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Abstract

Solid-state luminescent materials based on 7m-conjugated molecules attracted enormous research
interest due to their wide range of applications. Most of the luminophores that are highly luminescent
in the solutions showed poor emission in the solid state due to aggregation caused quenching and limits
their practical applications. Design and synthesis of solid-state photoluminescence materials with
switchable emission behaviour is therefore a promising area of research in materials science. However,
there are several designs and design parameters were put forward to achieve solid-state emissive
materials with high quantum efficiency and stimuli-responsive behaviour, a detailed study exploring
the combined effect of molecular structure and solid state packing is necessary to understand the exact
mechanism behind enhanced solid-state photoluminescence. Here this investigation pertains to design
and synthesis of cyanostyrylbenzene and cyanostyrylthiophene derivatives with enhanced
luminescence properties along with stimuli-responsive emission. The research tries to understand the
aggregation-induced emission and the stimuli-responsive emission properties supported by molecular
structure and packing parameters derived from single crystal and powder X-ray diffraction. Apart
from the stimuli-responsive emission switching, the study examined the low-temperature
photophysical behaviour of some cyanostyrylbenzene derivatives to understand the role of restricted
intramolecular motions on luminescence lifetime. All the cyanostyrene derivatives synthesized have
excellent photophysical properties and the molecular designs can largely contribute to various

optoelectronic applications.
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Preface

The thesis pertains to the synthesis, photophysical studies and structure
property correlations of some assemblies of cyano styrene derivatives. The
molecules based on m-conjugated systems are well known for their
optoelectronic properties and various other material applications. The major
class of molecules so far explored includes the oligomers and polymers of
phenylenevinylenes, phenyleneethynylenes, phenylenes and derivatives of
other polyaromatic hydrocarbons. Although there are several derivatives of
7- conjugated molecules with strong solution state emission were reported, the
molecules showing strong solid state emission were limited due to aggregation
caused quenching. The aggregation induced quenching limits their application
that calls for strong solidstate emission. The major reason behind the
aggregation induced quenching is the planar structure of the molecules, where
the planar shaped molecules generally show a tendency to aggregate as stacks
with n-1 interactions resulting in luminescence quenching. So, the planar
conjugated molecules, especially those systems with disc like structures are
not good candidates to explore the solid state emission. The major strategies
to obtain unquenched emission in the solid state include the introduction of
twist in m-backbone or functionalization with non-conjugated bulky groups.
The first molecule which is not emissive in the dilute solution and highly
emissive in the solid phase was reported by Tang and co-workers. Following
the strong solid state emission in 1-methyl-1,2,3.4,5-pentaphenylsilole several
silole derivatives with strong solid state emission were synthesized by the
same group and found the unquenched solid state emission is originating from
a phenomenon called aggregation induced emission as result of restricted

intramolecular motion. Following this observation various research groups



were synthesized various twisted molecules based on different chromophores

like cyanostyrenes, phenylenevinylenes, pyrene etc.

Among various m-conjugated solid state emitters, cyanostyryl derivatives
received paramount interest attributed to the aggregation induced emission
and multistimuli responsive behaviour. Several researchers explored the
emission characteristics of these classes of molecules carrying different
functional groups under the influence of various stimuli. Although there are
several reports on solid state emission properties of cyanostyrene based
molecules, there are limited investigations that relate the structural origin of
solid state emission and its modulation. Therefore, a detailed investigation
involving synthesis, property studies and structure property correlation

supported by detailed structural data is relevant.

The general introduction to solid-state emissive m-conjugated materials and
their design strategies is the content of Chapter 1. The first part of the
introduction gives a brief overview of the relevant investigations in the field

of aggregation induced emission in various classes of m-conjugated molecules.

Chapter 2 Discusses the instrumental details and experimental methods

adopted for various spectroscopic and diffraction studies.

Chapter 3 Explains the synthesis, photophysical properties and structure
property correlation of alkyloxy substituted dicyanodistyrylbenzene based
positional isomers. The synthesis of three octyloxy substituted positional
isomers of dicyanodistyryl benzene derivatives namely CSO, CSM and CSP
was carried out to explore the role of positional isomerism and stimuli
responsive emission of the molecules in the solid state. All three isomers are
very less emissive in the solution phase and showed aggregation induced

enhanced emission in the solid state. Among the three isomers the ortho



isomer CSO showed stimuli responsive blue shifted emission in the solid state.
The switching of emission from greenish yellow to cyan while grinding is
attributed to the change in aggregate structure from J-aggregate to X-aggregate
indicated by the single crystal and powder X-ray diffraction studies and
analysis of also literature data. The meta isomer, CSM, also demonstrated an
aggregation induced emission in the solid state, however, this molecule was
insensitive to any kind of stimuli owing to the various intermolecular
interactions present in the crystalline state. The para isomer, CSP also showed
aggregation induced enhanced emission in the solid state and the system is
responsive to multiple stimuli such as mechanical stress, heat and solvent
vapours. The molecule showed tricolour emission in the solid state which is
rare among m-conjugated molecules. The origin of stimuli responsive emission
in CSP was studied using analysis of spectroscopic and single crystal and
powder X-ray diffraction data. The observed tricolour emission in CSP is
attributed to the formation of different crystalline phases under the influence

of various stimuli.

Chapter 4 discusses the ultralong lifetime in low temperatures (77K) and the
enhanced emission efficiency of ortho alkyloxy  substituted
dicyanodistyrylbenzene derivatives. The synthesis and detailed structural
characterisation of  five  different alkyl chain  variants of
dicyanodistyrylbenzenes were carried out to explore the luminescence
properties in the solid state. Among various positional isomers of cyanostyryl
systems the para-alkyloxy derivatives of dicyanodistyrylbenzenes with linear
structure, received greater attention due to their AIE properties and switchable
emission. The linear structure of the para isomer gives rise to sliding
movement on applied stress and thereby switchable emission. It can be
envisaged that the molecule with ortho substitution having a nonlinear

structure may limit the sliding motion, thereby resulting in the twisting of nt-

iv



back bone with rigid molecular packing. The twisted molecular systems are
found to show higher emission efficiency. Here all five alkyloxy derivatives
from ethyl to decyl showed enhanced quantum yield. All the compounds
showed very faint fluorescence emission in the corresponding 2-methyl-THF
at room temperature a redshifted spectrum was obtained at 77 K attributed to
the restricted intramolecular rotation. The spectra recorded at 77 K with a
delay of 0.5 ms showed a redshifted emission with an ultralong lifetime
indicating phosphorescence in the molecules. The good-quality single crystals
of all compounds were obtained from various solvents and a detailed structure-
property correlation study was carried out. The study showed that, apart from

twist in the m-back bone, the parameters such as 7 -7 overlap, interplanar

distance etc play crucial role in determining the higher quantum yield of the

dicyanodistyrylbenzene derivatives.

The content of the Chapter S is AIEE, stimuli responsive emission and liquid
crystalline behaviour of two cholesterol appended heterocyclic cyanostyrene
derivatives, where the hetrocyclic group constitute the thiophene units with
connectivity at 2- (CS-1) and 3- (CS-2) respectively. Both newly synthesized
compounds showed aggregation induced emission which is proved by the
intensity enhancement on increasing the water fraction in dilute THF solutions
of the compounds. Among the molecules explored, CS-2 showed
thermochromism and mechanochromism with a methanol vapour induced
phase reversal while the molecule CS-1, showed thermochromic emission
switching. The DSC thermogram of both CS-1 and CS-2 indicated the
formation of chiral nematic (N*) phase confirmed by the polarized optical
microscopy studies. Both the compounds on cooling resulted in a glassy chiral
nematic phase, while the compound CS-1 showed slow transformation to a

crystal phase on standing at room temperature.



The thesis concludes with a summary of the findings of the investigations
discussed in the various chapters. The compounds and molecular designs
discussed in this thesis leave ample scope for future exploration of various

optical properties and device applications.
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Chapter 1

Introduction



1.1 Abstract

Aggregation induced emissive (AIE) materials are an important class of
compounds because of their various solid-state optoelectronic applications.
These materials are non-emissive or weakly emissive in solutions but highly
emissive on aggregation. The main reason for the enhanced emission in the
solid state of these materials is the regulation of the supramolecular
interactions to avoid emission quenching in the aggregated state. The major
interest behind the AIE systems lies in the fact that some of these classes are
known for their stimuli responsive emission switching in the solid state such
as heat, mechanical stress, solvent vapours, electric field etc. The stimuli-
responsive behaviour of m conjugated systems can be utilised in various
devices such as switches, sensors, data storage, security devices etc. The
emission switching in these types of materials is achieved by controlling the
weak interactions and packing in the solid state. The molecular structure and
the packing mode play a decisive role in making stimuli-responsive solid-state
emissive materials. Therefore, the suitable structural modification of
luminogens can result in stimuli responsive materials capable of subtle
emission tuning. This chapter gives a brief overview of the AIE and stimuli-
responsive materials with special importance to the design and structural

aspects.



1.2 Aggregation Induced Emission (AIE) and
Aggregation Induced Enhanced Emission (AIEE) in -
Conjugated Molecules

Molecular systems that are luminescent in the solid state play a crucial role in
material science and technology since they are the major counterparts of
optoelectronic devices, sensors, switches etc.!”® The initial days of solid state
lighting technology were mainly based on solid state emitters of inorganic
origin and in recent days there are several technologies based on organic
materials were evolved.””!! The interest in organic materials as candidates for
various optoelectronic applications pertains to the easiness of synthesis and
processability along with high reproducibility and device efficiency.!®!?
Although there are several reports on organic luminescent materials exploring
properties in dilute solutions, the reports on highly emissive solid state
luminescent material are limited due to the luminescence quenching in the
solid state.'*!7 In the organic luminescent materials, the mechanism behind
the luminescent behaviour in the dilute solutions and the solid state were
distinct. Highly planar structures exhibited strong luminescence in solutions
due to extensive conjugation, however, these systems were found non-
luminescent in the solid state. Several researchers made efforts towards the
design of solid state emitters based on organic conjugated molecules with
unquenched luminescence. Although a strategy based on the substitution of
bulky groups on conjugated m-systems was explored as a tool to prevent
molecular packing induced quenching, these efforts were not successful. The
main cause of aggregation caused quenching in conventional luminophores is
the planar structure of the luminophores where the planar m-systems give rise
to closely packed =m-m stacked assemblies resulting in luminescence

quenching.'®!” The highly emissive planar molecules like perylenebisimide

3



with large m-system assemble in a disc like arrangement in the solid state
which results in the formation of excimers and exciplex having decreased
quantum efficiency.?’ Here in these molecular systems, the gradual increase
in concentration leads to simultaneous emission quenching, and it is known
that the increases in concentration result in various types of aggregates of the
luminophore in the solution. The aggregates formed at a high concentration of
the luminophore result in luminescence quenching known as aggregation
caused quenching (ACQ), where this phenomenon is quite detrimental in the
making of solid-state luminescent materials out of m-conjugated molecules.?"”
25 One of the ACQ systems with a perylene core is shown in Figure 1.1. As
obvious from the figure, an increased water fraction causes emission
quenching due to the formation of aggregates in the concentrated solutions.
Thus to make solid state emissive systems, the aggregation should work
constructively by stabilizing the excited states. Many strategies were proposed
to design and synthesize highly emissive molecular systems in the solid state.
As already discussed, non-planar architectures are expected to show better
emission in solid state by reducing the quenching in the aggregated state. The
non-planar structures reduce the cofacial n-n stacking interaction in the solid
state thereby reducing the emission quenching of the luminophores. So the
formation of nonplanar or twisted systems is the main focus in the
development of solid state luminescent materials. One of the major challenges
in designing twisted molecular systems with strong solid state emissions is the
maintenance of conjugation despite the twisted geometry. Consequently,
several researchers succeeded in synthesising molecules with high emission in

solid states by incorporating twists in the m-system.?%-!
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Figure 1.1: (a) Fluorescence images illustrating aggregation caused
quenching (ACQ) effect (N, N-dicyclohexyl-1,7-dibromo-3,4,9,10-
perylenetetracarboxylic diimide (DDPD). (b) Disk-shaped DDPD molecules
non-fluorescent aggregates because of strong n—m stacking interaction in the
aggregated state. (Reproduced with permission from reference 20, Copyright

RSC 2011)

It is quite interesting to note that the making of highly luminescent
materials is possible from molecular systems which are non-luminescent in
the solution phase. This phenomenon is a milestone in the development of
organic optoelectronic materials, known as aggregation induced emission
(AIE).>*0 In AIE systems, aggregation works constructively to enhance the
luminescence efficiency (Figure 1.2). There are several reports on molecular
systems with AIE showing higher luminescence efficiency despite poor or
non-emissive solution phases. Tang and co-workers first demonstrated the
AIE emission in silole derivatives, viz. 1-methyl-1,2,3,4,5-pentaphenylsilole,

with highly conjugated m-system.*! In this report the molecule showed a
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Figure 1.2: An illustration showing the non-planar propeller-shaped AIEgen
Hexaphenyl silole and its AIE behaviour in an aggregated state. (Reproduced
with permission from reference 48, Copyright RSC 2009)

diminished emission on TLC with a wet spot and turned bright on drying
with an emission enhancement. The study also demonstrated a 333 times
emission enhancement in large aggregates formed in ethanol-water
mixture. Following this study, several silole derivatives were
synthesized and explored for aggregation induced emission (AIE).**46:
The studies by Tang and co-workers proposed the mechanism of the
aggregation induced emission observed in the silole derivatives arising
from the restricted intramolecular rotation (RIR) on aggregation.*’- 48

According to the RIR hypothesis most of the conjugated systems execute

intramolecular rotations in the solution state, where the higher level of

6



molecular rotations consumes the excited state energy of the molecules
resulting in the decay of the molecules from the excited state by quick
non-radiative decay processes. Conversely, the higher intermolecular
interactions in the solid-state lead to the restriction of the intramolecular
rotation to a large extent which blocks the non-radiative decay pathways
and gives rise to solid state emission enhancement. In addition, the
aggregate formation blocks the intramolecular vibrations resulting in
aggregation induced enhanced emission (AIEE) behaviour of organic
luminophores. Hence both restricted intramolecular rotation (RIR) and
restricted intramolecular vibration (RIV) contribute collectively to AIE
in the m-conjugated molecular assemblies.*’>° The two phenomena, RIR
and RIV are collectively termed restricted intramolecular motion (RIM)
and assigned as the mechanism of aggregation induced emission. Since
the RIM process is found to be the major cause of aggregation induced
emission, the rigidity of the aggregated structure also played a quite
important role in the AIEE process.’"” 2 Therefore, the molecular
systems showing twisted structures and those capable of forming rigid
aggregates are quite important in making highly efficient solid state
luminescent materials. The photoluminescence behaviour of molecules
in the solid state is also highly dependent on the nature of the aggregate
formed. According to Kasha and co-workers,>>>* the emission properties
of the molecules are dependent on the coupling of molecular transition
dipoles in aggregated state. The parallel arrangement of transition
dipoles results in the formation of H-aggregates. The H-aggregate
formation normally results in blue-shifted luminescence with reduced
quantum yield. A slipped stack arrangement of molecular transition
dipoles in the aggregate results in the formation of J-aggregate which in

turn results in red-shifted photoluminescence with increased quantum



yield. A cross stacking of dipole results in the formation of an X-
aggregate with strong fluorescence characteristics. Hence RIM and the
type of the aggregate formed decide the overall behaviour of

photoluminescent materials.

Aggregation-induced emission is the basic phenomenon behind
various solid-state photophysical properties like room temperature
phosphorescence (RTP),>® aggregation induced delayed fluorescence
(AIDF),>® crystallization-induced emission (CIE),%’ clusterization-
triggered emission (CTE),’® mechanoluminescence (ML),>® circularly
polarized luminescence (CPL)%° etc (Figure 1.3). The nature of
aggregates formed determines the type of luminescence emission found
in solid state luminogens, for example, a rigid aggregate formation is
preferred in the case of an RTP material conversely a loosely packed

aggregate is favourable in the case of stimulai responsive systems.

Figure 1.3: Various optical properties evolved by aggregation of organic

luminophores.



