-9
on exposure to dichloromethane vapors show red shift in the emission
wavelengths, further exposing these red shifted solids to hexane vapors once
again recovers to the original emission wavelengths. The BTDs 3, 4, 5, 6, 7, 8
and 9 exhibit solvent vapor induced spectral shift (AX) of 0 nm, 5 nm, 20 nm,
66 nm, 17 nm, 40 nm and 10 nm respectively, which reveals that BTDs 6 and
8 exhibit strong vapochromism. The BTDs 6 and 8 show good naked eye
vapochromism under 365 nm UV illumination which is shown in the
photograph taken under 365 nm UV illumination (Figure 6.18). The BTDs 6
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and 8 show sky blue (476 nm) and green (528 nm) emission under hexane
vapors when excited at 365 nm UV illumination, which upon exposure to
DCM vapors show prominent emission color change to green (542 nm) and
yellow (564 nm) respectively. The vapochromism results are consistent with

the mechanochromism and show same type of emission changes.

Table 6.5. Emission wavelengths of solid BTDs 3-9 after exposure to hexane

and dichloromethane vapors.

BTDs Emission (A nm) AX (nm)?
Hexane DCM
3 517 517 0
4 590 595 5
5 526 546 20
6 476 542 66
7 520 537 17
8 528 568 40
9 570 580 10

# Solvent vapor induced spectral shift, AL = Apcm — Aexane.
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Figure 6.17. Emission spectra of BTDs 3 (A), 4 (B), 5 (C), 6 (D), 7 (E), 8 (F)
and 9 (G) as solids from Hexane and dichloromethane (DCM).
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Figure 6.18. Photographs of BTD 6 (Ieft) and BTD 8 (right) as solids from

Hexane and dichloromethane under 365 nm UV illumination.

To understand more about the vapochromism and its correlation with
mechanochromism, we performed the scanning electron microscopy (SEM)
and powder X-ray diffraction (PXRD) studies for BTD 6 (Figure 6.19). Two
thin films of BTD 6 were prepared on a glass slide by slow evaporation of
solution of BTD 6 in hexane and dichloromethane. The morphology and
crystalline nature of these thin films were studied by SEM and PXRD studies.
The SEM study reveals that the BTD 6 in hexane showed a rod like
morphology. On the other hand the sample in DCM did not lead to the
formation of any ordered structures. The PXRD study of these two films
revealed that the BTD 6 in hexane shows crystalline nature whereas in DCM it
shows amorphous nature. The mechanochromic and vapochromic studies of
BTD 6 by PXRD show the morphology change from the crystalline state to
the amorphous state and vice versa. The conversion of crystalline to

amorphous is partial in mechanochromism due to non-homogeneous grinding

whereas vapochromism shows complete conversion.

‘ | ‘ Hexane

20 (deg ree)

Figure 6.19. The SEM of thin films of BTD 6 from (A) Hexane solution and
from (B) DCM solution; (C) PXRD graph of thin films of BTD 6 from Hexane
solution and DCM.
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6.3. Experimental section

Synthesis and characterization of intermediate 2:

BTD 2: Pd(PPh3), (0.01 mmol) was added to a well degassed solution of
dibromo-BTD (1) (0.2 mmol), 4-(1,2,2-triphenylvinyl)phenylboronic acid
pinacol ester (0.2 mmol), K,COj3 (0.8 mmol) in a mixture of toluene (32 mL)/
ethanol (4.0 mL)/ H,O (4.0 mL). The resulting mixture was stirred at 80 °C for
24 h under argon atmosphere. After cooling, the mixture was evaporated to
dryness and the residue subjected to column chromatography on silica
(Hexane-DCM 60:40 in vol.) to yield the desired product 2 as yellow powder.
Yield: 53.0 %. *H NMR (400 MHz, CDCls, 20 °C): & 7.88 (d, 1H, J= 8 Hz),
7.70 (d, 1H, J= 8 Hz), 7.55 (d, 1H, J= 8 Hz), 7.03-7.19 (m, 17H) ppm; **C
NMR (100 MHz, CDCls, 20 °C): 6 153.9, 153.0, 144.2, 143.6, 143.5, 143.5,
141.6, 140.3, 134.4, 133.5, 132.2, 131.7, 131.4, 131.3, 131.3, 128.3, 128.0,
127.8, 127.7, 127.6, 126.6, 126.5, 126.5, 112.8, 0.0 ppm; HRMS (ESI): calcd.
for C3,H21BrN,S: 545.0682 (M+H)", found: 545.0653.

