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Abstract

Nature itself is a very beautiful complex system which manages everything single-handed
smartly. Nature has many interesting facts and materials which are still to be discovered. In
nature, we could found the natural molecular machine which we are trying to mimic in day to
day life for the ease of living. The solution by which nature tackle itself to the complex
problems etc., if we go on the count, there are plenty of unknown smart materials and facts
which scientist either try to reconstruct in the laboratory or to mimic the system. The present
thesis entitled “Development of Solid State Luminescent Smart Materials for Multi-
stimuli Probes” exactly depends on these following three aspects —

1) To understand the variuos facts of nature and mechanism to mimic in the laboratory.

2) To discover the factors which are responsible for being smart luminescent materials and

3) To utilize these materials for sensing such parameters which are very important in day to
day life.

The thesis divided into six chapters. In the first chapter, one can find the brief overview
about the concepts discussed in the thesis such as hydrogen bonding, fundamentals of
fluorescence, a mechanism such as Photoinduced Electron Transfer (PET), Excited State
Intramolecular Proton Transfer (ESIPT), Resonance Energy Transfer (RET) etc. and also
scope of the work.

In the chapter Secound, the detailed of all the materials, instrument utilized and the
methods used during the thesis are described.

The third chapter describe the role of hydrogen boding in multi stiumli sensing. The
chapter is divided into two parts. Part A describe the unexplored potential of an ESIPT and
AIE active benzothiazole type of Schiff -base (BTIP). The BTIP probe was capable of pH
sensing and was also tested for internalization in cancerous cells for intracellular imaging.
Part B describe on the vital role of hydrogen bonding to explain some unusual
photophysical behaviors of an ‘Aggregation-induced emission’ (AIE) active Iridium( I )
complex. The predominance of hydrogen bonding leads to the complex’s multifunctional
character, viz., sensing ability of base and protein (BSA), pH probing, and solvatochromism.
A robust green emission was obtained with the addition of BSA into a solution of Ir(l1l)
complex. The sensitivity of the complex to BSA was measured to be 9.3 pM.

The fourth chapter describe about the designed and synthesis of a simple novel
ultrasensitive viscosity triggered emission probe TPSI | which showed very weak

photoluminescence in a low-viscous environment. In contrast, in the high viscous medium,

Xiil



Abstract

photoluminescence of the probe even in the solid-state was due to the continuous motion of
the rotating units, which dissipated the excitation energy through non-radiative decay. The
ultra-sensitivity of the TPSI | probe to detect diminutive changes in viscosity was verified
through Forester Hoffmann equation (x= 1.02) and other experimental supports. Finally, the
viscosity dependent enhanced photo-luminescence intensity of TPSI | was analyzed using in
vitro studies. This work offers a potential and efficient probe for diagnosing of cancerous cell
in different state along with distinguishing cells that are exposed to pathological conditions.
This work thus offers a potential and efficient probe for detection of altered intra-cellular
viscosity or any fluctuations in the viscosity of normal, HUVECs and tumor cells was
monitored which can be utilized for pre-diagnosis of diseases.

The fifth chapter divided in two groups Part A and Part B. Part A again sub divided into
two sections. First section of part A describe simple ratiometric push—pull and ‘aggregation-
induced emission enhancement (AIEE)’ active pyrene based compound, 2-(pyren-1-
yl)pyridine ( PyPr). The synthesized compound was established as a highly selective and
sensitive multi-functional sensor that exhibits a ratiometric fluorescent response, detecting
nitro explosive (picric acid), [H* ion] and AI** [observed sensitivity: 56 nM (12.82 ppb) for
picric acid; 2.4 nM (0.27 ppb) for trifluroacetic acid; 2.3 nM (0.86 ppb) for AI**]. The probes
show emission tuning ability on varying their concentration in solution. Section- 11 of part A
is about the tuning of solid and solution phase emission with simple push-pull ‘Aggregation
Induced Enhanced Emission’ (AIEE) pyrene compounds for deeper understanding on the
mechanism for selectivity and sensitivity towards the nitro explosives with lowering the
detection limit upto ppt (parts per trillion) level. In Part B gives the reports on straightforward
strategy for the design and synthesis of highly luminescent conjugated mesoporous oligomers
(CMOs) with ‘Aggregation- induced enhanced emission’ (AIEE) feature through Wittig
polymerization of the molecular rotor. The quick dissipation of the excited photons was
successfully controlled by the restriction of rotation of the phenyl units through the for-
mation of the mesoporous network scaffold in solid/thin film, which provides the high
guantum yields for the interlocked CMOs system. Both the CMOs are sensitive and selective
to the various nitroaromatics based explosives, whereas CMOL1 is more sensitive (Ksy = 2.6 x
105 M) towards the picric acid. The increased quenching constant for CMO1 is due to its
increased quantum yield and high-energy transfer efficiency. The mechanism for sensing has
been studied in detail. The larger pore size and pore density in the mesoporous network of