Following the studies on silole derivatives by Tang and co-workers,
many research groups synthesized different molecular systems showing AIE
in the aggregated state.®'"®3 Several - conjugated molecules were extensively
studied for aggregation induced emission. Derivatives of tetraphenylethene,
phenyleneethynylene phenylenevinylene, cyanostilbene and pyrene were
some examples of m-conjugated molecules that are explored for AIE
behaviour.*%® The tetraphenylethene (TPE) derivatives serve as one of the
best examples of an aggregation induced emissive systems. In the solution
phase, the intramolecular rotation of phenyl rings causes higher non-radiative
decay pathways and hence emission quenching.®® The restriction of the
rotation of the aryl rotors is responsible for the AIE observed in the solid state
of these molecules. Tang and co-workers synthesized three TPE derivatives
showing bluish-green fluorescence with a very high quantum yield.%° The
emission behaviour of these TPE derivatives can be tuned by incorporating
strong electron withdrawing groups like CN by replacing the free phenyl rings
of the TPE derivative. For these cyano substituted ones, better aggregation
induced emission enhancement was observed. A report on E and Z isomers of
ureidopyrimidinone functionalized TPE demonstrated the morphology
dependent AIE behaviour where the crystalline isomer showed a blueshifted
emission compared to their amorphous phases.”’ Li and co-workers reported
the synthesis of a TPE derivative in which tetraphenylethene groups were
connected with carbazole or spiropyran moieties, where these systems
demonstrated aggregation induced emission behaviour.”!  Another
tetraphenylethene derivative showing AIEE property and a high quantum
yield of 97.7 % was synthesized by Cao and co-workers (Figure 1.4).”2 Highly
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Figure 1.4: Aggregation induced emission in TPE derivatives. (Reproduced
with permission from reference 72, Copyright 2019 American Chemical

Society)

emissive pyrene-based systems were also synthesized by various research
groups. A study by Misra and co-workers demonstrated a novel AIEE system
with fluorescent emission enhancement on chelation (see Figure 1.5).73
Phenylenevinylenes were also enlisted as a better chromophore for designing
molecular systems with AIEE behaviour. Phenylenevinylene based AIEE
system having highly emissive aggregated phase were synthesized by Swager
and co-workers.”* Apart from the above mentioned compounds various other
n-conjugated systems were also explored for their AIEE properties. Among
various AIEE systems explored, cyanostilbene derivatives received greater
attention due to the easiness of structure modification and emission tuning. In

addition, the cyanostilbene systems are relevant owing to the easy
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Figure 1.5: Image of a strongly fluorescent pyrene scaffold (Reproduced with

permission from reference 73, Copyright 2016 American Chemical Society)

incorporation of the various substituents into the core structure of

cyanostilbene by using simple synthetic procedures.

1.21 Aggregation induced emission in cyanostilbene /

cyanostyrene based systems

Stilbenes are the class of molecules with the possibility for versatile chemical
and photophysical properties such as fluorescence, phosphorescence, cis-trans
isomerization, intermolecular reactions like [2+2] cycloaddition etc.”® Stilbene
has been explored for many years as a model compound for its luminescent

properties.”® Since stilbene is a molecule having lower emission efficiency and
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also spans a shorter spectral range, to improve the luminescent properties of
the molecule various structural modifications are necessary.”’ The
investigations for obtaining promising luminescent materials with subtle
emission tuning led to the development of several novel classes of stilbene
derivatives. The cyanostilbenes are one of the most intelligent modifications
of the stilbenes ever made in the literature. Cyanostilbenes with the basic
conjugated stilbene skeleton in which the CN group is covalently attached to
the para position of the aromatic ring is known as the 4-cyanostilbenes (Figure
1.6). The presence of the CN group in the structure broadens the emission
range considerably making the emission in the visible region.’”® The tuning of
luminescence in cyanostilbene requires proper functionalization of the
luminophore, while the lack of suitable substitution positions in aryl units

limits the needful structural modification of

CN
U 2
V4 .
m-conjugated skeleton
— \
R, R4, R,: Substituents
(alkyl, aryl, donor, acceptor ...) NC 3 R

Figure 1.6: Chemical structures of (1) stilbene. (2) 4-cyanostilbene and (3) a-
cyanostilbene. The arrows represent the intramolecular rotation of the
aromatic group (Reproduced with permission from reference 78, Copyright

RSC 2013)

12



4-cyanostilbene.”® Further research on suitable modification of stilbene moiety
resulted in the development of a-cyanostilbene in which the -CN group was
attached to the a-position of the ethylenic bond, where this structure gives
scope for the easy functionalization to bring about versatile emission
behaviour in the solid state.”-®* The steric interaction between the CN group
and the phenyl ring in a-cyanostilbene makes the molecule twisted and this
twist in the molecular structure reduces the w-m stacking which in turn results
in decreased emission quenching. In 2004 Park and co-workers synthesized an
AIE active a-cyanostilbene derivative, 1-cyano-trans-1,2-bis-(3',5'-bis-
trifluoromethyl-biphenyl)ethylene (CN-TFMBE), where this molecule
showed a high gelation efficiency with emission enhancement on gelation.*
The luminescence intensity of the compound showed an increase of 150 times
by gelation in comparison to a dilute solution in dichloromethane. The reason
behind this phenomenon is the presence of bulky and polar CN groups
enhances the formation of a J-type aggregate which is unfavourable for an
exciplex formation and also results in the formation of emissive aggregates.
The AIE/AIEE effect in the cyanostilbene based system can be verified by
recording emission spectra in solutions containing varying fractions of poor
solvents. If the molecule shows aggregation induced emission there will be an
increase in the emission intensity in solutions containing increased fractions
of poor solvents. Here in this expriment, as the fraction of poor solvent
increases, molecules tend to aggregate with increased emission intensity. In
most of the cases, there will be a redshift in the emission on increasing the
aggregate size, where this observation is also considered as an indication of

aggregation induced emission.®

One of the recent reports on V-shaped cyanostilbene amide substituted

with a tertiary butyl group in its structure showed the influence of molecular

t86

geometry and conformation in the AIEE effect.®® The V-shaped conformation
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of the molecule helps in self-assembling by incorporating various
intermolecular interactions. The molecule was nonemissive in chloroform
solution while it showed gelling on standing with enhanced emission. A report
by Kanvah and coworkers on cyanostilbene derivatives containing dimethyl
aniline, diphenylaniline and carbazole demonstrated the aggregation induced
emission enhancement by adding different fractions of water to the dilute
solutions of the molecules in dioxane.?” The molecule, which is less emissive
in dilute solutions showed emission enhancement with increased water
fraction in the solution as a result of the aggregation of molecules in poor
solvent like water. Alkyl chain substituted cyanostyrylbenzene derivatives
also showed aggregation induced emission behaviour. Various alkyl chain
substituted symmetric and non-symmetric systems were studied by the
different research groups. Park and co-workers explored a symmetric akyloxy
substituted dicyanodistyrylbenzene in two different works and both cases, the
molecules showed aggregation induced emission.®® Hence the aggregation
induced emission is a constructive mechanism to produce highly efficient solid

state luminescent materials.

The literature on cyanostilbene derivatives demonstrated that
aggregation has a pivotal role in their photoluminescence efficiency. A
comprehensive analysis that probes the structural and mechanistic aspects that
contribute to the solid state luminescent quantum yield can help in the design
of highly efficient cyanostyrene derivatives. The comparison of emission
quantum yield in m-systems showed a sharp enhancement as a result of
aggregate formation mainly from twisted chromophores such as
cyanostilbenes. In one of their studies, Chen and co-workers synthesized a
star-shaped cyanostilbenes having very low quantum yields in the solution
phase due to torsionally induced deactivation, while the same molecule

showed a quantum yield enhancement in the solid state owing to effective
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blocking of nonradiative decay pathways on aggrgation.®® Various factors
deciding the increased solid state luminescent quantum yields in para
substituted dicyanodistyrylbenzene systems were thoroughly studied by
various research groups.®® In the case of cyanostyrylbenzene systems, the
solution phase showed very low quantum yield due to enhanced nonradiative
decay pathways operating in the molecules in the solutions.”® The detailed
analysis of divers reports on cyanostyrene systems showed that various
electronic and steric factors largely contributes to the enission in the solid state
and inactivate the possibilities for nonradiative decay. It is already known that
cyanostilbenes with twisted chromophoric structure has a prominent role in
observed AIE behaviour. Therefore, the derivatives of cyanostilbenes were
good candidates for making systems with enhanced luminescence and

quantum yield in solid state.

As already discussed, the RIM process is the key mechanism of
the aggregation induced emission.*’3° By restricting the intermolecular
motions in twisted architectures, it is possible to achieve the triplet state
in organic luminogens by preventing the non-radiative decay pathways.
There are previous reports in which the photoluminescence lifetime
increased by restricting molecular motions by various methods such as
using viscous media or low temperature media.”! Consequently, it is
possible to achieve the phosphorescence emission at low temperatures
by freezing the molecular motions. Another interesting part of the AIE
systems is related to their stimuli responsive emission behaviour.
Various chromophoric systems showing AIE mechanisms are also
vulnerable to various stimuli. The explorations on stimuli responsive

materials are quite important in the area of material research.
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1.3 Stimuli responsive emission in organic

chromophores

Nature has its responsive mechanism to different stimuli, and it always
inspires the quest for the development of smart materials with tailor made
properties. The opening of seedlings, the closing of mimosa leaves on
touching etc. are examples of nature’s response to different stimuli, where all
these responses are due to some sensitive structures present in these systems.
The key factor behind this stimulus responsive behavior in natural systems is
the regulation of some weak interactions present in the system. The stimuli
can be physical or chemical in nature. The various physical stimuli include
stress, heat, magnetic fields etc. while, p!, different chemical species like
oxidizing or reducing agents serve as chemical stimuli. Inspired by nature,
different types of stimuli responsive smart materials were synthesized by
researchers worldwide, where a fine control over this response was achieved
by managing the different weak nonbonding interactions. Molecular systems
were able to switch between two stable conformations according to the applied
stimuli, and in some cases, even multi-stable switching was also achieved. The
sensitivity obtained on different external stimuli is due to the physical or
chemical changes that occur in response to a particular stimulus. The stimuli
responsive materials relevant in various applications such as switchable

optoelectronic materials, sensors, targeted drug delivery, robotics etc.>8

In general, the stimuli responsive switches are either molecular or
supramolecular. In molecular switches, the stimuli response is achieved by the
structural modification under applied stimuli whereas the supramolecular
switching is achieved by the modulation of intermolecular interactions and

molecular packing. Molecular systems containing photoisomerizable units can
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act as molecular switches since they can be switched between the two stable
isomeric states.”” The assemblies of conjugated molecules such as
phenylenevinylene, phenyleneethynylene, phenylene and cyanostilbenes
backbone showed switching of optoelectronic properties originating from two
stable supramolecular states. The difference in intermolecular interactions in
two supramolecular states bring about modification in the conformation of the
functional motif and electronic coupling between adjacent molecules in the

assembly.100-104

The last two decades witnessed a tremendous interest in m-conjugated
luminophores attributed to their applications in various fields. Theoretical and
experimental studies have shown that molecular packing has a significant role
in determining the luminescence efficiencies and emission switching in the
solid state.!?% 1% The ability of the self assembly of m- systems to modify their
structure via subtle tuning of their primary structure and intermolecular
interactions gives the scope for achieving tunable optoelectronic properties.
Various explorations to understand the mechanism behind the stimuli
responsive emission behaviour of m-conjugated molecules in the solid state
demonstrated the role of aggregate structure in determining their emission
properties. Researchers around the globe explored the change in various
photophysical properties such as absorption, reflection, emission etc. in
response to multiple stimuli. Among various responses explored so far, the
stimuli response in the form of photoluminescence emissions such as
fluorescence and phosphorescence received greater interest owing to their
potential applications. The stimuli responsive emission from the organic self-
assemblies is due to the switching between different aggregate structures in
response to the applied stimuli. The change in aggregate structure can be
evidenced as either crystal to crystal transition or crystal to amorphous

transition and vice versa. In one of the recent works, Park and co-workers
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explored the multistimuli responsive tricolour emission because of crystal to
amorphous phase transition.®® The stimuli responsive phase change brings
about the modification of aggregation pattern and thereby emission switching.
An investigation by Xu et al. demonstrated the emission switching from
yellow to green in a co-crystal system caused by crystal-to-crystal transition
under multiple stimuli such as heat, solvent vapours, mechanical stress etc.!?’
The Nature of the stimuli also has a major role in determining the emission
changes in the stimuli responsive materials. In several systems, the mechanical
stimuli are found to induce crystalline to an amorphous phase transition,®
while the recovery of the crystalline phase can be achieved by a different
stimulus. The stimulus such as temperature and solvent found to bring about
the recovery of the crystalline phase from amorphous phases.®® The
vulnerability of aggregate structures to different stimuli depends upon the
structural flexibility of the molecules and intermolecular interactions. So, the
key features to be incorporated while designing stimuli responsive self-
assemblies are the flexible side chains and functional groups capable of
forming relatively weaker intermolecular interactions. To achieve fine tuning
of the solid state emission properties under various stimuli, different classes
of chromophoric systems were engineered.!?*-!1> Among divers n-conjugated
chromophores employed to obtain stimuli responsive smart materials, the
systems based on tetraphenylethene, oligophenylenevinylene, cyanostilbene,

pyrenes etc. take the prime position.

1.3.1 Stimuli responsive emission in some relevant class of

compounds.

Among various m-conjugated chromophores explored for stimuli responsive
emission properties the tetraphenylethene (TPE) derivatives got greater

attention as AIEE and stimuli responsive materials. The reports by Tang and
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co-workers demonstrated the versatility of functionalized TPE systems to
generate stimuli responsive materials with precise control over multiple
stimuli.!'® In one of their studies, £ and Z isomers of TPE derivatives were
synthesized using Click synthesis, where the £ and Z isomers behave quite
differently on applied stimuli.!'* The E isomer of the compound is highly
responsive to mechanical stress, while the Z-isomer showed a negligible shift
on applied stress. The solid £ isomer with off-white emission showed an
emission switching to bluish green on grinding and the off-white emission was
recovered on heating at 120 °C. The comparatively red shifted emission
observed in the Z-isomer is ascribed to the amorphous solid state of the isomer.
The observed insignificant emission shift in Z-isomer on griding can be
attributed to the morphological change that had happened to the amorphous
solid. In the case of E isomer, the substantial emission shift is due to the
transition from a crystalline phase to an amorphous phase. The crystalline
nature of the £ isomer was established from the PXRD pattern. On grinding,
the PXRD pattern changes from sharp diffraction peaks to somewhat broad
peaks and on heating the crystalline form is regenerated as evident from the
PXRD pattern. Hence here a crystalline to amorphous phase transition was

explained as the reason for mechanochromism.

Bu et. al synthesized a vinylpyridine substituted TPE system showing
multistimuli responsive emission switching (Figure 1.7).!'> The molecule
showed emission switching to mechanical stress, hydrostatic compression and
also on protonation. The single crystal X-ray diffraction studies showed that
the molecule has a highly twisted conformation with a packing structure with
shrinkable space which is capable of undergoing deformations under applied
pressure. In a different study, Tang and coworkers!!® examined the effect of

the donor (D) and acceptor group on the emission behaviour of a TPE trimer.
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Figure 1.7: A vinyl pyridine functionalized TPE system showing multistimuli

responsive emission switching. (Reproduced with permission from reference

115, Copyright 2018 American Chemical Society)

The study tried to understand the emission switching in three TPE derivatives
carrying either acceptor or donor-acceptor groups and compared them with
unsubstituted TPE. The mechanochromic TPE system functionalized with an
acceptor unit is prepared by substituting fumaronitrile, while the N, N-
diethylamino group served the role of donor. The acceptor-linked TPE
synthesized as a yellow emissive powder changed the emission to an orange
colour on grinding. The original yellow emission colour was regained on
thermal treatment above 160 °C or exposure to solvent vapours such as DCM
and THF. The observed piezochromic emission switching in this system was

also attributed to the transition between crystalline to amorphous phases.

In 2013 Zhao et. al synthesized a pyridinium salt of TPE showing a

high contrast mechanochromic emission having an emission wavelength shift
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of 80 nm.!'” To understand the mechanism behind the mechanochromic
emission X-ray diffraction experiments were carried out on ground samples
and compared to that of unground samples. The analysis showed the
crystalline to less crystalline or amorphous phase transition as evidenced by
the broad peaks in PXRD. A set of organic boron complexes of TPE was
synthesized by Ren and co-workers, where the complexes showed distinct
mechanochromic emission behaviour on smashing and grinding.!'® The red-
shifted emission on grinding was attributed to the crystalline to amorphous
phase transition while the blue shifted emission observed on ultrasonic
treatment and smashing was explained as the destruction of a J-type aggregate
structure that was found in the crystalline form. So, in the solid state of TPE
derivatives, the stimuli responsive emission was mainly a consequence of
phase transitions including crystal to crystal or crystal to amorphous transition
where the molecules aggregates differently bring about switchable
photoluminescence. All the previously discussed molecules have an inherent
mechanochromic behaviour on mechanical agitation caused by the modulation
of aggregate structure as a result of the change in molecular structure. In
general, the red shifted emission on mechanical agitation is due to the
planarization of the m-luninogens. The planarization leads to the increase in
conjugation in the m-system along with improved dipolar coupling leading to
redshifted emission. The recovery of the original emission from the ground
sample by other stimuli such as temperature and solvent were credited to the

recovery of the crystalline phases.