Synthesis and characterization of BTD 4:

BTD 4: Pd(PPhs)4 (0.01 mmol) and Bis(tributylstannyl)acetylene (0.4 mmol)
was added to a well degassed solution of 2 (0.8 mmol) in toluene (25 mL).
The resulting mixture was stirred at 80 °C for 24 h under argon atmosphere.
After cooling, the mixture was evaporated to dryness and the residue subjected
to column chromatography on silica (Hexane-DCM 30:70 in vol.) to yield the
desired product 4 as orange red powder. Yield: 36.0 %; mp: above 250 °C. 'H
NMR (400 MHz, CDCls, 20 °C): § 8.01 (d, 2H, J= 8 Hz), 7.81 (d, 4H, J= 8
Hz), 7.73 (d, 2H, J= 8 Hz), 7.21 (d, 4H, J= 8 Hz), 7.05-7.13 (m, 30H) ppm:;
HRMS (ESI): calcd. for CesHaaN4S,: 977.2743 (M+Na)*, found: 977.2766.
Synthesis and characterization of BTDs 5-9:

BTD 5: Pd(PPhs)4 (0.005 mmol) was added to a well degassed solution of 2
(0.1 mmol), phenylboronic acid (0.12 mmol), K,CO3 (0.4 mmol) in a mixture
of toluene (20 mL)/ ethanol (4.0 mL)/ H,O (4.0 mL). The resulting mixture
was stirred at 80 °C for 24 h under argon atmosphere. After cooling, the
mixture was evaporated to dryness and the residue subjected to column
chromatography on silica (Hexane-DCM 85:15 in vol.) to yield the desired
product 5 as greeenish yellow powder. Yield: 75.0 %; mp: 213-215 °C. 'H
NMR (400 MHz, CDCls, 20 °C): 8 7.95 (d, 2H, J= 8 Hz), 7.74-7.79 (m, 4H),
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7.55 (t, 2H, J=8 Hz), 7.46 (t, 1H, J=8 Hz), 7.05-7.21 (m, 17H) ppm; *C NMR
(100 MHz, CDCl3, 20 °C): 6 154.2, 153.9, 143.8, 143.7, 143.6, 143.6, 141.5,
140.5, 137.4, 135.2, 133.1, 132.8, 131.6, 131.5, 131.4, 131.3, 129.2, 128.6,
128.4, 128.3, 128.1, 127.9, 127.8, 127.7, 127.6, 126.6, 126.5, 126.5, 0.0 ppm;
HRMS (ESI): calcd. for CsgHaN,S: 565.1733 (M+Na)", found 565.1709.
BTD 6: Pd(PPh3), (0.005 mmol) was added to a well degassed solution of 2
(0.1 mmol), p-tolylboronic acid (0.12 mmol), K,COj3 (0.4 mmol) in a mixture
of toluene (20 mL)/ ethanol (4.0 mL)/ H,O (4.0 mL). The resulting mixture
was stirred at 80 °C for 24 h under argon atmosphere. After cooling, the
mixture was evaporated to dryness and the residue subjected to column
chromatography on silica (Hexane-DCM 80:20 in vol.) to yield the desired
product 6 as light green powder. Yield: 79.0 %; mp: 213-215 °C. 'H NMR
(400 MHz, CDCls, 20 °C): 6 7.85 (d, 2H, J= 8 Hz), 7.72-7.79 (m, 4H), 7.35
(d, 2H, J=8 Hz), 7.05-7.21 (m, 17H), 2.45 (s, 3H) ppm; *C NMR (100 MHz,
CDCls, 20 °C): 6 154.2, 153.9, 143.7, 143.7, 143.6, 141.5, 140.5, 138.3, 135.3,
134.6, 133.2, 132.5, 131.6, 131.5, 131.4, 129.3, 129.1, 128.3, 127.9, 127.8,
127.7, 127.6, 126.6, 126.5, 126.5, 21.3, 0.0 ppm; HRMS (ESI): calcd. for
CagH2sN,S: 557.2046 (M+H)", found 557.2097.