CMO1 are found to be responsible for the greater extent of energy transfer from CMOL1 to
%
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picric acid. Furthermore, CMO1 has been employed for low-cost filter paper-based detection
of trace nitroaromatic containing explosive materials. The final sixth chapter describe the

future avenues and direction of the modified probes.
Keywords:-Aggregation-induced emission, Ultrasensitive explosive probes, Albumin

sensing, conjugated mesoporous oligomers, photoinduced electron transfer (PET) and

resonance energy transfer (RET), pH probes, hydrogen bond effect, caner cell, bioimaging.
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Few Structure of organic Aggregation Induced Emissive molecules
(@) HPS molecule is non-emissive in solution but becomes highly
emissive upon aggregation, due to the restriction of intramolecular
rotation (RIR) of the phenyl rotors against the silole stator in the
aggregated state b) 10,10’,11,11'-tetrahydro-5,5"-bidibenzo[a, d
][7]annulenylidene (THBA) behaves similarly as HPS, high emission
in aggregated state is due to the restriction of intramolecular vibration.
Structure of cyanine dyes forming J-aggregates
Examples were illustrating the AIE and J-aggregates formation (JAF)
J-aggregates type of arrangements
(a) Representation of different level of ESIPT process (b) Structure of
enol (E) and Keto (K) form of the simple (E)-2-(benzo[d]thiazol-2-
yl)-5-((2-hydroxybenzylidene) amino) phenol
Earlier probe for pH sensing
Structure of pH probe based on fluorescein
Mechanism of a cyanine dye in pH sensing
Structure of Schiff base type of dye
AIE anthracene dye for pH probing
Structure of the AIE and pH-responsive molecular probe
Dual site fluorescence lysosome targeted pH sensing probe.
Structure of AIE probe based on TPE unit for protein sensing (40-43)
Structure of AIE propeller shape probe for protein Sensing
Structure of tetra aniline
Structure of porphyrin-based rotor for mapping intracellular viscosity
Structure of cyanine and BODIPY type of viscosity probes
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Caption

TPE based AIE viscosity sensor for organelle targeting probes

Structure of organelle targeting viscosity probe

Flow chart representing the classification of the explosive materials.
Structure of the explosive sensing probe (58-61)

Chemical structures of compound (64-66)

Chemical structure of 67-71

Chemical structure of fluorophores based on quinoline and
benzimidazole (72, 73)

Schematic representation of UV-Visible Spectrometer

Block diagram of a steady-state spectrofluorometer

Experimental setup for measuring the dynamic response of cells

It shows the structure of a probe molecule which detects F-, CH:COO"
and HoPO4 ratiometrically through the ESIPT process

It shows the structure of the ESIPT active probe molecule for pH and
Zn?* detection

It shows the structure of the ESIPT active benzothiazole based probe for
pH sensing

(@) *H NMR and (a) ** C NMR of BTIP

a) Absorbance spectra of the BTIP (10* M) Amax = 275 & 370 nm b)
Emission spectrum of an BTIP in methanol (10 M)

Structure of probe (a) BTIP, b) HOMO c) LUMO (d) Labelled optimized
structure of BTIP form

(a) Emission spectra of compound in different solvent (10 M)

(a) Emission spectra of the BTIP with gradual variation of excitation (a)
BTIP in methanol (10* M) (b) BTIP in benzene (10 M).