Phenyleneethylene-based molecules are also explored for their solid
state emissive behaviour and single molecular conductors owing to the
possibility for free rotation about the triple bond which leads to different levels
of planarity. The deviation from planarity can give rise to different levels of

conjugation thereby resulting in different energy levels. A report by Bunz and
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coworkers demonstrated the thermochromic luminescence in octyloxy
substituted phenyleneethynylene polymer, where the emission switching in
this polymer is achieved by switching of degree of planarity at the liquid
crystalline state.'’” A similar study was conducted by Kulkarni and workers
on a dimethoxy derivative of the oligo phenyleneethylene system, where this
study demonstrated a cooling rate dependent control over fluorescence spectra
and emission colour (Figure 1.8).!2° The investigation also explored the effect
of surface morphology on emission behaviour. The cooling rate-controlled
emission colour is assigned to preferential wetting of the surface on cooing
and planarization. Maji and co-workers explored a multifunctional phenylene
ethynylene chromophore showing mechanochromic blue shift.'?! The
molecule showed strong and weak intermolecular interactions in the
crystalline state and the mechanochromic modulation of these interactions
leads to the stress induced switchable emission. A recent report by Sagara et
al. on luminescent cyclophane that is comprised of two 9,10-

bis(phenylethynyl)anthracene moieties linked through hexaethylene glycol

cncﬁﬁg
rate - 13°C/min

Figure 1.8: A stimuli responsive phenyleneethenylene derivative

(Reproduced with permission from reference 120, Copyright RSC 2012).
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units, demonstrated the mechanochromic and thermochromic emission
switching caused by different molecular assembling.'?? The thermochromism
in this system is achieved by crystal to liquid crystalline phase transition while
the mechanochromism is attributed to shear stress induced change in
molecular assembly. The study demonstrated a fine control over stimuli

response by controlling the ring size of the cyclophane moiety.

1.3.2 Cyanostilbene / Cyanostyrene based Stimuli responsive

systems.

In recent years cyanostyrene based n-conjugated luminophores got paramount
interest owing to their highly emissive properties in the solid state, easiness in
synthesis and property modifications. In general, cyanostilbenes and
cyanostyrene derivatives are weakly fluorescent in solutions whereas, several
members of these systems showed a highly enhanced emission in solid state
with fast response to external stimuli such as temperature, pressure, nature of
solvent, p' etc. The cyanostilbene based stimuli responsive fluorescent
molecules have been explored by various research groups for their emission
dependence on various stimuli such as pressure, temperature, solvent, pH etc.

Fan et al, synthesised cyanostilbene based multi-stimuli responsive positional

isomers by varying the position of cyano groups where the study explored

Figure 1.9: A photo-responsive cyanostyrylbenzene derivative (Reproduced

with permission from reference 126, Copyright 2018 Wiley-VCH)
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the relationship between structure and photoluminescence properties.'>* The
report successfully demonstrated the effect of positional variation of the cyano
group on luminescence behaviour by various spectroscopic and single crystal
X-ray diffraction methods. A study on the donor-acceptor cyanostilbene based
system by Wang et al., explored the stimuli responsive nature of the
assembly.'?* The fluorescence switching in this molecule is related to the
crystal-to-amorphous phase transition. This donor-acceptor system was highly
responsive to PY changes in the solvent which made the compound useful in
sensor like applications. A study by Zhang et al, proposed cyanostilbene as a
promising group to prepare luminescent polymers by incorporating into a
polymer matrix, where this could be employed in a variety of optoelectronic
applications.!® In addition, there are several reports on cyanostilbene based

gels showing AIEE and stimuli responsive behaviour.

Nakano and coworkers synthesized a biscyanostyrylbenzene
derivative (CB-5) showing both photoinduced and mechanochromic
reversible emission switching. This molecule showed green to orange
emission switching on rubbing and recovery was observed on photoirradiation
(Figure 1.9).'2° The molecule showed emission colour change on mechanical
stress attributed to the crystalline to amorphous phase transition. The quite
interesting observation in this system is that the rubbed films of the molecule
showed emission switching from orange to green on UV exposure. This
response is a result of a photochemical reaction occurring in the system. A
report by Jiang and co-workers on organo gels derived from V-shaped
cyanostilbene derivatives demonstrated the formation of emissive assemblies
that are highly responsive to different stimuli.'?’ From the various reports it is
evident that the assemblies of cyanostilbene derivatives with cyanostilbene
core are promising in the field of stimuli responsive smart materials owing to

their highly emissive nature with vulnerability to different stimuli in
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crystalline, amorphous and soft materials such as gels. Recently symmetrically
substituted cyanostilbene core systems with alkyl and alkoxy groups of
different chain lengths were synthesized®® !28 by different research groups and
the first attempt in this direction was by Park and co-worker on methyl
substituted symmetric cyanostilbene derivative.!'?® The study demonstrated the
emission enhancement attributed to the formation of J-aggregate and
planarization of the @ system. A butoxy derivative of the
dicyanodistyrylbenzene was also reported by Park et al, where this compound
showed the formation of highly emissive aggregates along with multistimuli
responsive emission.®® The study also explored the structure-property
relationship correlating the observed emission property to the structure and
molecular packing derived from single crystal X-ray diffraction. In recent
work, Park and co-workers reported a tricolour emission from a dodecyloxy
derivative and demonstrated the multistimuli responsive emission switching
assigned to crystal to crystal and crystal to amorphous phase transition.5
Although the effectiveness in the tuning of optoelectronic properties of the
cyanostilbene core systems lies in the selection of substituents, the exact

relationship between the molecular structure and stimuli responsive behaviour

reprecipitate

Figure 1.10: A Mult stimuli-responsive cyanostyrylbenzene-based system

(Reproduced with permission from reference 130, Copyright RSC 2021).
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of substituted cyanostilbene systems remains unclear. Xu et al.'?* attribute the
stimuli responsive emission in cyanostilbene derivatives to the probability of
a crystalline to amorphous phase transition, while Park and coworkers suggest
the formation of two energetically stable emissive phases and they further
assign the observed mechnofluorochromism in cyanostilbene derivatives to
low-energy shear sliding between the molecular layers.** Zhang and co-
workers synthesized a tricolour emissive luminophore based on cyanostilbene
showing multistimuli responsive emission in solid state (Figure 1.10).!3° The
crystalline powder of the compound showed blue emission (B-phase) which
on grinding resulted in green emissive G-phase. The yellow emissive Y-phase
was obtained by the reprecipitation of the G-phase and reversible switching
was observed on griding. The formation of Y-phases is ascribed to the
arrangement of the chiral molecule with specific handedness, while the
formation of the G-phase is assigned to crystalline to amorphous transition. A
report on the assembly of triphenylamine appended dicyanodistyrylbenzene
system showed mechanofluorochromism along with electrochromism. The
molecule comprised a donor-acceptor system, where the dicyanodistyryl and
triphenylamine act as acceptor and donor moieties respectively. The PXRD
pattern of the ground powder indicated the low crystallinity of the sample and
represented the pattern obtained for the amorphous sample. Similar to the
previously discussed example, the observed mechanochromism also
originated from a phase transition from a less crystalline to a purely

amorphous form.

The major attractions of the cyanostyrene based compounds are the
easiness of synthesis and structure tunability. Various researchers could easily
attain stimuli responsive optoelectronic properties in cyanostilbene derivatives
by suitably modifying the cyanostyrene core with flexible groups. It is also

possible to attain twisted/non-planar structures from the cyanostyrene core by
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suitable substitution. The cyanostyrene based systems with the capability for
luminescence switching that can be achieved by subtle modification of the

structure always attracted enormous research interest.

1.4 Design strategies of AIEE systems and
understanding the structural origin of

photoluminescence behaviour.

The discussions on various literature on AIEE and stimuli responsive systems,
the photoluminescence emission behaviour and the stimuli responsive
switching behaviour of organic luminogens were highly dependent on various
structural factors. As already discussed, luminogens having specific structural
requirements are preferred for developing AIEE systems. Aggregation
induced emissive systems were mainly developed from twisted chromophores.
In the solid, the aggregate formation must happen in such a way that the
luminescence behaviour should be enhanced. Therefore, to make a general
design principle of AIEE systems it is quite important to study the aggregate
structure of the luminophores under investigation. Single crystal X-ray
diffraction studies might help to investigate the aggregated structure of the
luminophores. The aggregate forming nature of various chromophores can be
well understood from X-ray diffraction studies. In the designing step of an
AIEE system, it is better to choose a twisted chromophore or make a twisted
system by suitably substituting planar molecules. Structural rigidity is another
criterion in the formation of systems having high emission efficiency. Making
cross-linked structures or fixing the chromophores in a rigid matrix,
crystallization etc are mainly used in the formation of efficient solid state
emissive materials. The restriction of intermolecular motion in various cases

including stilbenes systems results in the triplet emission.'*! Therefore
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selecting a twisted luminophore and rigidifying the aggregate structure using
various methods are important in the making of systems having high emission

efficiency and longer lifetimes.

The emission switching observed in the organic luminophores also
depends on the structural modification that happened during the application of
particular stimuli, crystal to crystal or crystal to amorphous phase transitions
are reported as the reason for stimuli responsive emission switching. It is
important to know what kind of structural transformations happen to a system
during the application of stimuli. The crystal to amorphous phase transitions
may be clearly understood from the powder X-ray diffraction patterns
obtained for the respective phase. The nature of the diffraction pattern
indicates the nature of the phase transition. Various polymorphic forms also
showed differences in the emission behaviour. Here the diffraction studies,
especially the single crystal X-ray diffraction method are quite useful for
understanding the structural change of the polymorphic forms and also the
pattern of aggregate forms in each case. The main focus of this thesis is to
probe the structural aspects contributing to the AIE and stimuli responsive

emission in cyanostyrene based photoluminescent molecules.
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2.1 Synthesis and Characterization

All the starting materials and solvents were procured from commercial sources
and used without purification. The procedures for the synthesis of all the
compounds were discussed under the experimental sections of respective

chapters.
2.1.1 Crystallization Techniques

The quality of the single crystal is a necessary criterion for single-crystal X-
ray diffraction studies. Although various methods have been adopted for the
preparation of good quality single crystals, the slow evaporation of the dilute
solution has been adopted as the widely used method for preparing the single
crystals of organic compounds. The uniform dimensions of the crystals are
also quite important to obtain good quality single-crystal X-ray diffraction
data. Here in this work, the technique used for crystallization is the slow
evaporation method. The single crystals of some of the compounds were
grown by slow solvent evaporation at room temperature while the single
crystals of some compounds were grown at low temperatures (4 °C). Single
solvent and solvent mixtures were also used for the crystal growth process.
Crystals mentioned in Chapter 3 were mainly grown from pure dioxane by
dissolving the samples in minimum quantity of pure dioxane followed by slow
evaporation at room temperature. Dichloromethane is also used as a solvent
for the crystallization of one of the isomers mentioned in this chapter. The
crystals analysed in Chapter 4 were grown from various pure solvents and
solvent mixtures. Dichloromethane, toluene, ethyl acetate and ethyl acetate/
hexane mixture etc. were used to grow crystals analysed in Chapter 4. The
single crystals of the cholesterol-based system explored in Chapter 5 was

grown from toluene.
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2.1.2 X-ray diffraction analysis

The X-ray diffraction is based on Bragg’s diffraction law, which helps to
understand the relationship between diffraction and the position of objects in
matter. In this method, the conditions are such that the X-rays incident on
planes of crystals with an incident angle 6 diffracted constructively. Hence
according to Bragg's law, the angle # and the interplanar distance d of crystal
planes are related by the expression nk = 2d Sin 6. The diffraction pattern
obtained for each sample under study is characteristic of the structure of the

sample under investigation.
2.1.2.1 Powder X-ray diffraction analysis

The powder X-ray diffraction technique is a non-destructive method for the
structural characterization of matter. The peaks in the PXRD pattern help to
determine the crystallinity and phase of the sample under observation. In the
PXRD technique the material under investigation was subjected to X-rays of
wavelength, A and electrons were scattered from the sample with certain
velocities and the incident X-rays diffracted repeatedly according to Braggs
law of diffraction, n A =2 d Sin 0, and diffraction patterns were obtained which
is characteristics of the sample under investigation. In the thesis, the major
focus is on the stimuli-responsive nature of the compounds. The stimuli-
responsive emission in a particular aggregate is due to the crystal-to-crystal
transition or crystal-to-amorphous transition or vice versa. The phase changes
in the solid forms of the compounds on applying various stimuli can be
characterized by comparing the powder X-ray diffraction patterns, and
structural variations can be explored by indexing diffraction patterns. The
PANalytical X’Pert3 (Cu Ko radiation (A = 1.5406 A) radiation source
operating at 45 kV and 40 mA) and PANanlytical Aeris (using Cu Ka
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radiation (L = 1.5406 A) radiation source operating at 40 kV and 15 mA).
powder X-ray diffractometers were used to obtain the diffraction patterns
discussed in various Chapters of the thesis. The diffraction patterns were
recorded over a 20 scan ranging from 5° - 60° at a step size of 0.01° and 0.05
respectively for PANalytical X Pert3 and PANanlytical Aeris diffractometers.
The temperature-dependent X-ray diffractograms were recorded on a Bruker
D8 Discover diffractometer with 20 scans ranging from 5° - 60°. The sample
was placed on a copper sample holder fitted with a heating element and the
diffraction experiments were conducted after stabilizing the required
temperature over 5 minutes. The Cu Ko radiation source operating at 40 kV

and 40 mA is used as an X-ray source for recording the diffractograms.
2.1.2.2 Single crystal X-ray diffraction studies

Single crystal X-ray diffraction is a molecular structure determining method
which provides detailed structural and bonding information. In addition to the
molecular structure, the single-crystal X-ray diffraction provides

intermolecular interactions and molecular packing in the crystals.

2.1.2.2.1 Data collection for structural analysis

An Olympus SZ-61stereozoom microscope attached with a polarizing filter is
used for selecting good quality single crystals of various compounds discussed
in this thesis. The crystals with dimensions in the range of approximately 0.1
to 0.4 mm were chosen for single-crystal X-ray data collection. The crystal
was mounted on a glass fibre placed on a copper pip and placed on goniometer
head. The goniometer head is placed on the diffractometer and the crystal is
adjusted to the X-ray beam using an optical microscope with crosshairs and

an attached monitor.
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The X-ray diffraction intensity data for various crystals were collected on
Bruker D8 Quest Eco diffractometer operating at 50 kV and 30 mA attached
with Photon -III detector or Bruker D8 Venture diffractometer operating at 50
kV and 40 mA attached with Photon-II detector with CMOS sensor. The data
of compounds except compound CSO presented in Chapter 3 were collected
at room temperature (298 K), whereas the data of CSO was collected at 130
K under a stream of liquid nitrogen. All the data collection was carried out
using Mo Ka radiation (0.71073 A) while the crystal structure of compound
CS-1 presented in Chapter 5 was collected using CuKo, radiation (1.5406 A).
The crystal-to-detector distance was set to 4.5 cm for the intensity data
collection. The data preparation of data collection strategy and monitoring of
the data collection was carried out using APEX-III program suit.! Data
integration, Lorentz and polarization corrections and merging of data were
carried out using SAINT.! The program SADABS was used to perform the
absorption correction on the merged data and the data was averaged using
SORTAYV software of the WINGX program suit.> The structure was solved by
direct methods using SHELXS-2014° and refined by SHELXL-2014*
programs incorporated to WINGX program.® The hydrogen atoms on all the
carbon atoms, except those with disorder were located from the difference
Fourier map and were refined isotropically. The ORTEP plots of all the
compounds at a 50 % probability level are drawn using ORTEP3 software.
The molecular and packing diagrams were generated using the software
Mercury version 4.2.0.% Intermolecular interactions were computed using the

program PLATON.”
2.1.4 Photoluminescence spectroscopy

Photoluminescence spectroscopy (P L) is a method used to determine the

electronic structure of matter. It is a contactless non-destructive method. The
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intensity of the emitted photons and the spectral positions gives various
information about the electronic structure of the materials under investigation.
Fluorescence spectra discussed in Chapter 3 were obtained using Horiba-
Jobin-Yvon Fluorolog-3-11 spectrofluorimeter. Both the solution and solid
state quantum yields were measured on an EDINBURGH FLS 1000
spectrometer attached with an integrating sphere. The time-resolved
fluorescence lifetime experiments were performed on a time correlated single
photon counting system (TCSPC) Fluorocube (Horiba-Jobin-Yvon).
Photoluminescence spectra and lifetime experiments mentioned in chapter 4
were performed using a Horiba Fluorolog-3 spectrofluorometer with TCSPC
set up (model FL 3C-221). Phosphorescence spectra of compounds were
recorded using a pulsed UV xenon lamp with each pulse having a full-width
at half-maximum (FWHM) of 3 ps. Samples were excited with pulsed light
and the emitted phosphorescence was measured with a variable delay between
50 pus and 10 s and an open window between pulse and detection. The
Photoluminescence spectral analysis and lifetime experiments of Chapter 5
were performed using Fluorolog-3 spectrofluorimeter attached with TCSPC
(model FL 3C-221). The quantum yields of each sample were measured on

the EDINBURGH FLS 1000 instrument attached with an integrating sphere.
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4.1 Abstract