BTD 7: Pd(PPhs)4 (0.005 mmol) was added to a well degassed solution of 2
(0.1 mmol), (4-(trifluoromethyl)phenyl)boronic acid (0.12 mmol), K,CO3 (0.4
mmol) in a mixture of toluene (20 mL)/ ethanol (4.0 mL)/ H,O (4.0 mL). The
resulting mixture was stirred at 80 °C for 24 h under argon atmosphere. After
cooling, the mixture was evaporated to dryness and the residue subjected to
column chromatography on silica (Hexane-DCM 80:20 in vol.) to yield the
desired product 7 as green powder. Yield: 81.0 %; mp: 216-215 °C. *H NMR
(400 MHz, CDCls, 20 °C): 6 8.08 (d, 2H, J= 8 Hz), 7.78-7.81 (m, 6H), 7.21
(d, 2H, J=8 Hz), 7.05-7.13 (m, 15H) ppm; **C NMR (100 MHz, CDCls, 20
°C): & 153.9, 153.9, 144.1, 143.7, 143.6, 143.6, 141.6, 140.9, 140.4, 134.9,
133.9, 131.7, 131.4, 131.4, 131.3, 129.5, 128.6, 128.4, 127.8, 127.7, 127.7,
127.6, 126.6, 126.5, 126.5, 125.5, 125.5, 0.0 ppm; HRMS (ESI): calcd. for
CasgH25F3N,S: 633.1583 (M+Na)”, found 633.1571.

BTD 8: Pd(PPhs)4 (0.005 mmol) was added to a well degassed solution of 2
(0.1 mmol), 4-cyanophenylboronic acid pinacol ester (0.12 mmol), K,CO3 (0.4
mmol) in a mixture of toluene (20 mL)/ ethanol (4.0 mL)/ H,O (4.0 mL). The
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resulting mixture was stirred at 80 °C for 24 h under argon atmosphere. After
cooling, the mixture was evaporated to dryness and the residue subjected to
column chromatography on silica (Hexane-DCM 50:50 in vol.) to yield the
desired product 8 as greenish yellow powder. Yield: 55.0 %; mp: 165-168 °C.
'H NMR (400 MHz, CDCls, 20 °C): & 8.10 (d, 2H, J= 8 Hz), 7.77-7.84 (m,
6H), 7.21 (d, 2H, J= 8 Hz), 7.05-7.13 (m, 15H) ppm; *C NMR (100 MHz,
CDCls, 20 °C): 6 153.9, 153.6, 144.3, 143.6, 143.5, 141.8, 141.6, 140.3, 134.7,
134.3, 132.3, 131.7, 131.4, 131.4, 131.3, 130.7, 129.8, 128.8, 128.4, 127.7,
127.6, 126.6, 126.5, 126.5, 118.8, 111.7, 58.5, 0.0 ppm; HRMS (ESI): calcd.
for CagH25N3S: 590.1661 (M+Na)*, found 590.1662.

BTD 9: Pd(PPhs)4 (0.005 mmol) was added to a well degassed solution of 2
(0.1 mmol), 4-(diphenylamino)phenylboronic acid pinacol ester (0.12 mmol),
K2COj3 (0.4 mmol) in a mixture of toluene (20 mL)/ ethanol (4.0 mL)/ H,O
(4.0 mL). The resulting mixture was stirred at 80 °C for 24 h under argon
atmosphere. After cooling, the mixture was evaporated to dryness and the
residue subjected to column chromatography on silica (Hexane-DCM 50:50 in
vol.) to yield the desired product 9 as orange powder. Yield: 61.0 %; mp: 171-
174 °C. *H NMR (400 MHz, CDCls, 20 °C): & 7.87 (d, 2H, J= 8 Hz), 7.71-
7.79 (m, 4H), 7.29 (t, 4H, J= 8 Hz), 7.05-7.22 (m, 25H) ppm; *C NMR (100
MHz, CDCls, 20 °C): & 148.0, 147.5, 143.7, 143.7, 141.4, 140.5, 135.3, 132.6,
132.1, 131.6, 131.5, 131.4, 130.9, 129.9, 129.3, 128.3, 128.0, 127.8, 127.7,
127.6, 127.3, 126.6, 126.5, 126.4, 124.9, 123.3, 122.9, 0.0 ppm; HRMS (ESI):
calcd. for CsoH3sN3S: 709.2546 (M+H)", found 709.2542.