Lifetime decay of BTIP in the following solvents methanol, cyclohexane,
benzene at (a) monitored at 450 nm (b) monitored at 550 nm (c) Life-
time decay calculations using Data Station (Das6) software

Packing diagram shows two short contacts C—H:--O and CH-- 7 in the
range of 2.28-2.83 A and hydrogen bonding between N---H-O (1.733 A).
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List of Figures

Caption

Comparison of the angle between the crystal structure and calculation from
DFT based modelling a) ORTEP structure of compound showing different
angle; b) optimized structure from DFT

(@) PL spectra of BTIP in different fraction (0-90%) methanol-water fraction
(b) plot of PL intensity vs water fraction; (c) fluorescence image of BTIP in
different water fractions (Amax™, 365 nm).

Emission spectra of BTIP (10* M methanol) with increasing concentration
of PEG (600)

Absorption spectra of compound (methanol, 10“ M solution ) in different
pH buffer solutions (a) pH1-5 (b) pH6-14. (¢) Emission plot of BTIP
(1*107*M, MeOH) in the presence of acid (trifluoroacetic acid, TFA) and
base (try ethylamine, TEA), (c, d) tHNMR of BTIP in the presence of TFA
trifluoroacetic acid.

(a) Emission spectra of BTIP (10™* M in methanol) in different pH buffer
solutions, (b) image of BTIP in different buffer solutions taken under UV-
Lamp Amax = 365 nm ;

Optimized structure to show a comparison between the angles 2C2C3C12
and £C14N11C12 in (a) BTIP in acidic medium and (b) BTIP in neutral
medium. (c, d) proposed mechanism for fluorimetric switching of BTIP in
reponse to acid and base

Stacked NMR spectra with a comparison between the BTIP in neutral
medium and after exposing it to base and acid

(@) In vitro cytotoxicity analysis; (b) Fluorescence microscope image of
Huh7 cells incubated with BTIP for 24 h.

a) PL spectra of the BTIP with ¢ = 10* M in methanol upon the addition of
1 equivalent of different metal ions (b) image of L (¢ = 10* M) with 1
equivalent of different metal ions, respectively; from left to right (under 356
nm UV lamp); (c) 3D column diagrams of the relative PL intensity of BTIP
with different metal ions at ls473. Pink bars represent the addition of various

metal ions to complex L, and blue bars represent the subsequent addition of
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3.25
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List of Figures

Caption

A" (1 equivalent) to the solutions mentioned above [1 + different metal
ions+AI¥* (d) The absorption spectra of BTIP (1x10* M) with a gradual
increase in the AI®* (1x10* M) concentration;

(a) Emission spectra of BTIP(in methanol, 1x107*M) titrated with different
concentration of Aluminum nitrate; (b) Linear fitting of BTIP with the AI**
(a) FTIR spectra of BTIP in abscene and presence of aluminum ion (AI*")
(b) Proposed structure (c) *H NMR spectrum of BTIP + AP* (d) ®C NMR
spectrum of BTIP+ AI**

Mass spectra of complex ( BTIP+ AIPY)

'H NMR spectrum of complex 1 (b) *C NMR spectrum of complex 1 (c)
HRMS spectrum of complex 1

(a, b, ¢) 'H, BC and HRMS spectra of complex 2

Optimized geometry of Complex 1 (b) Figure showing the chemical shift of
-OH proton of 1 in d6-DMSO & CDCl3 and calculation of Hydrogen Bond
Acidity (A).

(a) Absorbance spectra of Complex 1 in methanol and DCM (1*10° M),
Frontier molecular orbital diagram of 1 b)HOMO and ¢) LUMO, calculated
by using B3LYP/6-31G+ (d,p)* and LANL2DZ as implemented on
Gaussian 09

(@) Emission spectra of the compound 1 and 2 in THF (tetrahydrofuran)
(1*10° M) solutions, (b) Normalized PL spectra of 1 in different solvents
(1*10° M). ((MET = methanol, BUT = butanol, TBUT = tertiary butanol,
TOU = toluene, THF = tetrahydrofuran, BEN = benzene, ETHACE =
ethylacetate, DIOX = dioxane, CHCIls = chloroform, CH:Cl> =
dichloromethane, ACN = acetonitrile, DMSO = dimethylsulfoxide)) (c)
Lippert Mataga plot of 1 between stokes shift vs. f(e,n) (orientational
polarizability)