This chapter discusses the role of various structural factors influencing
the luminescence efficiency of a series of ortho-alkyloxy substituted
dicyanodistyrylbenzene derivatives. This work also explores the
importance of restricted intramolecular rotations in achieving stable
triplet states in dicyanodistyrylbenzene derivatives in solution at 77 K.
All the ortho-alkyloxy derivatives of dicyanodistyrylbenzenes reported in
this work demonstrated aggregation induced emission behaviour in solid
State in comparison to the respective dilute solutions of the compounds
in THF. This study investigates the importance of structural and packing
parameters in the solid state such as twist in w-backbone, overlap and
interplanar distance of the m-system in determining the fluorescence
efficiency of the compounds in the solid state. All the isomers showed
comparable luminescence spectra at room temperature in dilute 2-
MeTHF solutions with a lifetime in the regime of nanoseconds, while the
spectra at 77 K showed different spectral nature with redshifted maxima.
The emission of the compounds recorded at room temperature with a
delay of 0.5 ms showed highly redshifted emission with a lifetime in the
order of milliseconds. The red shifted emission spectra with a lifetime in
milliseconds confirm phosphorescence in the ortho alkyloxy
dicyanodistyrylbenzene derivatives at 77 K. The crystalline samples of
all the molecules showed different spectra from that of respective
solutions in THF along with enhanced, but varying, quantum yield in the

solid state. The structural factors behind the incomparable spectral
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features and enhanced quantum efficiency of all the compounds were
explored using single-crystal X-ray diffraction studies. By correlating
the photophysical properties with the structural parameters in the solid
state confirmed that the interplay between the twist in the molecular
structure along with the n-m overlap and the interplanar distance plays

a crucial role in determining the enhanced emission in the solid state.
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4.2. Introduction

Aggregation induced emission (AIE) is suggested as one of the
major contributing factors of the unquenched solid state
luminescence in organic m-systems.!™ The photoluminescence of
organic conjugated molecules mainly depends on the nature of the
aggregate formed in the solid state. Previous reports on m-
conjugated molecules indicated that the formation of J-aggregate or
X-aggregate can result in increased luminescence efficiency.!'%!*
Various optoelectronic applications of organic materials call for
improved quantum efficiency, where a suitable tuning of the

aggregate structure largely contributes to enhanced quantum

efficiency.!’
4.3 Scope of Present Investigation

The molecular structure and the packing mode in the aggregate
structure are quite important in the making of AIE materials. One
can regulate the aggregate packing by suitable molecular design.
Here the aim behind the present exploration is to rationalize the
design strategies in a simple molecular system namely, o-
cyanostilbene, to obtain enhanced quantum yield in the solid state.
Owing to the cyano group in the o-position, several o-
cyanostilbene derivatives have shown a twisted geometry in the
solid state.!® Expecting that the substitution in the ortho position of
dicyanodistyrylbenzene system would give rise to more twisted

molecular geometry in the solid state, ortho alkyloxy variants of
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dicyanodistyrylbenzene OCS-1 to OCS-6 were designed and
synthesized (Scheme 4.1, The molecule CSO previously discussed
in chapter 3 also incorporated in this study for comparison of
emission behaviour and renamed as QOCS-5 for convenience.). In
addition to the enhanced fluorescence in the solid state it is
expected that the inherently twisted o- cyanostyryl systems with
ortho alkyloxy substitution may give rise to a molecular geometry
with higher twist in t-backbone leading to stable triplet states and
thereby phosphorescence at 77 K. A similar observation of
phosphorescence was made previously in stilbene systems at 77 K
owing to the restriction of the intramolecular rotation.!” To explore
the possibility of a stable triplet state by restricting the molecular
motions the luminescence spectra and lifetime were conducted at
77 K applying various time delay. To understand the underlying
structural factors of the origin of enhanced photophysical properties
a detailed analysis of photophysical properties in conjunction with
the structural details obtained from single crystal X-ray diffraction,
was conducted. The present investigation aims to demonstrate the
supramolecular control on increased fluorescence quantum yields
in the solid state. This investigation also aims to understand the
interplay between the structural parameters such as molecular twist,
n-overlap, and interplanar distance on varied solid state
fluorescence quantum yield of ortho-alkyloxy

dicyanodistyrylbenzene derivatives.

92



Q / O = - C,H5(0C5-1),

- C;H, (OCS-2)
- G;Hy, (0CS-3)
- C;Hy; (0CS-4)
- CgHy; (OCS-5)
- C;oH,; (OCS- 6)
Scheme 4.1: Molecular structure of ortho

alkyloxydicyanodistyrylbenzenes.
4.4 Experimental Section

Solvents and chemicals for the synthesis and photophysical
studies were purchased from Sigma Aldrich, Alfa Aeser, and TCI
and used without further purification. The '"H NMR and '*C NMR
spectra were recorded on a Bruker Avance 400 MHz spectrometer
operating at room temperature. The mass spectra of the compounds
were recorded on a Waters Xevo G2 XS QToF mass spectrometer.
Photoluminescence spectra and lifetime experiments were
performed using a Horiba Fluorolog-3 spectrofluorometer with
TCSPC set up (model FL 3C-221). Phosphorescence spectra of
compounds OCS-1 to OCS-6 were recorded using a pulsed UV
xenon lamp with each pulse having a full-width at half-maximum
(FWHM) of 3 us. Samples were excited with pulsed light and the

emitted phosphorescence was measured with a variable delay
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between 50 ps and 10 s and an open window between pulse and
detector. The single crystal X-ray diffraction data ofOCS-3, OCS-
4 and OCS-6 were collected on Bruker D8 Venture diffractometer
attached with PHOTON II detector with CMOS-sensor while that
for the OCS-1 and OCS-2 were collected on a Bruker D8 Quest
Eco diffractometer with PHOTON III detector. All the data
collections were conducted at room temperature using Mo Ka

radiation operated at 50 kV and 40 mA.

4.4.1 Synthesis and Characterization
4.4.1.1 General method for the synthesis
4.4.1.1.1 Synthesis of ortho-alkyloxy substituted hydroxy benzaldehyde

Ortho-alkoxy substituted benzaldehyde derivatives were prepared by
adopting the previously reported procedure (Scheme 4.2).'%!° A mixture
of 2-hydroxybenzaldehyde (20 mmol), K,CO3; (30 mmol), and
corresponding 1-bromo alkane (20 mmol) was stirred at 80 °C in DMF
under an inert atmosphere for 12 hours. The reaction mixtures were
evaporated and the organic phase was extracted with DCM and washed

with water (2 x 50 ml). The organic phase in all the cases were column

o OR R=-C,H
OHC\© K>,COg3, K OHC C2H5
+ R-Br L. “atle
DMF, A -CsHys

-CeH13
-C1oHz4

Scheme 4.2: Route to the synthesis of ortho-alkyloxy benzaldehydes.
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chromatographed over silica gel using ethyl acetate/hexane (1:9) to
obtain the target compounds as oily liquids. The products were

characterized using 'H NMR and *C NMR spectroscopy.

2-ethoxybenzaldehyde: Yield: 80.0 %, '"H NMR (400 MHz, CDCls) &
(ppm) 10.47 (s, 1H), 7.78 (d, J=7.7 Hz, 1H), 7.62 — 7.34 (m, 1H), 7.05
— 6.84 (m, 2H), 4.10 (q, J = 7.0 Hz, 2H), 1.43 (t, J = 7.0 Hz, 3H). 3C
NMR (400 MHz, CDCI3) & (ppm) 189.97, 161.22, 136.24, 128.25,
125.38, 120.54, 112.39, 64.19, 14.89.

2-butoxybenzaldehyde: Yield: 79.7 %, "TH NMR (400 MHz, CDCls) &
(ppm) 10.49 (s, 1H), 7.79 (dd, J = 7.7, 1.84 Hz, 1H), 7.48 (m, 1H), 6.97
- 6.92 (m, 2H), 4.03 (t, J = 6.4 Hz, 2H), 1.79 (m, 2H), 1.54 - 1.44 (m,
2H) 0.96 (t, J = 7.36 Hz, 3H). 3C NMR (400 MHz, CDCl3) & (ppm)
189.93, 161.65, 136.01, 128.19, 124.93, 120.49, 112.57, 68.26, 31.18,
19.34, 13.88.

2-pentyloxy benzaldehyde: Yield: 78.9 %, 'H NMR (400 MHz,
CDCl) é(ppm) 10.52 (s, 1H), 7.82 (dd, J = 7.7, 1.8 Hz, 1H), 7.52 (m,
1H), 7.06 6.93 (m, 2H), 4.07 (t, J = 6.4 Hz, 2H), 1.84 (m, 2H), 1.52 —
1.35 (m, 4H), 0.94 (t, J = 7.1 Hz, 3H). 3C NMR (400 MHz, CDCl3) &
(ppm) 190.02, 161.66, 136.01, 128.23, 124.94, 120.74, 112.56, 68.56,
28.36,31.18, 22.49, 14.10.

2-hexyloxy benzaldehyde: Yield: 76.8 %, "H NMR (400 MHz, CDCl3)
d (ppm) 10.50 (s, 1H), 7.81 (m, 1H) 7.51 (m, 1H), 6.97 (m, 1H), 6.90 (m,
1H) 4.05 (t, 2H, J= 6.4 Hz), 1.851.78 (m, 2H), 1.501.40 (t, 2H, J= 8 Hz)
1.36-1.26 (m, 4H), 0.89 (t, 3H, J = 7.2 Hz) 3C NMR (400MHz, CDCls)
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d (ppm) 189.99, 161.67, 136.0, 128.23, 124.95, 120.51, 112.57, 68.60,
31.58,29.12, 25.81, 22.65, 14.09.

2-decyloxy benzaldehyde: Yield: 79.7 %, 'TH NMR (400 MHz, CDCls)
d(ppm) 10.52 (s, 1H), 7.83 (dd, J=7.7, 1.8 Hz, 1H), 7.52 (m, 1H), 7.03
—6.94 (m, 2H), 4.07 (t,J = 6.4 Hz, 2H), 1.89 — 1.79 (m, 2H), 1.54 — 1.43
(m, 2H), 1.35—-1.24 (m, 12H), 1.05—0.68 (m, 3H). 3C NMR (400 MHz,
CDCl3) 6 (ppm) 190.30, 161.56, 135.56, 128.47, 125.06, 120.72, 112.71,
68.44, 31.67, 29.64, 29.43, 29.40, 28.87, 26.17, 26.14, 22.77, 14.09.

4.4.1.1.2 Synthesis of the o-alkylated dicyanodistyrylbenzenes

All the alkoxy derivatives of the dicyanodistyrylbenzenes were
synthesized following Knoevenagel condensation  with
phenylenediacetonitrile and the corresponding alkyloxy benzaldehyde
(Scheme 4.3).'% ! Alkyloxy benzaldehyde (3.66 mmol) was taken in
an oven dried round bottom flask and dissolved in 18 ml ethanol. To
this solution 1, 4-phenylene diacetonitrile (2 mmol) and '‘BuOK (2.8
mmol) were added. The reaction mixture was stirred for 2 hrs at 80 °C

under an inert atmosphere. The reaction mixture was filtered and

‘BuOK
EtOH, A Q /

Scheme 4.3: Synthetic route to (2Z,2'7)-2,2'-(1,4-phenylene)bis(3-(2-

O

alkoxyphenyl)acrylonitrile) derivatives.
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washed with excess ethanol and reprecipitated from dichloromethane
solution using excess methanol (3 x 20 ml). The compounds were
recrystallised from various solvents. The compound OCS-1 was
crystallized from dichloromethane while OCS-2 and OCS-4 were
crystallized from ethyl acetate/hexane mixture. The OCS-3 was
crystallized from ethyl acetate while OCS-6 was crystallized from
toluene. All of the dicyanodistyrylbenzene derivatives were
characterized using 'H NMR (Figure 4.1 - 4.10), *C NMR, HRMS and
single-crystal X-ray diffraction (Table 4.1).

OCS-1: Yield: 80.3 % "H NMR (400 MHz, CDCl3) § (ppm) 8.19 (dd, J
= 7.8, 1.5 Hz, 2H), 8.06 (s, 2H), 7.77 (s, 4H), 7.41 (m, 2H), 7.07 (t, J =
7.6 Hz, 2H), 6.94 (d, J= 8.3 Hz, 2H), 4.13 (q, J= 6.9 Hz, 4H), 1.48 (1, J
= 7.0 Hz, 6H). 13C NMR (400 MHz, CDCl3) § (ppm) 157.48, 138.05,
135.38, 132.27, 128.57, 126.56, 122.90, 120.72, 118.04, 111.69, 110.39,
64.12, 14.81. HRMS (ESI) calculated for CasHauN,Oo: 420.5024,
Found: 421.1912 [M+H] ™.

OCS-2: Yield: 89 % "H NMR (400 MHz, CDCls) § (ppm) 8.20 (dd, J =
7.8, 1.5 Hz, 2H), 8.07 (s, 2H), 7.76 (s, 4H), 7.41 (m, 2H), 7.06 (t, J=7.9
Hz, 2H), 6.95 (d, J= 9.0 Hz, 2H), 4.07 (t, J = 6.5 Hz, 4H), 1.84 (m, 4H),
1.55 — 1.47 (m, 4H), 1.01 (t, J = 7.4 Hz, 6H). *C NMR (400 MHz,
CDCL) & (ppm) 157.62, 137.90, 135.35, 132.28, 128.48, 126.51, 122.90,
120.69, 118.05, 111.73, 110.24, 68.27, 31.19, 19.36, 13.83. HRMS
(ESI) calculated for C3:H3N20,: 476.6087, Found: 477.2533 [M+H] .

OCS-3: Yield: 80.6 % '"H NMR (400 MHz, CDCls) 8(ppm) 8.20 (dd, J
= 7.7, 1.6 Hz, 2H), 8.08 (s, 2H), 7.76 (s, 4H), 7.41 (m, 2H), 7.06 (t, J =
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7.4 Hz, 2H), 6.95 (d, J = 8.3 Hz, 2H), 4.06 (t, J = 6.6 Hz, 4H), 1.85 (m,
4H), 1.52 — 1.37 (m, 8H), 0.95 (t, J= 7.1 Hz, 6H). 3C NMR (400 MHz,
CDCl3) d(ppm) 157.64, 137.92, 135.37, 132.28, 128.48, 126.50, 122.92,
120.71, 118.04, 111.77, 110.23, 68.61, 28.82, 28.32, 22.42, 14.08.
HRMS (ESI) calculated for C34H36N202: 504.6618, Found: 505.2849
[M+H]".

OCS-4: Yield: 82 % "H NMR (400 MHz,CDCls) §(ppm) 8.21 (dd, J =
7.9, 1.6 Hz, 2H), 8.07 (s, 2H), 7.76 (s, 4H), 7.41 (m, 2H), 7.07 (t, J="7.5
Hz, 2H), 6.95 (d, J = 8.2 Hz, 2H), 4.06 (t, J = 6.5 Hz, 4H), 1.91 — 1.78
(m, 4H), 1.49 (q, J = 7.0 Hz, 4H), 1.40 — 1.32 (m, 8H), 0.93 — 0.87 (m,
6H). 3C NMR (400 MHz, CDCls) 8(ppm) 157.63, 137.91, 135.36,
132.28, 128.47, 126.49, 122.91, 120.70, 118.03, 111.76, 110.24, 68.61,
31.50, 29.09, 25.79, 22.60, 14.00. HRMS (ESI) calculated for
C36HaoN202: 532.7150, Found: 533.3159 [M+H] *

OCS-6: Yield: 84.1 % 'H NMR (400 MHz, CDCl3) & (ppm) 8.20 (dd, J
=17.8, 1.6 Hz, 2H), 8.07 (s, 2H), 7.76 (s, 4H), 7.41 (m, 2H), 7.06 (t, J =
7.5 Hz, 2H), 6.95 (d, J = 8.1 Hz, 2H), 4.05 (t, J = 6.6 Hz, 4H), 1.91 —
1.78 (m, 4H), 1.52 — 1.44 (m, 4H), 1.40 — 1.21 (m, 24H), 0.91 — 0.81 (m,
6H). 3C NMR (400 MHz, CDCls) 8(ppm) 157.62, 137.88, 135.34,
132.26, 128.48, 126.49, 122.21, 120.69, 118.02, 111.76, 110.24, 68.61,
31.91, 29.68, 29.65, 29.61, 29.35, 29.11, 26.12, 22.68, 14.11. HRMS
(ESI) calculated for C23H24N202: 644.9276, Found: 645.44 [M+H]+
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99



00000—

WI8yI—

611'79—

$90L'9L+

6v70' =7
LTHE'LL?