6.4. Conclusion

In conclusion, we have synthesized thermally stable tetraphenylethylene
substituted benzothiadiazoles 3-9 with varying D—A interaction. The solution
and solid-state optical properties of BTDs 3-9 were modulated via D/A
substituents and the arrangement of the substituents. The BTDs 3-9 exhibit
tunable fluorescence in both solution and solid state from blue to red color.
The BTDs 3-9 show strong solvatochromism and the BTD 8 shows highest
solvent dependent emission. The AIE study reveals that at low water

percentages emission was controlled by solvent polarity and show red shift
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with decrease in intensity, whereas at high water percentages AIE dominates
over solvent polarity and shows enhanced emission.

The BTDs 3, 6, 7, 8 and 9 exhibit reversible mechanochromism and
vapochromism whereas mechanochromism and vapochromism were absent in
the BTDs 4 and 5. Particularly, the BTDs 6 and 8 show stimuli responses with
good color contrast from blue to green and green to yellow with spectral shift
(AL) of 63 nm and 44 nm, respectively. The solid state absorption of pristine
and grinded forms of BTDs 3-9 reveal enhanced conjugation or/and increased
D—A interaction is origin of the mechanochromism. The crystal structure and
theoretical study of BTD 6 reveals that the conversion of twisted to planar
structure is accountable for good color contrast mechanochromism. The
powder x-ray diffraction (PXRD) study reveals that the morphological change
between thermodynamically stable crystalline phase to the metastable
amorphous state and vice versa is associated with mechanochromism and
vapochromism. The study reveals the important role of twisting in the
molecular backbone, nature of substituent and way of substitution in deciding
the photophysical and stimuli responsive properties of TPE substituted BTDs.
The best strategies for developing good stimuli responsive materials are the
use of unsymmetrically substituted BTDs with D-A-A; architecture and
twisted molecular architecture. The results presented here will be helpful in

designing new BTD based stimuli responsive smart materials.

Note: This is copyrighted material from American Chemical Society, J. Phys.
Chem. C, 2016, 120, 24030-24040 (DOI: 10.1021/acs.jpcc.6b09015) and
Royal Society of Chemistry, J. Mater. Chem. C, 2015, 3, 9063-9068 (DOI:
10.1039/C5TC01871D).
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Chapter 7

Aggregation induced emission and
mechanochromism in tetraphenylethene
substituted pyrazabole

7.1. Introduction

In recent years research on design and synthesis of organic molecules
exhibiting AIE and mechanochromism has gained momentum due to their
applications in mechano-sensors, optical data storage, and security papers.[*®!
Molecular systems exhibiting strong solid state fluorescence and high color
contrast are essential for mechanochromism.[l The conventional organic
fluorescent dyes are non-fluorescent in solid state due to the notorious effect
called aggregation caused quenching (ACQ).2%® Tang et al. has introduced
the concept of aggregation induced emission (AIE) to overcome the ACQ.I*
1] Generally, the propeller-like conformation of AIE active molecules restrict
tight packing in the aggregated state, which minimizes the chance of

intermolecular n-n stacking and results in highly fluorescent solid.[*4!