Absorption Spectra of complex in different solvents (1*10° M) (MET =
methanol, BUT = butanol, TBUT = tertiary butanol, TOU = toluene, THF
tetrahydrofuran, BEN = benzene, ETHACE = ethylacetate, DIOX
dioxane, CHCIlz = chloroform, CH>Cl> = dichloromethane, ACN
acetonitrile, DMSO = dimethylsulfoxide).
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Caption

PL spectra of the 1 in the presence of (a) nonhydrogen bonding (NHB) or
weak hydrogen bonding acceptors solvents (WHB) (TOU= Toulene, THF
= tetrahydrofuran, BEN = benzene, ETHYACE = ethylacetate, DIOX =
dioxane) (b) chlorinated solvent (c) Hydrogen bonding acceptors (HBA)
solvents (DMSO = dimethyl sulfoxide, ACE = acetone, Acetamide , P=0 =
hexamethyl phosphoramide, NMP = N-methyl pyrrolidine) (d) Hydrogen
bond donating (HBD) solvents ( Met = methanol, ET = ethanol, PRP =
propanol, BUT = butanol, TBUT = tertiary butanol, CYCHXOH =
cyclohexanol). (e) Image of 1 in different solvent taken under UV-Lamp
(365 nm).

(@) Emission spectra of 1 in different alcoholic solvent (Met = methanol,
ET = ethanol, PRP = propanol, BUT = butanol, TBUT = tertiary butanol,
CYCHXOH = cyclohexanol) (a) Lippert Mataga plot of 1 in alcohols
between stokes shift vs f(e,n) (orientation polarizability).

(@) FTIR spectra of 1 in different solvent (b) Emission spectra of 1 in THF
(1*10° M) by gradually increasing the methanol concentration

(@) 'H NMR peaks of OH functional group of 1 in alcoholic solvents. (b)
'H NMR of 1 in CDCls mixed with alcoholic solvents

Emission spectra of 2 in different solvents (1*10° M), b) Emission colour
of 2 indifferent solvents excited under UV-lamp (Aex, 365 nm) c)
Comparison of 1 and 2 in solvents (methanol and ethanol)

The DFT optimized structure of the MeOH-complex in gas (left panel) and
solvent phase (right panel) along with their corresponding ELF maps
(below). In the solvent phase, we have considered the implicit continuum
solvent model for the Methanol. (b) Frontier orbital diagram energy level
from DFT of 1 in DCM and Methanol (c) Density difference plots showing
the Metal to Ligand Charge Transfer (MLCT) transition in DCM and
Methanol. (Blue cloud indicates more electronic charge whereas green

cloud indicates less charge.)
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List of Figures

Caption

Emission Spectra of 1 in methanol with gradually increasing the water
concentration (from 0% to 90% V/V in 5ml vial) (b) Plot of PL intensity
() of 1 versus the compositions of the aqueous mixtures, concentration:
1x10° M .(c) Image of 1 in different methanol/ water mixture under UV-
lamp (Lex, 365 nm); (d) Emission spectra of 1 in methanol/PEG mixtures.
DFT optimized structures for the different structural forms of the complex
(First two forms (a,b) are hydrogen-bonded in gas phase & solvent phase
respectively, and the last one is non-hydrogen-bonded in the gas phase (c))
Electron localization function (ELF) and FMO contour maps for the H-
bonded ((a) left panel) and without H-bonded ((b) right panel) forms of the
complex.

(a) Emission spectra of 1 by adding one equivalent amount of base ( pKb
values are NaOH = 0.2, KOH = 0.5, K,CO3= 3.66, Na2CO3= 4.67, Cs,CO3
= 3.05, LiOH = -0.36 values ) b) PL emission image of 1 with gradually
increasing in the range, (pH1 to pH13) ¢) Photo-luminescence spectra of 1
in different pH buffer solution (pH1 to pH13) (d) Stacked *H NMR of 1 a)
1 b) 1+ trimethylamine (TEA)

a) Image of 1 (¢ = 10° M) with 1 equivalent of different metals and
proteins, respectively, from left to right (1-NaxSOas, 2- MgSOs, 3- ZnSOs,
4-Alx(SO4)3, 5- Urea, 6-BSA, 7- Histidine, 8- Creatinine, 9- Cystine, 10-
Tyrosine, 11-Lysine, 12-Tryptophan) (under exciting at 365nm with a UV
lamp). (b) Emission spectra of 1 (c = 10°M) with 1 equivalent of different
metal salts [Na2SO4, K2SO4, CaSOs, MgSOs, (NH4)2SO4, NazPOs, ZnSOs4,
Al>(S0O4)s], creatinine and BSA. (BSA results in green emission and

remaining species produces weak yellow emission).
(@) UV-Visible spectra of 1 by gradually increasing the BSA concentration