£E6E°011~
8989111~

POR0'811-—
Lot
05687717
£65$971—
6695871
pLTTEl—
SOLESEI~
LISO8ET~

JiJJiLlJ |

60

70

130 120 110 100 90 80
f1 (ppm)

140

150

Figure 4.2: >°C NMR spectra of OCS-1
100



10000—-

8860
\

9001 ————

sz’
£I8Y T
PO0S'T

PS0S°L
95TE T
38151
SETST
EPES
LLEs
§TKS'
176671
509514
£5457T
750814
s
ovzs'14
PLEsl
9SE8T
ELERT
60K T
SET
17881
ELSRT
$688°1
reisl
9610t
L5901
0780'+

P6£6°97
81969
6rH0°L
990,
EPa0°L
9097 "L
8768 7L
OL6EL
£lrL
%11
ot
6LIYTL
TEr L

gy

L= -

STL0S,
so:a!'s\'k
618

001784

QEIZ'S‘J

#07
607

0.0

5.5

6.0

1 (ppm)

Figure 4.3: '"H NMR spectra of OCS-2
101



1000°0—

ELLRE[—

168¢'6[—

S58ITE—

BILTRY—

SR0L0L
18T0°LLY

ety

gope L’

1LV RII—
7580071 —
8568711
RO0S'0TT—
AL T
LILTTEL-
ELSE ST~

P06 Lel—

TETYLCI—

"

120

10 (V]

20

90 80 70 60 50 40
1 (ppm)

100

110

150 140 130

160

The '* C NMR spectra of compound OCS-2

Figure 4.4

102



0w,
£60]-
b6'0)

2601
%0
8E' T
6E°TY

Wiy

b T
BT
S¥'1
T

a1
o1
o1

0s't
951
281
bl
1
981
987
287
bO's’*‘rf
W07
0%

-

e =0T

£l (ppm)

Figure 4.5: 'H NMR spectra of the compound OCS-3

103



Grono—

L0R0 ¥l —

8YTr IT-

BLIERT,
SLISST

[809'89—

960L 9Ly

30 L

-

L

£6ZT LL
sppeLed

GEET 01N ~

OsLLTIT

o8I —
FiLotl -
9LIGTTTY
8861 971 —

PEPTLET—

60

f1 (ppm)

Figure 4.6: '"H NMR spectra of the compound OCS-3

104



100007

12830\
6768 01
8568 01
8106 01
60601
8716
L1610
s 0’
60TE T

ISTET ~

OFEE -
L3EE T

T0LE'T
OrlEl
SISEl
LOSE'L
£6SH'1
6LV 1
el
89681
ISl
0TSl
[YASN |
IEIR°1
beT8'1
eyl
0SkR'I
6881
PISR]
E098 [
L9981
PESR'I
06£0'p
£550°F
9LLOW
89¢6°0
ELS‘EQW
§91’D‘.’_"
1590 1
66801
019z 4
VT6E L1
906t L1
601V L
Shlb Ly
PLIF LA
BIEV L~ L
09gk L
OLSL L

PHLO 8
TE6T 8y
U618
0s1T8
0Ligs

— Fs1t

7.5

1 (ppm)

6.5

7.0

8.0

8.5

Figure 4.7: 'HNMR spectra of the compound OCS-4

105



CEOD0—

£000'¥T—

1340 Wiy
9E6L ST~
CI60 6T~
0668 1€~

SEI989—
£E0L 9L
OG0T LL~

L

asce Ll

OIkE'LL

TThT 01T~
LTI~

CEEORI—
ovoLozi—
9016 2T
69T —
LY e~

0L0G LET~

BOED LE1—

e i s

St ]

it/

60

70

130 120 110 100 20

140

150

160

1 (ppm)

Figure 4.8: °C NMR spectra of the compound OCS-4
106



100070

95580 =

55870 =

LOLE

19211 @

LTl E=]

80971 L |

LT = — I 60§ _

66LTTH { =

KE6T T l _ ]

ST06T2 Sy T [y

weTf y == I}

PoEE 1 ' —— i

SFeE L , .|

LT F = === [ U o

FELE [ |~

LELETTH

FLLST

L85 g

£665°T W

09bHT

TooK T4 =

8591 L

L8OV

S8t 14 ”

696711 il

6chs 19

SLI8' 1 |

9378 . J L=z

1 e y F oY &

Bl ' =

15081 b

61881 [~

PSS

SIsF _

w00t e
B
sl

766691

60601 f

TFI'L]

870°L

8190°L7 i

0097 L1 <

206t L

66 L 9 e T U 2

Lf?ili-z - —= o~

tClF Ly |

9;1‘1@{ N i b .

WerLT : —m— E W

gherd | =

oL L — Fw

6TL0S | =

[ RAS - — 00w

ST619¢ . — E )

6L07°8)

ite y ‘ Lo
oo

Figure 4.9: 'H NMR spectra of the compound OCS-6

107



01000-— —3
}
4
4
HITVI— —
PLLITE
ey
. o b ——
SSIT6T -
€66 601!
SF196T -
619 5:'.?,1’ R — 4
028967 b4
T¢06°1¢4 4
1
1
9
1
9609 89— 1
'il‘
i
E
P
i
y
LEETOT~ i
LSLTI —_—
g
3
s - e
1989°021— —)
£906 771 3
£681°9T1— 1
B6LYSTL —_—
LHT 281~ 1
LIFESEL~ —F
09L8°LET~ e
3
E
$ET9LS1— —
3

70

£1 (ppm)

Figure 4.10: '"H NMR spectra of the compound OCS-6
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4.5 Results and Discussion
4.5.1 Solution state photophysical properties

To explore the photophysical behaviour, the UV-visible
absorption spectra of molecules OCS-1 to OCS-6 were recorded
from their respective dilute solutions in 2-Methyltetrahydrofuran
(2-MeTHF). All the compounds showed comparable absorption
features with the absorption maxima centered around 370 nm and a
shoulder peak at 320 nm (Figure 4.11). The dilute solutions of
OCS-1 to OCS-6 in 2-MeTHF with an optical density of 0.1 were

excited at 370 nm and photoluminescence spectra were recorded at

0.10+ e OCS-1
.0Cs-2
S
: — 0CS-3
@ 0.08: 0Cs-4
® — 0CS-5
2 0.06- — 0CS-6
3
B 0.04-
kS
2 0.02
0.00 . ; S
300 350 400 450

Wavelength, nm

Figure 4.11: The UV-Visible spectra of OCS-1 to OCS-6 in 2-
MeTHF (2.4x10-° mol L)
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room temperature and 77 K (Figure 4.12). The spectra of OCS-1
recorded at room temperature showed two distinct bands centered
at 413 nm and 43 1nm (Figure 4.12a). The bands at 413 nm and 431
nm correspond to fluorescence emission from the isolated
molecules The photoluminescence spectrum recorded for OCS-1 in
2-MeTHF at 77 K showed a distinct band structure with a
maximum at 452 nm. To explore the possibility of phosphorescence
emission in OCS-1 with twisted molecular geometry, the
photoluminescence spectrum was recorded from 2-MeTHF at 77 K
with a delay of 0.5 ms (Figure 4.12 red curve). The emission
spectrum (Aem= 510 nm) showed a redshift of 58 nm in comparison
to the photoluminescence spectra recorded at 77 K without delay
The emission spectra of OCS-2 to OCS-6 recorded at room
temperature, 77 K, and 77 K with a delay of 0.5 ms showed similar
behaviour as that observed with the molecule OCS-1 (Figure 4.12).
The photoluminescence maxima and lifetime data for all the
compounds at different conditions are listed in table 4.2. The
photoluminescence decay recorded for OCS-1 from solution in 2-
MeTHF at room temperature is fitted using biexponential decay
with lifetime 11 = 0.95 ns and 1> = 1.58 ns. The quantum yield
obtained for the compound OCS-2 in solution is very low with a
value of 8.47 x 107 %. For the other derivatives the solution phase
quantum yield values were not obtained with better reliabity due to
poor emission in solution. The photoluminescence decay recorded
for compounds OCS-2 to OCS-6 also showed similar decay as in
the case of OCS-1, however with different lifetime values (Figure

4.13 and Table 4.2). To confirm the phosphorescence in OCS-1 at
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Figure 4. 12: The emission spectra of (a) OCS-1, (b) OCS-2, (c) OCS-
3, (d) OCS4, (e) OCS-5 and (f) OCS-6, in 2-MeTHF at room
temperature (blue curve), 77 K (green curve) and 77 K with a delay of
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77 K in 2-MeTHF the photoluminescence decay was recorded with
a delay of 0.5 ms (Figure 4.14a). The decay was fitted with
biexponential decay with a lifetime value t1 = 0.96 ms and 12 =
16.75 ms. The redshifted emission with a concomitant lifetime
enhancement at 77 K with a time delay of 0.5 ms is attributed to
phosphorescence. All other derivatives from OCS-2 to OCS-6
showed similar behaviour as that of OCS-1 in the lifetime and
photoluminescence spectral features. The compound OCS-2
showed a bi-exponential decay with a lifetime of 0.128 ms and 1.90
ms at 77 K (time delay 0.5 ms). The transient emission decay of
OCS-3 also showed bi-exponential decay (time delay 0.5 ms) with
a lifetime of 11 = 1.76 ms and 12 = 28.09 ms. The molecules OCS-
4 (t1=1.5ms, 12=17.39 ms) and OCS-5 (t1=1.15 ms, 12=25.41
ms) and OCS-6 (11 = 1.02 ms, 12 = 7.69 ms) also showed similar
behaviour with red shifted emission and phosphorescence emission
with lifetime in the range of milliseconds indicating the existence
stable triplet state and phosphoresce at 77 K.

To rule out the possibility of charge transfer (CT) character
in the molecule the photoluminescence spectra of OCS-1 were
recorded from solvents of varying polarity such as toluene,
chloroform and acetonitrile. The fluorescence spectra showed no
shift in wavelength with increasing the polarity of the solvents

indicating the absence of CT state in the molecule (Figure 4.15)
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4.5.2 Solid state photoluminescence properties

To explore the photophysical behaviour of the molecule in the solid state
the UV visible spectra of all the compounds were recorded at room
temperature. The UV-visible spectra showed similar spectral features
varying absorption maxima (Figure 4.16). Figure 4.17 shows the solid
state luminescence spectra of all the compounds recorded by exciting at
370 nm. The compounds OCS-1, OCS-2, OCS-3 and OCS-6 showed
single banded emission spectra with various emission maxima, while the
compound OCS-4 and OCS-5 showed emission spectra with a shoulder
band respectively at 502 nm and 493 nm. Among the six ortho alkyloxy
derivatives of dicyanodistyrylbenzenes, OCS-2 showed a redshifted
spectrum with a maximum centred at 534 nm while the luminescence
maximum for OCS-4 was at relatively shorter wavelength maximum
centred around 478 nm. The difference in luminescence emission
maxima of the compounds with varying alkyl chains are due to the
variation of the molecular conjugation and dipolar coupling in the solid
state. The quantum yield of all the compounds were recorded to compare
the luminescence efficiency in the solid state. Among the six alkyloxy
derivatives of dicyanodistyrylbenzene, the compound OCS-1 showed
the highest quantum yield value of 0.86. This quantum efficiency of
molecule OCS-1 is quite promising for possible optoelectronic
applications. The other derivatives from OCS-2 to OCS-6 also showed
appreciable quantum yield values with variation of 0.08 to 0.78 (Table
4.3). The lowest quantum efficiency of all the derivatives was shown by
OCS-4 and OCS-5 with values 0.11 and 0.08 respectively. Figure 4.18

shows the photoluminescence decay recorded for compounds OCS-1 to
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Figure 4.17: Solid state photoluminescence spectra of compounds OCS-

1 to OCS-6.

Table 4.3: Photophysical parameters of OCS-1 to OCS-6.

Sample Aem(nm)  Tf (ns) Or ke(ns)  kur(ns™)
0CS-1 502 2.41 0.86 0.36 0.05
0CS-2 534 1.34 0.78 0.58 0.17
0CS-3 484 1.27 0.49 0.38 0.40
0CS4 478 1.32 0.11 0.08 0.68
0CS-5 508 2.09 0.08 0.04 0.44
0CS-6 510 1.44 0.44 0.30 0.39
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OCS-6 by exciting at 405 nm. All the transient decay of emission were
fitted with triexponential decay with lifetime values in the range
nanoseconds. The observed lifetime values clearly indicate that the
emission in the solid state is fluorescence. To account for the variation
in fluorescence quantum yield in the solid state a detailed comparison of
fluorescence lifetime, quantum yield, and radiative and nonradiative
decay rate constants were carried out (Table 4.3). The molecules OCS-
1 and OCS-2 which are showing higher quantum yield in solid state
(0.86 and 0.78) have higher radiative decay constant value of 0.36 and
0.58 respectively. Among the two molecules OCS-1 having higher
quantum yield showed lower non-radiative decay constant (0.05), which
imply that the non-radiative decay pathways are effectively blocked in
OCS-1. Among the six ortho alkoxy derivatives the molecules OCS-4
and OCS-5 showed lowest quantum yield values since they have lower
radiative decay constant values (0.08 and 0.04 ns™'). The higher values
of nonradiative decay constants of these molecules indicate that various
decay pathways are operating in the solid state of these molecules
originating from molecular packing. According to previous literature the
molecular structure and packing parameters largely determines the
quantum efficiency of organic luminophores in the solid state.?® Hence
it is be expected that the variation in quantum efficiency in compounds
OCS-1 to OCS-6 can be due to the difference in molecular packing in
the crystalline state. To probe the variable emission behaviour in these
molecules, it is quite important to explore the structure and packing of

the OCS-1 to OCS-6 in the solid state.
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4.5.3 Single crystal X-ray diffraction studies and structure-property

correlation

To understand the role of molecular structure and packing in determining
the emission properties of ortho  alkyloxy  substituted
dicyanodistyrylbenzenes in the solid state, we carried out a detailed
analysis of structural data obtained from single crystal X-ray diffraction.
All the compounds showed different molecular packing with various
intermolecular interactions such as C-H--O, C-H-m, and =-m
interactions, accommodating different levels of twist in m-back bone
constituting an aggregate pair as shown in Figure 4.19a. To establish the
role of structure and packing on increased quantum yield obtained for all
the ortho-substituted dicyanodistyrylbenzene derivatives, the difference
in twist in -backbones, - overlap and interplanar distance in OCS-1
to OCS-6 were analyzed. It is a fact that the twisted architectures show
aggregation induced emission compared to the planar counterpart where
the planar architectures are prone to aggregation caused quenching
owing to the increased - stacking.?! The comparison of molecular twist
could not provide a systematic input to the observed quantum yield in
the solid phases of OCS-1 to OCS-6, indicating that in addition to the
molecular twist some other structural parameters may also be crucial in
dictating the emission properties of OCS-1 to OCS-6 in the crystalline
state. Some of the recent studies showed that molecular rigidity in the
aggregated state also contributes to high quantum yield.?? To explore the
role of molecular rigidity on varying quatum yield of compounds OCS-

1 to OCS-6, we measured the m-overlap (o) and the interplanar distance
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Figure 4. 19: (a) Aggregate pairs seen in single crystalline samples of
OCS-1. A schematic representation of (b) twist angle, €, (c) m-overlap, o
and interplanar distance, d in ortho alkyloxy dicyanodistyrylbenzenes

(Alkyl chains and hydrogen atoms are removed for clarity).