The tetraphenylethene is AIE active molecule and widely studied for
numerous applications.™>? However, there is huge space for developing
TPE-based functional materials. The TPE derivatives, containing electron
donor as well as acceptor moieties have been used to develop piezochromic,
mechanochromic, vapochromic, thermochromic and solvatochromic
materials.l’**?1  Our group is involved in design and synthesis of
mechanochromic materials.[”>** Earlier chapters, we have shown that the TPE
substituted phenanthroimidazole, pyrenoimidazoles and benzothiadiazole can
be used as mechanochromic materials. The literature reveals that, variety of
weak acceptor units (phenanthroimidazole, benzothiazole, aldehyde and
triazolyl units) have been attached to weak donor TPE for synthesizing
mechanochromic materials.’?*%! We were interested to see the effect of TPE

substitution on the pyrazabole.
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The organoboron compounds are of great interest due to their potential
applications in OLEDs, organic photovoltaics (OPVs), organic field effect
transistor (OFET), and NLO materials.”’* Pyrazabole is a class of
organoboron compound, which is synthesized by condensation of two
pyrazole units with triabutylboranes. The pyrazabole act as a weak acceptor
and has been explored for variety of applications such as liquid crystalline
material, multiphoton absorption, and luminescent polymers.**3! Recently
we have reported high two photon absorption (2PA) and three photon

absorption (3PA) in ferrocenyl substituted pyrazaboles.®!

Herein, we have attached TPE unit on the pyrazabole through single bond
and explored its AIE and mechanochromic properties. The TPE substituted
pyrazabole exhibits strong blue colored emission upon aggregation, and highly

reversible mechanochromism between blue and green color.

7.2. Results and discussion
7.2.1. Synthesis

n-Bu.__n-Bu 4-(1,2,2-triphenylvinyl)phenylboronic
IACN’B\N:\>—| acid pinacol ester
R EE—
\ N.gN= Pd(PPha),, KoCO;4
n-Bu” “n-Bu Toluene:Ethanol:Water

1 80°c, 12 h

Scheme 7.1. Synthetic route for the TPE substituted pyrazabole 2.

The TPE substituted pyrazabole 2 was synthesized by the Pd-catalyzed
Suzuki cross-coupling reaction of 2,6-diiodopyrazabole with the 4-(1,2,2-
triphenylvinyl)phenylboronic acid pinacol ester in 45% yield (Scheme 7.1).
The  precursors  2,6-diiodopyrazabole  and  4-(1,2,2-triphenylvinyl)
phenylboronic acid pinacol ester were synthesized by reported
procedures.!®**%1 The TPE substituted pyrazabole was well characterized by

usual spectroscopic techniques.
7.2.2. Thermogravimetric analysis

Thermo gravimetric analysis (TGA) of TPE substituted pyrazabole
show good thermal stability with thermal decomposition temperature (Tq) at
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307 °C corresponding to 5% weight loss under nitrogen atmosphere (Figure
7.1).
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Figure 7.1. Thermogravimetric analysis of 2, measured at a heating rate of 10

“C/ min under nitrogen atmosphere.

7.2.3. Theoretical calculations

In order to understand the geometrical structure of the pyrazabole 2,
computational calculation was performed using density functional theory
(DFT) at the B3LYP/6-31G(d) level using the Gaussian 09 program.*®*! The
energy minimized structure of the pyrazabole 2 show twisted geometry for
TPE unit, while pyrazabole core show planar geometry (Figure 7.2). The
central core of pyrazabole show chair conformation. The pyrazabole and TPE
units are non-planar with dihedral angle of 27° between pyrazabole and phenyl
of TPE.
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Figure 7.2. Energy optimized structure of pyrazabole 2 at the B3LYP/6-
31G (d) level.