(b) Emission intensity of 1 (1x10° M) with a gradual increase of BSA (10
mg per 10 ml) and (b) linear fitting of 1 with BSA

(@) Emission spectra of 1 in the presence of BSA Protein and 90%
methanol/water fraction. (b) Image of 1 in the presence of BSA, Protein
and 90% methanol/water fraction under UV-Lamp 365 nm
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Caption

(a) Emission spectra of 1 in presence of BSA, BSA+ SDS and (90%
aggregate solution (AGG)) (b) PL emission image of 1 in 1( 90% fy), 2
(1+SDS+BSA), 3(1+BSA), 4( 1+ SDS), 5( 1+ Methanol)

(@) Figure shows the B chain of the protein with the best binding pocket
for the ligand which is located at the surface of the protein (b) A zoomed
view of the best binding pocket is shown along with ligand (c) In the
binding pocket, alpha helices are a binding partner of the ligand (d)
Hydrogen bonding interactions of the ligand with the residues of the
proteins is shown. The hydrogen bond is formed between Thr 466 side
chain of B chain of protein and the ligand. In each case, the ligand is
shown by ball and stick model (e¢) Binding of the complex within the
hydrophobic pocket of pepsin, (f) Showing the absence of hydrogen bond
with the hydroxyl group of 1 and also hydrogen bond formation with the
carbonyl of 1 in pepsin.

(@) *H NMR spectrum of Tl (b) *C NMR spectrum of T

(@) 'H NMR spectrum of TPSI I in CDCl; (b) It shows the zoomed
aromatic region of *H NMR of TPSI I in CDCls

(a) *C NMR spectrum of TPSII (b) HRMS spectra of (a) TPSII (b) Counter
ion (T')

(@) *H NMR spectrum of TPSI PFs in DMSO (b) HRMS spectra of TPSI
PFq counter ion.

ORTEP diagram of a) TPSI I ; b) TPSI PF6. It shows the dihedral angle
between the plane passing through the cyanine ring and phenyl pyridine
ring (c, d) TPSI I and (e) TPSI PF6 (Green color plane = Plane passing
through cyanine ring and red color plane = Plane passing through the
phenyl pyridine.).

(a) Absorption spectra of TPSI I and TPSI PFs in methanol (1x10° M) (b)
Emission spectra of TPSI | and TPSI PFe in solid-state
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4111
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Caption

(@) Emission Spectra of TPSI | (0.4 mM) in the presence of the solvent with
increasing viscosity (1 = DCM, 2 = Methanol, 3 = Ethanol, 4 = DMSO, 5 =
Butanol, 6 = Ethylene glycol, 7= Cyclohexanol, 8 = PEG 200, 9 = PEG 300,
10 = PEG 400, 11= PEG 600) (b) Image of TPSI | was recorded under UV-
Lamp (Amax=365 nm)

Emission spectra of (a) TPSI | and (b) TPSI PFs in methanol (C = 1*10°
M) with gradually increasing the viscosity by adding PEG 400

Linear fitting between log(l) (I =PL Intensity of TPSI I, TPSI PFs; ¢ =10°
M, in methanol) and log () (n = viscosity of solvent), TPSI | = 1.42, R?
=98.4, TPSI PFs = 0.38, R? = 98

UV-Visible absorption spectra of TPSI I in methanol (1x10° M) a)
recorded the spectra by irradiation with UV-Visible lamp (Aexe = 365 nm);
(b) absorption spectra were recorded by switching off UV-the lamp (c) UV-
Visible absorption spectra of TPSI PFs in methanol (1x10° M) upon
irradiation with UV lamp (Aex = 365 nm) at different time intervals (d)
Emission spectra of TPSI I (in methanol, c¢= 1x10° M) at different
excitation wavelengths (Aext = 330 - 520 nm) (x-axis is the wavelength for
the recorded emission, right-hand side y-axis is different excitation
wavelength at which the emissions are recorded and left side z-axis is the
photoluminescence intensity)