(d) between the aggregate pairs in crystals of various
dicyanodistyrylbenzene derivatives (Figure 4.19). The compounds
OCS-1 to OCS-6 showed different extents of m-overlap and
interplanar spacing in the crystals (Figure 4.20 and Table 4.4). The

molecule OCS-1 with a maximum twist in the n-system (6= 50.3°)
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with percentage overlap of 90.5% and an optimum interplanar
distance, showed the highest quantum yield (®r= 90.5 %) among
all the molecules (Table 4.4). Despite the comparable twist (6 =
47.8°) with that of OCS-1, the molecule OCS-4 showed the lowest
quantum yield among all the molecules owing to the reduced
percentage of overlap (o = 39.7%) along with an increased
interplanar distance (3.56 A). This observation indicates that larger
interplanar distance results in a loosely packed aggregate structure
resulting in a relatively inefficient orbital overlap. In OCS-2, with
a nearly planar geometry (8.2°), the compound showed an
appreciably high quantum yield (®r=77. 93 %) which is attributed
to an appreciable percentage of overlap (o = 82.5 %). In addition to
the molecular twist, improved m-overlap and moderate interplanar
distance seem to play an important role in the aggregate formation
in OCS-2. The molecules OCS-3 and OCS-6 with a better
molecular twist and rigid molecular packing showed a medium
quantum efficiency which is attributed to a moderate m-overlap.
The OCS-5 with minimum twist angle and interplanar distance
showed a lowest quantum yield indicating the luminescence

quenching in the crystalline state of these molecules.
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Table 4. 4: Photophysical and structural parameters of ortho alkyloxy

substituted dicyanodistyrylbenzene derivatives.

Sample Amax DPr (%) Twist Overlap Interplanar
(nm) angle () (%) distance (A)

OCS-1 502  86.39 50.3 90.5 3.47

OCS-2 534 7793 8.2 82.5 3.48

OCS-3 484 49.00 52.1 36.2 3.47

OCS-4 478 10.83 47.8 39.7 3.56

OCS-5 508 8.00 8.0 40.0 3.37

OCS-6 510 43.61 41.1 32.0 3.38

I s
M%W

6a % 6b , i 3 q
ko
Figure 4.20: Aggregate pairs in OCS-1 (la and 1b), OCS-2 (2a and 2b),

OCS-3 (3a and 3b) OCS-4 (4a and 4b), OCS-5 (5a and 5b) and OCS-6
(6a and 6b). (Alkyl chains and hydrogen atoms are removed for clarity

126



4.6. Conclusion

In summary, a series of ortho-alkyloxy dicyanodistyrylbenzenes were
synthesized, solution state and solid-state luminescence properties were
investigated. A detailed analysis of photoluminescence properties of compounds
OCS-1 to OCS-6 in 2-MeTHF was carried out at room temperature, 77K and 77K
with delay. The lifetime obtained for all the compounds in 2-MeTHF at room
temperature indicated fluorescence emission while luminescence decay recorded
at 77 K with a delay of 0.5 ms demonstrated the phosphorescence in these
molecules in solution at 77 K. This work substantiates the importance of restriction
of intramolecular motion in achieving the stable triplet state and phosphorescence
emission. The study further explored the various structural factors that affect the
quantum efficiency of the molecules in the solid state. The work demonstrated the
interplay between the structural parameters such as twist in m-backbone, overlap
between the m-system of the neighbouring molecules and the interplanar distance
between the molecules in determining the quantum efficiency of molecules OCS-
1 to OCS-6 in the solid state. The alkyloxy substitution in the ortho position of
dicyanodistyrylbenzene introduces molecular twist and rigid packing in the solid
state which plays a pivotal role in achieving high quantum yields in ortho alkyloxy

substituted dicyanodistyrylbenzene systems.

127



4.7.

A

10.

11.

12.

13.

14.

15.

16.

References

B. Xu, W. Li, J. He, S. Wu, Q. Zhu, Z. Yang, Y.- C. Wu, Y. Zhang, C. Jin, P.- Y.
Lu, Z. Chi, S. Liu, J. Xu and M. R. Bryce, Chem Sci, 2016, 7, 5307-5312.

Z. He, C. He and B. Z. Tang. ACS Omega, 2018, 3, 3267-3277.

Y. Hong, J. W. Y. Lam and B. Z. Tang, Chem. Soc. Rev., 2011, 40, 53615388.

S. Dong, Z. Li and J. Qin, J. Phys. Chem. B, 2009, 113, 434-441.

Y. Wang, D. Xu, H. Gao, Y. Wang, X. Liu, A. Han, C. Zhang and L. Zang, J.
Phys. Chem. C, 2018, 122, 4, 2297-2306.

E. Ubba, Y. Tao, Z. Yang, J. Zhao, L. Wang and Z. Chi, Chem. Asian J., 2018,
13,31063121.

W. Qin, Z. Yang, Y. Jiang, J. W. Y. Lam, G. Liang, H. S. Kwok and B. Z. Tang,
Chem. Mater., 2015, 27, 3892-3901.

H.- X. Yu, J. Zhi, T. Shen, W. Ding, X. hang and J. - L. Wang, J. Mater. Chem.
C, 2019, 7, 88888897.

S. Xu, Y. Duan and B. Liu, 4dv. Mater., 2020, 32, 1903530.

S. B. Anantharaman, J. Kohlbrecher, G. Raino, S. Yakunin, T. Stoferle, J. Patel,
M. Kovalenko, R. F. Mahrt, F. A. Niiesch and J. Heier, Adv. Sci., 2021, 8,
1903080.

T. E. Kaiser, H. Wang, V. Stepanenko and F. Wiirthner, Angew. Chem., 2007,
119, 5637-5640.

Z. Q. Xie, B. Yang, F. Li, G. Cheng, L. L. Liu, G. D. Yang, H. Xu, L. Ye, M.
Hanif, S. Y. Liu, D. G. Ma and Y. G. Ma, J. Am. Chem. Soc., 2005, 127, 14152~
14153.

J. Zhang, B. Xu, J. Chen, S. Ma, Y. Dong, L. Wang, B. Li, L. Ye and W. Tian,
Adv. Mater., 2014, 26, 739-745.

S. Ma, Y. Liu, J. Zhang, B. Xu, and W. Tian, J. Phys. Chem. Lett., 2020, 11,
1050410510.

W. Li, Y.- Mo Zhang, T. Zhang, W. Zhang, M. Li and S. X.- An Zhang, J. Mater.
Chem. C, 2016, 4, 1527-1532.

(a) S.-J. Yoon, J. H. Kim, K. S. Kim, J. W. Chung, B. Heinrich, F. Mathevet, P.
Kim, B. Donnio, A.- J. Attias, D. Kim and S. Y. Park, Adv. Funct. Mater., 2012,

128



17.

18.

19.

20.

21.

22.

22,6169; (b) D. Zhang, Y. Liu, H. Gao, Q. Changa and X. Cheng, J. Mater. Chem.
C, 2020, 8, 1747417481; (c) K. A. N. Upamali, L. A. Estrada, P. K. De, X. Cai, J.
A. Krause, and D. C. Neckers, Langmuir, 2011, 27, 1573—-1580.

(a) T. Ikeyama, C. Kabuto and m. Sato, J. Phys. Chem., 1996, 100, 19289—-19291;
(b) H. Goerner, J. Phys. Chem., 1989, 93, 1826—-1832; (c) T. lkeyama and T.
Azumi, J. Phys. Chem., 1985, 89, 5332-5333.

H. J. Kim, J. Gierschner, S. Y. Park, J. Mater. Chem. C, 2020, 8, 74177421.

S. J. Yoon, J. W. Chung, J. Gierschner, K. S. Kim, M. G. Choi, D. Kim, S. Y.
Park, J. Am. Chem. Soc., 2010, 132, 1367513683.

(a) J. Fan, L. Lin and C.- K. Wang, Phys. Chem. Chem. Phys., 2017, 19, 30147-
30156. (b) C. Wang and Z. Li, Mater. Chem. Front., 2017, 1, 21742194, (c) S.
Xue, X. Qiu, Q. Sun and W. Yang, J. Mater. Chem. C, 2016, 4, 15681578.

(a) Y. Cai, X. Ji, Y. Zhang, C. Liu, Z. Zhang, Y. Lv, X. Dong, H. He, J. Qi, Y.
Lu, D. Ouyang, W. Zhao and W. Wu, Aggregate, 2023, 4, €277; (b) L. L. Bras,
K. Chaitou, S. Aloise, C. Adamo and A. Perrier, Phys. Chem. Chem. Phys., 2019,
21, 4656.

(a) Z. Wei, Z. - Y. Gu, R. K. Arvapally, Y.- P. Chen, R. N. McDougald, J. F. Ivy,

A. A. Yakovenko, D. Feng, M. A. Omary and H.- C. Zhou, J. Am. Chem. Soc.,
2014, 2014, 136, 8269-8276; (b) K. Kokado, R. Taniguchi and K. Sada, J. Mater.
Chem. C, 2015, 3, 85048509; (c) T. Hirose, K. Higashiguchi and Matsuda, K. S,
Chem. Asian J., 2011, 6, 1, 0571063.

129



Chapter 5

Multistimuli Responsive Emission in Cholesterol
Appended Cyanostyryl Thiophene Positional
Isomers with Liquid Crystalline Properties
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5. 1 Abstract

The present work describes the synthesis of two cholesterol appended cyanostyryl
thiophene positional isomers CS-1 and CS-2 and their stimuli responsive solid-state
emission and liquid crystalline properties. Both compounds showed enhanced emission
in the solid state due to the aggregation-induced emission. Interestingly, CS-1 and CS-2
showed emission switching under the influence of thermal and/or mechanical stimuli. The
difference in emission properties of pristine CS-1 and its melt-processed sample CS-1M
is attributed to the formation of two different crystalline phases. The powder X-ray
diffractogram simulated from the single crystal X-ray diffraction data of CS-1 and CS-
IM showed similar features indicating that the molecules in the melt-cooled phase adopt
a packing similar to the one observed in the single crystal. In addition to heat-induced
changes in fluorescence properties, compound CS-2 showed mechanofluorochromism
and methanol vapour-induced reversible emission switching. The observed emission
switching in CS-2 under thermal and shear stress was due to crystalline to amorphous
transition. The emission recovery from the grounded sample of CS-2 under methanol
vapours was attributed to the reversible transition from amorphous to a crystalline phase
similar to pristine CS-2. A detailed analysis of various photophysical parameters of
compounds under different stimuli is reported. The liquid crystalline properties of the
compounds were studied using polarizing optical microscopy (POM) and differential
scanning calorimetry (DSC). Both CS-1 and CS-2 showed the formation of an
enantiotropic cholesteric (N*) liquid crystalline phase. Interestingly, the N* phase was

stabilized down to room temperature in a glassy state.
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5.2 Introduction

Cyanostyrylbenzenes are an important class of compounds with
aggregation-induced emission and multistimuli response.'? Stimuli-responsive
cyanostyryl systems were studied by various research groups and established the
role of diverse packing modes in the solid state emission.>* In one of the
explorations, Park and coworkers demonstrated the mechanochromic emission
switching in alkyloxy substituted symmetrical dicyanodistyrylbenzene and
established the crucial role of molecular arrangement in the observed stimuli
response.” In addition, the report on different polymorphic crystals of
dicyanodistyrylbenzene derivatives revealed the dependence of intermolecular
interaction in the solid-state emission.® A report by Fan et al. demonstrated the use
of positional isomerism obtained by suitably placing the cyano group on the
stilbene unit in achieving tunable solid state emissions.” A recent report
demonstrated the positional isomerism modified intramolecular charge transfer to
create molecular assemblies with switchable emission.®° Hence positional isomers

are good candidates for stimuli responsive emission behaviour.
5.3 Scope of the present investigation

The positional isomerism has evolved as an indispensable tool in generating materials
with varied emissions in the solid state from a single structural unit. Herein, we synthesize
two cholesterol based compounds CS-1 and CS-2 (Scheme 5.1) containing cyanostyryl
thiophene as fluorophore to explore the role of positional isomerism on solid-state
emission behaviour. The present molecular design comprised appending a mesogenic
cholesterol moiety to the cyanostyryl thiophene luminescent core that is conducive for
stabilizing liquid crystalline phases.!®!! Liquid crystals with luminescent properties are
demonstrated to be an ideal class of functional materials for the next generation of
electronic and optoelectronic devices.!? Inducing liquid crystallinity to luminescent cores
or doping fluorescent dyes into the mesophase has been the strategy to obtain luminescent
liquid crystals.!>® In addition to the liquid crystalline properties, the present report aims
to demonstrate the multistimuli responsive emission behaviour in CS-1 and CS-2 and

explores the structural origin of observed switchable emission properties.
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Scheme 5.1: Structure of cholesterol functionalized cyanostyrylthiophene derivatives,

CS-1 and CS-2.
5.4 Experimental Section

Solvents and chemicals for the synthesis and photophysical studies were
purchased from Sigma Aldrich, Alfa Aeser, TCI and used without further purification.
The 'H NMR and '3C NMR spectra were obtained from a Bruker Avance 400 MHz
spectrometer operating at room temperature. Photoluminescence spectra and lifetime
experiments were performed using Fluorolog-3 with TCSPC spectrofluorometer (model
FL 3C-221). The mass spectra of the compounds were recorded on a Waters Xevo G2 XS
QToF mass spectrometer. The single crystal X-ray diffraction data of CS-1 was collected
on Bruker D8 Venture diffractometer attached with PHOTON II detector with CMOS-
sensor. The data collection was conducted at room temperature using CuK o (A=0.15418
nm) radiation operated at 50 kV and 40 mA. The powder X-ray diffraction data was
collected using PANalytical X'Pert3 Powder X-ray diffractometer
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5.4.1. Synthesis of 2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-10,13-dimethyl-
17-(6-methylheptan-2-yl)-1H-cyclopentala]phenanthren-3-yl 4 (cyanomethyl)
phenylcarbamate, 1

The compound 1 was synthesized following the reported procedure.'? 2-(4-aminophenyl)
acetonitrile (5 mmol) is dissolved in minimum quantity of dichloromethane and cooled
to 0 °C in an ice bath. The cholesterol chloroformate (4.8 mmol) was added to the reaction
mixture followed 0.5 ml pyridine and stirring was continued for 6 hours. The reaction
mixture was washed with water and extracted with dichloromethane. Combined organic
layers were washed with brine, and dried over Na>SOs. Solvent was evaporated and the
residue was purified by column chromatography on silica gel using hexane ethyl acetate
(4/1) as eluent to afford compound 1 as a colourless crystalline solid on re-crystallization
form ethyl acetate. The product was characterized using 'H NMR and *C NMR
spectroscopy (Figure 5.1 and 5.2).

Yield: 87 %, '"H NMR (400 MHz, CDCI3) § (ppm): 0.67 (s, 3H), 0.87 (m, 6H), 0.91 (¢, J
= 6 Hz, 3H), 0.98 (m, 6H), 1.13 (m, 7H), 1.29 (m, 4H), 1.47 (m, SH), 1.62 (m, 1H), 1.91
(m, 5H), 2.38 (m, 2H), 3.69 (s, 2H), 4.59 (m, 1H), 5.40 (m, 1H), 6.57 (s, 1H), 7.24 (d, J
=8 Hz, 3H), 7.38 (d, J = 12 Hz, 2H).

13C NMR (400 MHz, CDCl3) & (ppm): 11.87, 18.71, 19.34, 21.04, 22.57, 22.83, 23.02,
23.83,24.29, 28.02, 28.07, 28.24, 31.86. 35.80, 36.18, 36.57, 39.51, 39.72, 42.31, 49.99,
56.12, 56.68, 75.18, 117.94, 119.00, 122.87, 124.38, 128.64, 137.99, 139.49, 152.90.

5. 4.2 General method for the synthesis of the compounds CS-1and CS-2.

The compounds CS-1 and CS-2 were synthesized by adopting reported procedures
incorporating suitable modifications (Scheme 5.2).!* The compound 1 (545 mg, 1 mmol)

and thiophene-2-carbaldehyde or thiophene-3-carbaldehyde (1 mmol) were dissolved in
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Scheme 5.2: Synthetic route to CS-1 and CS-2

a mixture of 'BuOH (11 ml) and THF (5 ml) at 50 °C. '‘BuOK (0.11 ml of a 1 M solution
in THF, 0.11 mmol) and n-BusNOH (1 ml of a 1 M solution in MeOH, 1 mmol) were
added. An orange precipitate started to form immediately and was stirred for 15 minutes
at 70 °C. The reaction mixture was cooled to room temperature and poured into acidified
methanol (50 ml containing 1 drop of conc.CH3COOH). The resulting precipitate was
filtered and washed with methanol. The compounds were further re-precipitated 5 times
from dichloromethane solutions by adding excess methanol and the products were

charecterized by 'HNMR, '*CNMR (Figure 5.3 to 5.6) and mass spectral analysis.