7.2.4. Photophysical properties

The electronic absorption spectra of the TPE substituted pyrazabole 2
exhibit absorption band between 250-380 nm. The TPE substituted pyrazabole
2 is weakly fluorescent in solution, due to free molecular rotations of phenyl
rings of tetraphenylethylene unit. The AIE property of TPE substituted
pyrazabole was studied by absorption and fluorescence spectroscopy (Figure
7.3, Figure 7.4). The TPE substituted pyrazabole is highly soluble in
tetrahydrofuran (THF) and insoluble in water, therefore the small aggregate
particles were prepared by increasing the water fraction in the THF-water
mixture. In pure THF solution the TPE substituted pyrazabole 2 exhibit poor
fluorescence quantum yield, which remains constant until the molecules start
aggregating significantly (AIE effect). The fluorescence of TPE substituted
pyrazabole in THF:water mixture remains constant upto the 60% water
fraction (f,) and above 60% f,, molecules started aggregating with enhanced
fluorescence. At 90% water fraction the fluorescence intensity was enhanced
by 578 fold (Figure 7.3). The photograph of 2 in THF-water mixtures with
different water fractions under 365 nm UV illumination shows the AIE
behavior (Figure 7.3). The study of absorption behavior of AIE show
noticeable change after 60% water fraction, and started to show light
scattering of the nanoaggregate suspension in the THF—water mixtures (Figure
7.4).
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Figure 7.3. (A) Fluorescence spectra of pyrazabole 2 in THF-water mixtures
with different water fractions, (B) Plot of Photoluminescence intensity (PL) vs
% of water fraction (f,). Luminogen concentration: 10 x«M; excitation
wavelength: 340 nm; intensity calculated at Amax. INnset photograph of 2 in
THF—water mixtures with different water fractions (10 M) under 365 nm UV

illumination.
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Figure 7.4. UV-Vis absorption spectra of 2 in THF-water mixtures with

different water fractions.

In order to determine the dimensions of the nano-aggregates formed, the
nanoaggregates at 90% water fraction (f,) were studied with the help of
dynamic light scattering (DLS) and scanning electron microscopy (SEM). The
DLS study shows the average hydrodynamic diameter of 180 nm for nano-
aggregates (Figure 7.5). The SEM study reveals rectangular sized
nanoaggregates were formed with average size of ~115 nm. These studies

confirm the formation of nanoaggregates at 90% (f.).
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Figure 7.5. The particle size distributions of 2 in THF-water mixture (10:90,
v:v) (Left) and SEM image (right).

7.2.5. Mechanochromic property

The mechanochromic properties of TPE substituted pyrazabole 2 was
explored by the emission studies. The pristine form of 2 emits blue light at 453
nm which upon grinding using a spatula or a pestle exhibits drastic 44 nm
change in the emission behavior and emits green light at 497 nm (Figure 7.6).
This color contrast mechanochromic effect of TPE substituted pyrazabole 2
can be reverted to its original color either by annealing or fuming with
dichloromethane vapor. The grinded form of 2 upon annealing at 150 °C for 5
min or fuming with dichloromethane vapor for 4 min restored the original blue
emission. This reversible mechanochromic behavior can be repeated between
blue and green emission and proves these stimuli does not cause any chemical

change (Figure 7.6).
In order to understand the mechanism of mechanochromism in
TPE substituted pyrazabole 2 powder X-ray diffraction (PXRD) analysis was
performed (Figure 7.7). The pristine form of pyrazabole 2 exhibit intense and
sharp diffraction peaks reflecting the crystalline behavior. Upon grinding
pyrazabole 2 show weak and diffused diffraction peaks suggesting the
transition to amorphous state. The grinded form of pyrazabole 2 when
subjected to heating or fuming, the sharp diffraction peaks were observed
again indicating the transformation of amorphous state of sample to crystalline

state. This result concludes that the mechanochromism in pyrazabole 2 is

142



associated with the morphological change from the crystalline state to the
amorphous state and vice versa.
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Figure 7.6. (A) Emission spectra of 2 as pristine, grinded and fumed solids;
Photograph taken under 365 nm UV illumination. (B) Repeated switching of

the solid-state fluorescence of 2 by repeated grinding and fuming cycles.
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Figure 7.7. PXRD curves of 2 in pristine, grinded and fumed form.