Compound CS-1: Yield: 87 %, M.P. 188 °C, '"H NMR (400 MHz, CDCI3) § (ppm): 0.69
(s, 3H), 0.86 (d, 3H, J =1.84 Hz), 0.88 (d, 3H, J = 1.84 Hz), 0.92 (d, 3H, J = 6.52 Hz),
0.99 (m, 3H), 1.04 (s, 4H), 1.13 (m, 7H), 1.24 (m, 2H), 1.35 (m, 3 H), 1.49 (m, 5H), 1.66
(m, 1H), 1.86 (m, 2H), 1.99 (m, 3H), 2.42 (m, 2H), 4.62 (m, 1H), 5.42 (m, 1H), 6.66 (s,
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1H), 7.41 (m, 1H), 7.47 (d, 2H, J = 1.96Hz), 7.59 (m, 2H), 7.76 (dd, 1H, J = 5.16Hz and
1.32 Hz), 7.92 (m, 1H).

13C NMR (400 MHz, CDCI3) § (ppm) 11.87, 18.72, 19.34, 21.05, 22.57, 22.83, 23.84,
24.29,28.02, 28.23, 31.87, 31.91, 35.80, 36.18, 36.58, 36.95, 38.42, 39.52, 39.72, 42.32,
50.00, 56.13, 56.68, 75.31, 109.36, 118.45, 118.67, 122.92, 126.54. 126.63, 127.33,
128.95, 129.02, 134.05, 136.11, 138.87, 139.47, 152.69. HRMS (ESI) m/z calculated
638.3906; Found: 639.4040 [M-+H]".

Compound CS-2: Yield: 83 %, M.P. 179 °C, '"H NMR (400 MHz, CDCI3) § (ppm): 0.69
(s, 3H), 0.88 (m, 6H), 0.93 (t, 3H, J = 6Hz), 1.01 (m, 6H), 1.12 (m, 7H), 1.30 (m, SH),
1.48 (m, 5H), 1.63 (m, 2H), 1.92 (m, SH), 2.41 (m, 2H), 4.62 (m, 1H), 5.41 (d, 1H, J =
4Hz), 6.68 (d, 1H, J = 4Hz), 7.15 (m, 1H) 7.45 (m, 1H), 7.47 (m, 1H), 7.53 (t, 1H, J =
4Hz), 7.58 (t, 2H, J = 8Hz), 7.65 (t, 1H, J = 4Hz).

3C NMR (400 MHz, CDCI3) § (ppm) 11.87, 18.72, 19.34, 21.05, 22.57, 22.83, 23.84,
24.29, 28.02, 28.24, 31.87,31.91, 35.80, 36.18, 36.58, 36.95, 38.42, 39.52, 39.72, 42.32,
50.00, 56.13, 56.68, 75.31, 107.79, 118.17, 118.70, 122.93, 126.49, 127.83, 128.65,
129.68, 132.00, 132.87, 138.08, 138.91, 139.47, 152.78. HRMS (ESI) m/z calculated
638.3906; Found: 639.3990 [M+H] ".
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Figure 5.1: '"H NMR spectra of Cholesterol appended 2-(4-aminophenyl)acetonitrile, 1 in CDCl3

137



K0 —

a

i

_;p
-—f
3
ELEN'IS~, ——
T1H9'95~
T —s
T
1
3
RO 0T — =
=
3
ERITRIL~, . -
004 BT :
TLTBETL, N
LEGESEL S T
BETH (2T 3
QPSS RET - ——
MBI o5
OO0 ZET = —
PO ZEL
LSLVRELS,
EFTEBEL— -
SO BET
BELLZSE—

o0

T
o0

110

T
120

130

Figure 5.2: '* C NMR spectra of Cholesterol appended 2-(4-aminophenyl)acetonitrile, 1 in CDCl;

138



L
LU
' A
e
feas
L
Id
o

B
=5

F001

Lk
g

=501
507

Rk
Bl
=107

1.0 a5 0o

1.5

6.5 (=i} LS A 4.5 4.0 3c 3.0 2L 20
f1 (ppm}

70

2.0

"H NMR spectra of CS-1 in CDCl;

Figure 5.3

139



FILETTA

O
LETER,
.EﬂE\'i-E“k
£HE'SEY
EERT9E-)
I
ObS6:3E7
biLTd
esse-]
TEL46ES
16T
Ob 05—

BHETDG
678Y 95

ﬂﬂE'Si'l
ST04%-

&

FREELL-

RSERIT—

GHEE I

ELLVETIY,
LOTEZETA

BEPE T,
Eﬂ'EE'QEl'lL
BETE LT
[T i e
SER0BLT-

S0 T
1T
SLLARET-
WFBET-"

L1LETET=

e

itk
L o b

Lo

L

b

ik il

-

T
ELin]

T
1x0

1

2 (ppm)

110 =0

T
140 130

T
150

Figure 5.4: >°C NMR spectra of CS-1 in CDCl;

140



—TT

oo

7.5 0 EE £0 55 50 4z 40 3z 30 25 2.0 1.5 1.0 0.5 0.0
f1 {ppm}

8.0

"H NMR spectra of CS-2 in CDCl;

Figure 5.5

141



e

4640114
O0TL1
TZERL Y|
[raigra (8
SEASTT

T2

iBEET
T
§520°%2-
EREE"$E
BCTIE
GOTE'[E

SE0EY
ST 9E
185796
BTS5 ¥
ihit'ﬁi"lr
HIsHE ]
§ERL9E
R
BEEEER —

brdi ko
[{i-E e

QF1ES L —

fRaT—

EFEBII
SOLEBLL

BT —

e (e

1o

0

™

100

110

120

1 £ pemo)

13C NMR spectra of CS-2 in CDCls

Figure 5.6

142



5. 5 Results and Discussion

5.5.1 Solution and solid state photophysical characterization

The absorption spectra of compound CS-1 and CS-2 were recorded
from their dilute solutions in THF (1 puM) and the spectra showed
single band centered at 343 nm and 363 nm respectively (Figure
5.7). The UV-visible absorption spectra showed a shift in the
absorption maximum attributed to the difference in conjugation
length originating from positional isomerism. Figure 5.8 shows the

fluorescence spectra of compound CS-1 and CS-2

0.10 4

0.08 4
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o

»N
1

Intensity, a.u
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0.00 ;
300 350 400 450
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Figure 5.7: UV-visible absorption spectra of CS-1 (blue curve) and CS-
2 (red curve) in THF (1 uM)
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Figure 5.8: Solution state emission spectra of CS-1 (blue) and CS-2
(red) (Aex =370 nm) in THF (1 pM).

recorded by exciting at 370 nm. The compound CS-1 showed multiple
bands centered at 404 nm, 430 nm, and 455 nm respectively and a
comparable emission spectrum with a negligible wavelength shift was
observed for CS-2. The observed shoulders besides the emission
maximum in the emission spectra of CS-1 and CS-2 can be attributed to
the emission from different vibrational levels. Figure 5.9a shows the
emission spectra recorded on pristine solid samples of CS-1 and CS-2
by exciting at 370 nm. The compound CS-1 showed a single band

centered at 475 nm while CS-2 showed two bands centered respectively
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Figure: 5.9 (a) Solid state emission spectra of CS-1 (blue) and CS-2

(red) (Aex = 370 nm) and (b) Transient decay of emission recorded for
CS1 (blue, A ex=370 nm, A em= 430 nm,) and pristine CS2 (red, A x= 370

nm, A em= 428 nm,) from THF solutions
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at 447 nm and 555 nm with broad emission towards longer wavelength
region. The red shift in the solid state emission spectra of CS-1 and CS-
2 in comparison to that recorded from their solutions in THF can be
attributed to the formation of aggregates in the solid-state. To explore the
solution state emission properties of CS-1 and CS-2 in detail, the
emission quantum yield and lifetime were recorded from dilute solutions
of compounds in THF. Both the compounds showed comparable lifetime
(Table 5.1 and Figure 5.9b) and quantum yield values. The lower
quantum yield and radiative decay rate constants for CS-1 (®r = 0.013,
kar = 5. 39 x107 ns') and CS-2 (®r = 0.015, kn=5. 24 x107 ns™)

represents the weakly emissive nature of the compounds in solution.

Table 5.1: Fluorescence wavelength maximum, fluorescence quantum
yield, and an average lifetime of different emitting states of CS-1, and
CS-2. Radiative and non-radiative rates (kr, ko) were calculated using

the equation kr = ¢r/tr and tr = (kr + knr)™! (Sol-Solution)

Phases Aem (Nm) ¢r Tr (nS) kr(ns')  Kkar(ns?)
CS-1 430 0.013 2.42 5.38 x1073 0.41
Sol

CS-2 428 0.015 2.86 5.24x10° 0.34
Sol

CS-1 474 0.45 0.85 0.54 0.65
CS-1IM 495 0.13 1.01 0.13 0.86
CS-2 447 0.30 0.10 3.00 7.18
CS-2G 472 0.63 0.18 3.45 2.05
CS-2M 492 0.68 0.34 2.01 0.95
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5.5.2. Aggregation induced emission in CS1 and CS2

To corroborate the aggregation induced red shifted emission in the solid
of CS-1 and CS-2, the compounds were tested for similar behavior in
their solution phase by mixing different fractions of water in THF
solution. Figure 5.10a shows the emission spectra of CS-1 recorded from
the solutions in THF/water mixtures by varying the water fraction from
0 to 90 %. It is noteworthy that the spectral intensity was decreased on
increasing the water fraction up to 50 % and a concomitant intensity
enhancement was made in the case of CS-1 with a red shift in emission
maximum on increasing the water fraction above 50 % (Figure 5.10).
There is an enhancement in the emission intensity of CS-1 on increasing
in poor solvents like water. A similar observation was made in the case
of CS-2 with a red shift in emission maximum (Figure 5.10b). The
comparison of emission intensity for THF solution containing a water
fraction of 90 % to pure THF solution showed 2.2 and 1.3-times intensity
enhancement for compounds CS-1 and CS-2 respectively (Figure 5.11).
The observed intensity enhancement at high concentrations of poor
solvents like water is due to the formation of aggregates in solutions,
where this is a clear evidence of aggregation induced enhanced emission

(AIEE) in CS-1 and CS-2.
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Figure 5.10 Emission spectra of (a) CS-1 and (b) CS-2 recorded in

THF/water mixtures (50 M) by varying the water fraction. (Aex = 370

nm.
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5.5.3. Stimuli-responsive emission in CS-1 and CS-2

To explore the stimuli responsive emission in molecules CS-1 and
CS-2 the pristine samples of both compounds were subjected to
multiple stimuli. Figure 5.12 shows the emission spectra recorded
for the pristine CS-1 and melt solidified sample of CS-1 (CS-1M).
A striking observation can be made from the spectra that the melt
solidified samples (red curve) show a red-shifted emission in
comparison to the emission from the pristine sample (blue curve)
with a corresponding change in emission colour from cyan to bluish
green under 365 nm light (Figure 5.12a and Figure 5.13a). The red
shift in emission from melt solidified sample can be attributed to
the heat induced phase modification with a different molecular
arrangement as compared to pristine CS-1. Figure 5.13b shows the
stimuli responsive emission switching in compound CS-2. In
contrast to CS-1, compound CS-2 respond to multiple stimuli such
as heat, mechanical stress, and solvent vapours. The pristine sample
of CS-2 showed a spectrum with two major bands centered at 436
nm and 551 nm (blue curve) with blue emission colour under 365
nm illumination (Figure. 5.12b), while the sample with applied
shear stress (CS2-G) showed a red shift in spectrum with emission
maximum centered at 474 nm (green curve) and bluish green
emission colour. The compound CS-2 after melt processing (CS-
2M) showed a maximum redshift in emission spectrum centered
around 495 nm with broad emission towards the longer wavelength

side along with a green colour emission compared to the pristine
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Figure 5.12: Stimuli responsive emission in compounds CS-1 and CS-
2: (a) Emission from a pristine sample of CS-1 (blue) and emission from
melt solidified CS-1 (CS-1M, red). (b) Emission from a pristine sample
of CS-2 (blue curve), melt solidified CS-2 (CS-2M, red) and ground
sample of CS-2 (CS-2G, green) and emission from sample obtained on

exposure to methanol vapours (cyan).
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Figure: 5.13: Fluorescent microscopic images of different phases
of (a) CS-1 and (b) CS-2 samples under different stimuli (Aex = 365

nm).

sample. The ground sample CS-2G showed a methanol vapour
induced recovery with emission comparable to that of pristine

sample of CS-2 (Figure. 5.12b and Figure 5.13b (cyan curve).

5.5.4 Comparison of photophysical properties of different
phases of CS-1 and CS-2.

The observed switchable emission properties under various
stimuli can be explored by analyzing the photophysical parameters such
as emission lifetime and quantum yield of different phases. Table 5.1
shows the photophysical parameters of compounds CS-1 and CS-2 and
their other emissive phases formed by applying stimuli such as heat and
shear stress. It is noteworthy that phase CS-1M showed a sharp decrease
in emission quantum yield in comparison to the pristine CS-1, while the

fluorescence lifetime of both phases was comparable (Table 5.1 and
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Figure 5.14a). Comparatively high nonradiative decay constant (kn=
0.86 ns!) in CS-1M can be attributed to various quenching pathways
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Figure 5.14: (a) Transient decay of emission (Aex = 370 nm) (a) pristine
CS1 (blue, Aem =474 nm) and melt solidified sample CS-1M (green, Aem
=495 nm) (b) pristine CS2 (blue, Aem = 447 nm), melt solidified sample
CS-2M (red, Aem = 492 nm), and ground sample CS-2G (green, Aem =
472 nm).
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operating in this phase which in turn reflected in decreased emission
quantum yield. Figure 5.14b shows the transient decay of fluorescence
in different phases of CS-2. The various phases of CS-2 showed
appreciable differences in lifetime and quantum yield (Table 5.1). The
phases CS-2M and CS-2G showed a twofold increase in quantum yield
in comparison to CS-2 (Table 5.1). The relatively higher k; value in
comparison to knr values of CS-2M and CS2-G is reflected in the
enhanced quantum yield of these phases. The pristine CS-2 with a higher
knr value showed a lower emission quantum yield. The broad emission
spectra with enhanced emission quantum yield and lifetime of CS-2M
and CS-2G under applied stimuli can be due to the formation of
amorphous states with different types of molecular arrangement with

varying levels of dipolar coupling.?!
5.5.5. Analysis of powder and single crystal X-ray diffraction data

To unravel the mechanism behind the stimuli responsive emission
switching in CS-1 and CS-2 the powder X-ray diffractograms were
recorded on different phases of CS-1 and CS-2. Figure 5.15a shows
the powder X-ray diffractograms recorded for CS-1 (red curve),
CS-1M (blue curve), and the diffractogram simulated from single
crystal X-ray diffraction data (black curve). The diffractogram of
CS-1M showed a dissimilar diffraction pattern in comparison to the
pristine CS-1 indicating that both CS-1 and CS-1M comprise
different crystalline phases thereby resulting in different solid-state

emissions. The notable changes in diffractograms indicate that
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Figure 5.15: Powder X-ray diffractograms of (a) pristine sample of CS-
1, (blue) CS-1M (red) and diffraction pattern simulated from single
crystals X-ray diffraction data of CS-1 (black). (b) Pristine sample of
CS-2 (blue) CS-2G (green) CS-2M (red) and solvent recovered CS-2
(black).
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the crystalline structure in CS-1 is changed on thermal treatment
resulting in CS-1IM with red shifted emission. Remarkably, the
diffractogram of the melt solidified sample closely resembles the powder
X-ray diffractogram simulated from single crystal X-ray diffraction data
(black curve), where this is a clear indication of comparable molecular
arrangement in CS-1M and single crystals of CS-1. Figure 5.15b shows
the powder X-ray diffractograms recorded on different phases of CS-2.
The pristine CS-2 showed a crystalline nature as indicated by the sharp
peaks present in the diffractogram (blue curve) while the diffractograms
recorded for the ground (CS-2G, green curve) and melt solidified (CS-
2M, red curve) phases were featureless. The CS-2G exposed to methanol
vapours showed the recovery of pristine CS-2 (Figure 5.15b, black
curve) as indicated by the comparable diffraction patterns. From the
comparison of powder X-ray diffractograms, it is evident that the
emission switching in CS-2 under shear stress and thermal treatment is
attributed to the crystal to amorphous transition, while the emission
recovery under methanol vapours is due to the amorphous to crystalline

transition.

~ 3, g < S
< 9 e \
\ e ST 2 M

Figure 5.16: ORTEP plot of the asymmetric unit present in the single
crystals structure of CS-1 (ellipsoids are drawn at 50 % probability, and

hydrogen atoms are removed for clarity).
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Figure 5.17: Intermolecular interactions present in alternating molecular

layers found in the crystal structure of CS-1.