7.3.  Experimental section

Synthesis and characterization of TPE substituted pyrazabole 2:
Pd(PPhs), (0.004 mmol) was added to a well degassed solution of 2,6-
diiodopyrazabole (1) (0.4 mmol), 4-(1,2,2-triphenylvinyl)phenylboronic acid
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pinacol ester (0.48 mmol), K,CO3(1.2 mmol) in a mixture of toluene (12 mL)/
ethanol (4.0 mL)/ H,O (1.0 mL). The resulting mixture was stirred at 80 °C for
24 h under argon atmosphere. After cooling, the mixture was evaporated to
dryness and the residue subjected to column chromatography on silica to yield
the desired product 2 as colorless powder. The compound was recrystalized
from DCM:ethanol (8:2) mixtures. Yield: 42.0%. *H NMR (400 MHz, CDCls,
25 °C): 8 7.75 (s, 4H), 7.30 (d, 4H, J=4 Hz), 7.02-7.17 (m, 34H), 1.13-1.19
(m, 8H), 0.65-0.82 (m, 28H) ppm; “*C NMR (100 MHz, CDCls, 25 °C): &
143.7, 143.7, 143.6, 142.7, 141.1, 140.3, 132.0, 131.4, 131.3, 130.1, 129.2,
127.8, 127.7, 127.6, 126.5, 126.5, 126.4, 124.8, 122.7, 27.5, 26.2, 14.1, 0.00

ppm.

7.4. Conclusion

In summary, we have designed and synthesized AIE active
mechanochromic TPE substituted pyrazabole 2 by the Pd-catalyzed Suzuki
cross-coupling reaction. The geometry optimized structure shows twisted
geometry of TPE unit. The AIE study reveals remarkable 578 folds
enhancement in the emission intensity at 90% water fraction. The TPE
substituted pyrazabole 2 show highly reversible mechanochromism between
blue and green light with 44 nm grinding induced spectral shift. The powder
XRD results indicate the transformation from crystalline to amorphous state is
responsible for mechanochromism. The results obtained here will help in
design of new mechanochromic molecules for various optoelectronic

applications.

Note: This is copyrighted material from Royal Society of Chemistry, RSC
Adv., 2015, 5, 68187-68191 (DOI: 10.1039/C5RA12697E).
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Chapter 8

Conclusions and scope for future work

8.1. Conclusions

In recent years tetraphenylethylene based luminogens have gained
immense attention of scientific community.™) The TPE based luminogens
show aggregation induced emission property and they are highly fluorescent in
the solid state. We have synthesized various TPE substituted
phenanthroimidazoles, pyrenoimidazoles, benzothiadiazoles and pyrazabole.
We have successfully synthesized various fluorescent coloured solids and
studied their AIE and mechanochromism. We have proposed that the
planarization induced enhanced conjugation is responsible for the
mechanochromism and also change from crystalline to amorphous form is
associated with the mechanochromism.

In chapter 3, we have designed and synthesized high color contrast
mechanochromic tetraphenylethene substituted phenanthroimidazoles 3a and
3b. The powder XRD results indicate the destruction of solid state packing
from crystalline to amorphous state is responsible for mechanochromism. The
cyano-group in phenanthroimidazole improves the thermal stability and
enhances the AIE. The single crystal X-ray and packing analysis reveals that
hydrogen bonding and strong supramolecular interactions are responsible for
AIEE in 3b.1?

In Chapter 4, the TPE substituted phenanthroimidazoles 3a—-3d were
synthesized by Pd-catalyzed Suzuki cross-coupling reaction. The
phenanthroimidazoles 3a-3d show good thermal stability and introduction of
cyano-group helps to improve thermal stability. The phenanthroimidazoles
3a-3d are weakly emissive in solutions whereas strong emission was observed
in the aggregated state due to the aggregation induced emission (AIE). The
reversible mechanochromism with good color contrast between blue and green

color was observed in all phenanthroimidazoles 3a-3d. It is shown that the
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changing the end group is effective strategy to tune the solid state emission
and mechanochromism.!

In chapter 5, we have designed and synthesized pyrenoimidazoles 3a and
3b by the Pd-catalyzed Suzuki cross-coupling reaction  of
bromopyrenoimidazole 2 with 4-(1,2,2-triphenylvinyl)phenylboronic acid
pinacol ester and 2-(4-pinacolatoboronphenyl)-3,3-diphenylacrylonitrile. The
single crystal structure and packing diagram of 3a reveals twisted
conformation and absence of strong n---r staking in pyrene units which results
in fluorescent solids. The strong aggregation induced emission (AIE) and
different AIE behavior was observed for 3a and 3b. The 3b shows different
colored emission at different water fraction which can be ascribed to the
different sized nanoaggregates formation. The pyrenoimidazoles 3a and 3b
exhibit reversible mechanochromic behavior with color contrast between blue
and green. The solid state absorption, emission and powder XRD study reveals
that, the transformation of twisted crystalline state to planar amorphous state is
the main cause for mechanochromism in pyrenoimidazoles 3a and 3b.!*!

In chapter 6, we have synthesized thermally stable tetraphenylethylene
substituted benzothiadiazoles 3-9 with varying DA interaction. The solution
and solid-state optical properties of BTDs 3-9 were modulated via D/A
substituents and the arrangement of the substituents. The BTDs 3-9 exhibit
tunable fluorescence in both solution and solid state from blue to red color.
The AIE study reveals that at low water percentages emission was controlled
by solvent polarity and show red shift with decrease in intensity, whereas at
high water percentages AIE dominates over solvent polarity and shows
enhanced emission.

The BTDs 3, 6, 7, 8 and 9 exhibit reversible mechanochromism and
vapochromism whereas mechanochromism and vapochromism were absent in
the BTDs 4 and 5. Particularly, the BTDs 6 and 8 show stimuli responses with
good color contrast from blue to green and green to yellow with spectral shift
(AL) of 63 nm and 44 nm, respectively. The solid state absorption of pristine
and grinded forms of BTDs 3-9 reveal enhanced conjugation or/and increased
D—A interaction is origin of the mechanochromism. The crystal structure and
theoretical study of BTD 6 reveals that the conversion of twisted to planar

structure is accountable for good color contrast mechanochromism. The
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powder x-ray diffraction (PXRD) study reveals that the morphological change
between thermodynamically stable crystalline phase to the metastable
amorphous state and vice versa is associated with mechanochromism and
vapochromism. The study reveals the important role of twisting in the
molecular backbone, nature of substituent and way of substitution in deciding
the photophysical and stimuli responsive properties of TPE substituted
BTDs.[>®

In chapter 7, we have designed and synthesized AIE active
mechanochromic TPE substituted pyrazabole 2 by the Pd-catalyzed Suzuki
cross-coupling reaction. The geometry optimized structure shows twisted
geometry of TPE unit. The AIE study reveals remarkable 578 folds
enhancement in the emission intensity at 90% water fraction. The TPE
substituted pyrazabole 2 show highly reversible mechanochromism between
blue and green light with 44 nm grinding induced spectral shift. The powder
XRD results indicate the transformation from crystalline to amorphous state is

responsible for mechanochromism.!”!
8.2.  Scope for future work

The thesis highlights the smart methodology of synthesizing highly
luminescent solids based on TPE derivatives. Further, they mechanochromic
properties were explored. Depending upon their conjugation length and
strength of donor-acceptor interaction, solid state emission properties were
tuned successfully from blue to red color. We have propose that the
planarization induced enhanced conjugation is responsible for the
mechanochromism and also change from crystalline to amorphous form is
associated with the mechanochromism. Thus, we have described AIE and
mechanochromic properties of various TPE substituted derivatives. By
understanding the AIE and mechanism of mechanochromism in various TPE
derivatives many more fluorescent solids can be developed of desired
properties.

The imidazole based donor-acceptor molecules have been used in
developing blue OLEDs due to their charge carrier mobility. Lee et al. and

Yang et al. have shown phenanthroimidazole—n—triphenylamine derivatives
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can be efficiently used for development of non—doped blue OLEDs.[®! The

synthesis of solid state fluorescent material is one of the good methods to

increase the efficiency of the devices. The tetraphenylethene (TPE) has been

widely explored for AIE phenomenon and used to develop OLED

materials.™ So, we can use these TPE derivatives in the development of
efficient OLEDs.[*!]

Recently, TPE substituted BTDs were reported for bio-imaging

applications.™ Thus the reported TPE substituted BTDs in this thesis can also

be promising candidates for bios-imaging applications.
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