To study the structure and molecular packing of conformation in
solid state, single crystal X-ray diffraction studies were conducted on
crystals of CS-1 (Table 5.2). The compound CS-1 resulted in good
quality single crystals on slow evaporation from a dilute solution in
toluene while the crystallization of CS-2 did not result in quality single

crystals. The molecule CS-1 crystallized in P2 space group with two
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Table 5.2: Crystallographic and structure refinement details of CS-1.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)

F (000)

Crystal size

Theta range for data collection
Index ranges

-22<=1<=22

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Max. and min. transmission
Goodness-of-fit on F2

Final R indices [I>2sigma(])]
R indices (all data)

Largest diff. peak and hole
CCDC NO

C41 H54N2 02 S
638.92

296(2) K

0.71073 A

Monoclinic

P21

a=18.357(11) A

a=90°.

b=12.475(7) A
B=115.78(2) °
c=18.564(13) A

= 90°.

3828(4) A3

4

1.109 Mg/m3

1384

0.396 x 0.189 x 0.114 mm3
2.464 to 25.496°.
-22<=h<=22, -15<=k<=15,

108710

14206 [R(int) = 0.0836]
99.7 %

0.7455 and 0.6707

1.107

R1=0.0703, wR2 =0.1309
R1=10.1327, wR2 =0.1616

0.354 and -0.201 e.A-3
2293176



complete molecules in the asymmetric unit (Figure 5. 16). The molecules
showed different level twists in the cyanostyrylthiophene unit with an
angle of 26° and 23°. The molecules pack in layers with different types
of hydrogen bonding interactions in alternate layers. Figure 5. 17 shows
the hydrogen bonding interaction in one of the layers where the
molecules show an anti-parallel arrangement connected through NH---N
(H--N, 2.307 A) and CH---O (H---O, 2.704 A) interactions. The second
molecular layer showed a single NH--N (H---N, 2.257 A) interaction
between the molecules (Figure 5.17b). The molecular packing of CS-1
showed a slipped arrangement of molecules along the molecular long

axis.
5.5.6. Liquid crystalline properties

The most commonly used method to study the liquid crystalline
properties of compounds is the polarizing optical microscopy (POM)
which reveals the characteristic texture of a phase.?” The optical textures
of compounds CS-1 and CS-2 were observed in thin layers of the sample
between two glass plates. A study using differential scanning calorimetry
(DSC) was conducted as a complementary tool to textural observations
to know the precise transition temperatures and the enthalpy changes
associated with the phase transitions. Both the compounds were found to
be liquid crystalline. The chiral nematic (N*) phase was stabilized in
both CS-1 and CS-2 over a very wide temperature range. The N* phase
was identified based on the characteristic oily streak texture for both
compounds. Transition temperatures and phase sequences observed for

both compounds are summarized in Table 5.3.DSC thermograms of
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FigureS.18: DSC traces of CS-1 (a) First heating and first cooling and
(b) first cooling and second heating, and CS-2 (c) First heating and first

cooling and (d) first cooling and second heating recorded at a scan rate

—— Ist heating

—— Ist cooling
2nd heating

—— 2nd cooling

50 100 150 200
Temperature, °C

A N
— Ist heating
—— Ist cooling
2nd heating
—— 2nd cooling
50 100 150 200 250

Temperature, °C
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Figure 5. 19 Small angle X-ray diffraction pattern of (a) CS-1 and (b)
CS-2 at different temperatures

these compounds in the first heating and cooling and second heating
and cooling are presented in Figure 5.18. The DSC thermograms of
both compounds exhibited crystal-to-crystal transitions before

melting

Table.5.3: Phase sequence and transition temperatures (°C) obtained
from DSC thermograms during the first heating and cooling cycles at
5°C min!.

Compound Phase sequence transition temperature in °C and the
corresponding enthalpies in KJ/ mol [in brackets]; Cr
= Crystal; N* = Chiral Nematic; Iso = isotropic

CS-1 Heating: Cr 189.5 [21. 59] N* 235.9 [0.69] Iso
Cooling: Iso 226.7 [0. 45] N* 73.6 glassy N*

CS-2 Heating: Cr 180.6[23 .1] N* 242.6 [0.53] Iso
Cooling: Iso 223.0 [0. 45] N* 91.2 glassy N*
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to a mesophase. Compound CS-1 on heating melt to N* phase at 184.2
°C. On further heating, a chiral nematic to isotropic transition occurred
at 230.8 °C. On cooling from the isotropic phase, the N* phase appeared
at 226.7 °C confirming the mesophase to be enantiotropic. Interestingly,
the compound did not undergo crystallization on cooling to room
temperature. On cooling to room temperature, no change in the oily
streak texture of the N* phase was observed. However, the fluidity of the
N* phase was arrested at 75.6 °C indicating the formation of glassy
cholesteric phase. A shear test at a temperature below the glass transition
confirmed the glassy nature of the cholesteric phase. A corresponding
broad peak in the DSC further confirmed this transition. To confirm the
phase to be a glassy chiral nematic even at room temperature, X-ray
diffraction measurements were carried out in the liquid crystalline phase
at various temperatures including room temperature ( Figure5.19). The

intensity versus diffraction angle (268) profile obtained from the

diffractogram in the mesophase of CS-1 at various temperatures
displayed no lower-angle peaks indicating the absence of any other LC
or crystalline phases.Irrespective of the rate of cooling, the formation of
the glassy phase was observed here. However, leaving the sample at
room temperature over time led to crystallization as indicated by the
PXRD pattern of the melt-cooled sample of CS-1M (Figure 5.15a, red
curve). Thus, stabilizing the helical supramolecular order of the N* phase
at room temperature. Subsequent heating of the sample from the glassy
N* phase led to heat induced crystallization at about 125 °C. All these
phase transitions observed under POM were also confirmed by DSC
scansof the sample (Figure 5.18). Similar to CS-1, its positional isomer

CS-2 also exhibited an enantiotropic cholesteric phase with glass
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Figure 5.20: Polarizing optical photomicrograph of of (a) CS-1 showing
(a) characteristic oily streak texture of the N* phase at 188 °C and (b)
CS-1 showing glassy N* phase obtained at room temperature(c) CS-2
showing characteristic oily streak texture of the N* phase at 207 °C and
(d) CS-2 glassy N* phase at room temperature forming property in room
temperature. On the first heating cycle, compound CS-2 melts to N*
phase at 179.3 °C (Figure. 5.20a) and then from N¥* to isotropic
transition at 244.0 °C. Compared to CS-1, a wider range of N* phase was
stabilized for its positional isomeric compound CS-2. Cooling from the
isotropic phase resulted in a transition to N* phase that later transformed
into a glassy N* phase at 94.8 °C. Compound CS-2 was also found to
stabilize cholesteric mesomorphic order in the glassy state at room

temperature (Figure 5.20b). One notable change in the mesomorphic
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property of CS-2 to that of CS-1 was that the former compound did not
exhibit any heat induced crystallization of the sample on subsequent
heating cooling cycles. The positional isomerism obtained by the
difference in connectivity of cholesterol appended cyanostyryl unit to
thiophene moiety gives rise to unmatched photophysical properties in the
solid state of CS-1 and CS-2. The dissimilar stimuli responsive emission
properties of CS-2 in comparison to CS-1 can be attributed to difference
in molecular structure and packing.The poor susceptibility of CS-1 to
multiple stimuli can be attributed to the stronger intermolecular
interaction present in CS-1 as evident from single crystal structure
analysis. As indicated by the POM and DSC, both molecules on cooling
result in a cholesteric (N*) glass phase at room temperature. However,
the crystalline nature of the melt cooled sample of CS-1M can be
attributed to slow reorganization of molecules from cholesteric (N*)
glass phase to crystalline phase upon standing at room temperature over

time.

5.6 Conclusions

In summary, in this work, two cholesterol-appended cyanostyryl
thiophene positional isomers CS-1 and CS-2 were synthesized, and
their stimuli-responsive solid-state emission and liquid crystalline
properties were investigated. The compounds CS-1 and CS-2 were
strongly emissive in solid states compared to their respective THF
solutions due to aggregation induced emission enhancement. Both
CS-1 and CS-2 showed thermal-induced changes in solid-state
emissions. In addition, CS-2 showed mechanofluorochromism with

reversible switching on exposure to methanol vapours. The dual
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state emission in the pristine and ground samples of CS-2 is
attributed to the formation of two different crystalline forms as
evident from powder X-ray diffractograms. The single crystal X-
ray diffraction data obtained for crystals of CS-1 showed various
hydrogen bonding interactions. The powder X-ray diffractogram
simulated from the single crystal X-ray diffraction data for CS-1
resembled the diffractogram obtained for melt-processed CS-1,
indicating both samples adopt a similar molecular packing. The
observed stimuli responsive emission switching in CS-2 under
thermal and shear stress can be attributed to their crystalline to
amorphous transitions. Reversibility in emission of the grounded
sample of CS-2 on exposure to methanol vapours is due to the
transition from amorphous to a crystalline phase akin to pristine
CS-2. The compound CS-1 showed decreased quantum efficiency
under thermal stimulus, while an increase in quantum yield was
observed with CS-2 under thermal and mechanical stimuli. Both
CS-1 and CS-2 exhibited an enantiotropic liquid crystalline phase
that stabilized as a glassy cholesteric (N*) phase at room
temperature. The present study demonstrated how a simple change
in the molecular design by bringing in positional isomers can lead
to subtle control over multistimuli responsive emission in solution,

solid state, and liquid crystalline properties.
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General Conclusion

The chapters of the thesis discuss the design, synthesis and photophysical
properties of cyanostyrene-based photoluminescent molecules in the
solution and solid states. The cyanostyrene moiety is functionalized with
various groups and flexible alkyl chains to explore the aggregation
induced emission and stimuli responsive emission in the solid state. The
role of positional isomerism in determining the solid state
photoluminescence properties of dicyanodistyrylbenzene derivatives is
explored in Chapter 3. The positional isomers of dicyanodistyrylbenzene
derives were obtained by varying the position of the octyloxy group on
terminal phenyl ring. A Knoevengel condensation of ortho, meta or para
octyloxy benzaldehyde with 2,2'-(1,4-phenylene)diacetonitrile resulted
in corresponding positional isomers CSO, CSM and CSP. All three
isomers showed AIEE behaviour in the solid state with red shifted
emission compared to the spectra recorded from the corresponding THF
solution of optical density 0.1. The ortho isomer which is less emissive
in the solid state showed a blue shifted emission with enhanced quantum
yield under applied mechanical stress. The meta isomer, which has the
highest number of intramolecular interactions, is insensitive to any
stimuli. The para showed tricolour emission switching under stimuli
such as heat, shear stress and dichloromethane vapour. The multistimuli
response in compound CSP is attributed crystal to crystal or crystal to
amorphous transitions under various stimuli. The study investigated the
contribution of various structural factors such as planarity of the -
system and molecular packing in the solid state using the structural

information obtained from single crystal and powder X-ray diffraction.
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In summary, single component tricolour emission switching and
mechanochromic blueshift in octyloxy substituted
dicyanodistyrylbenzene positional isomers by subtle tuning of multiple

stimuli such as pressure, temperature and solvents.

The synthesis, structure and luminescence properties of a series
of ortho alkyloxy substituted dicyanodistyrylbenzenes OCS-1 to OCS-
6 are reported in Chapter 4. All the molecules were weakly emissive
in 2-MeTHFsolutions at room temperature with structured bands.
The emission spectra recorded for all the compounds in 2-MeTHF
at 77 K with a delay of 0.5 ms showed redshifted emission spectra
in each case with lifetime in milli seconds indicating the
phosphorescence emission in these molecules. The importance of
restriction of intramolecular motion in achieving the stable triplet
state is substantiated in this work. The work in Chapter 4 also
studied the structural factors that affect the quantum yield of the
molecules OCS-1 to OCS-6 in a solid state. The alkyloxy
substitution in the ortho position of dicyanodistyrylbenzene
introduces molecular twist and rigid packing in the solid state which
plays a pivotal role in achieving dicyanodistyrylbenzene systems
with high quantum yields. The present report demonstrates the
importance of restriction of intermolecular motions in achieving the
stable triplet state and points out the interplay between the
molecular twist, and the structural rigidity in determining the

enhanced emission quantum yield.

Aggregation induced emission and stimuli responsive emission

properties of two cholesterol appended cyanostyryl thiophene positional
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isomers were explored in Chapter 5. Both the compounds were highly
emissive in solid states due the aggregation induced emission
enhancement. The compound CS-2 showed sensitivity to stimuli such as
heat, shear stress and methanol vapours, while CS-1 is sensitive only to
thermal stimuli. As evident from the powder X-ray diffraction data, the
formation of a different crystalline phase is responsible for the
thermochromic emission behaviour in CS-1. The single crystal X-ray
diffraction data obtained for crystals of CS-1 showed various hydrogen
bonding interactions in the crystals. The powder X-ray diffractogram
simulated from the single crystal X-ray diffraction data for CS-1
resembled the diffractogram obtained for melt-processed CS-1,
indicating both samples adopt a similar molecular packing. The observed
stimuli responsive emission switching in CS-2 under thermal and shear
stress can be attributed to the crystalline to amorphous transitions.
Reversibility in the emission of the grounded sample of CS-2 on
exposure to methanol vapours is due to the transition from amorphous to
a crystalline phase akin to pristine CS-2. The compound CS-1 showed
decreased quantum efficiency under thermal stimulus, while an increase
in quantum yield was observed with CS-2 under thermal and mechanical
stimuli. Both CS-1 and CS-2 exhibited an enantiotropic liquid crystalline
phase that stabilized as a glassy cholesteric (N*) phase at room

temperature.

In summary, the works in the thesis investigate the role of
molecular packing in the sold state emission properties of the cyanostyryl
systems functionalized with flexible alkyl moieties. The molecules

discussed in the thesis are designed to demonstrate the role of the

170



structural features of the molecules on solid state emission and its stimuli
responsive switching. The study also probes how positional isomerism
brings about incomparable photophysical properties in the cyanostyrene
class of molecules. The study explores fine structural features that
contribute to aggregation induced emission and stimuli responsive
emission in m-conjugated systems. This investigation can contribute to
the design and synthesis of novel n-conjugated molecular systems with

aggregation induced emission and stimuli responsive emission proper
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Recommendations

Cyanostyrene based systems are known for their prominent solid
state luminescence properties and stimuli responsive behaviour in
the solid state.' A fine tuning of the emission properties in the
solid state can be achieved by controlling the functional moieties
on cyanostyrene core or molecular packing. The
photoluminescence properties of most of the cyanostyrenes
derivatives are highly sensitive towards various stimuli where a
small disturbance in the structure gives rise to visible change in the
emission properties.>*® To account for the stimuli responsive
emission properties a detailed analysis of photophysical properties
in conjunction with structural variation under stimuli applied
condition is relevant.

The crystals of compound CSP discussed in Chapter 3 showed
temperature-dependent dynamic emission switching where these types
of systems are rare in literature.!® It is expected that the observed
dynamic emission switching in crystals CSP originates from the
switching of planarity under the influence of temperature as indicated by
the temperature-dependent X-ray diffractograms. In this regard, an
investigation of temperature dependent emission study on the crystals of
CSP is proposed. Since the molecule is highly sensitive to thermal
stimuli a detailed study regarding the structure-property correlation at
higher temperatures is quite promising. The temperature dependent
emission and related structural contribution can be probed using various
methods such as temperature dependent photoluminescence

spectroscopy, temperature dependent Raman spectroscopy and variable
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temperature powder X-ray diffraction. The temperature dependent

dynamic emission switching can be explored in temperature sensors.

Since the compound CSP is sensitive to mechanical stress and
detailed study on structural origin of pressure dependent emission can be
carried out using the pressure dependent Raman and photoluminescence
spectroscopy. The pristine and ground forms of the para derivatives
showed relatively good quantum efficiency, hence the stress and strain
sensing applications of CSP can be envisaged. Detailed analysis of phase
relation requires further exploration involving spectroscopic and

microscopic studies can be carried out.

The ortho alkyloxydicyanodistyrylbenzene derivatives discussed
in Chapter 4 showed a dependence on the molecular packing in the
crystalline state. A theoretical exploration to understand the energy
levels in the single molecules and in the crystalline state is also
recommended to obtain further insights into the observed properties. The
compounds CS-1 and CS-2 discussed in Chapter 5 showed the
formation of glassy chiral nematic phase along photoluminescence
properties hence the presence of circular polarized luminescence
properties can be envisaged. Since the molecule with inherently chiral
cholesterol group in the structure, a detailed investigation of CPL in both

solid state solution state is recommended.
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