(a) Emission spectra of TPSI | (1x10° M) with gradually increasing the
methanol in PEG400 solution; the PL intensity is gradually decreasing with
increasing concentration of methanol into PEG

(a) UV-VIS spectral changes of TPSI | in solid-state (powder form) upon
irradiation at 250 nm as a function of time (b) recoverable without
irradiation in the dark for several minutes UV-Vis spectra of TPSI | after
expt. (a); (c) on irradiation at 365 nm as a function of time of TPS1 I (d)
recorded spectra by switching off UV-the lamp after expt. (Approximately

two minutes were taken to operate two consecutive reading)
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Caption

(a) UV-Vis spectral changes of TPSI PF6 in the solid state (powder form) upon
irradiation at 250 nm as a function of time (b) UV-Vis spectra of TPSI PF6on
irradiation at 365 nm as a function of time.

(@) 'H NMR of TPSI 1 in presence of 1 equivalent of PEG 400; (b) *H NMR
of TPSI I without PEG-400 (c) Unit cell of TPSI I consisting of four
molecules and four iodides passing through one plane (d) It shows the cage
type arrangement of four molecules with a space represented by yellow
color (e) It shows the measured distance between the lodide and molecules
in the packing unit cell of TPSI

(@) Unit Cell of TPSI I shows the distance between the two centroids (C1-
C2) is 3.99 A (b) Rest of the short contacts between the molecules, apart
from short-contacts containing iodide (N2---H2’ - 2.680 A, C23---H21’-
2.734 A, C18---C9-3.361 A and H10E----H10B-2.282 A)

(@) It shows the measured distance between PF¢”and the molecules in the
unit cell of TPSI PFs (b) It shows the distance of 1" (11) (iodide) with H15
and H11B in TPSI I (c) distance of PFe with H15, H13 and H10B in TPSI
PFe.

It shows the mean angle between the plane passing through the molecules
(@) TPSI I (1) and TPSI (2) (83.54 degrees) (b) TPSI PFg (1) and TPSI PFg
(1) (O degree), Crystal structure shows the distance between the
neighbouring molecules (centroid-centroid) in (c) TPSI I is ~6A (d) TPSI
PFs ~8A:;

(a) Packing diagram of TPSI I showing a shape of the square box containing
space (b) Packing diagram of TPSI PFs showing a stepwise wave structure.
It shows two different dihedral angle between the plane passing through
pyridine ring (orange colour) and a plane passing through the phenyl ring of
phenyl pyridine (blue colour) in a unit cell (TPSI I (1) first molecule (27.21
degrees) and TPSI I (2) second molecule (25.02 degrees))
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512
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Caption

The Overlapping area of the absorption spectra with emission spectra of
(c) TPSI I and (d) TPSI PF6 absorption and emission in the solid-state.
(Overlapped integral J( A) for TPSI 1= 3.46 *1016 and TPSI PF6 = 1.912
*1013)

(a)Intracellular viscosity measurement by PSD analysis in HUVECs. A
position sensing device-based analysis was performed to estimate
alteration in intracellular viscosity of HUVECs after exposure to 30 mM
glucose for 24 h. (b, c) Untreated cells served as control. Intracellular
viscosity analysis of HUVECs treated with glucose. HUVECs were
exposed to 30 mM of glucose and probe molecules (TPSI I, 10 uM).
Control cells were treated with probe only
(a) Cytotoxicity analysis after exposure to different concentrations of
TPSI | in Huh7 cells. (b) Intracellular viscosity measurement by PSD
analysis in tumor cells. A position sensing device-based analysis was
performed to estimate alteration in intra-cellular viscosity of Huh7 cells
after exposure to 0.5% MC for 24 h. Untreated cells served as control

(a) Intracellular viscosity analysis by fluorescence microscopy using
TPSI 1. Huh7 cells were treated with 0.5% MC and TPSI I (10 uM). Only
TPSI I treated cells served as control. DAPI was used to stain the nucleus.
Scale bar: 200 pm (b) Intracellular viscosity measurement by flow
cytometry using TPSI 1. Huh7 cells were treated with 0.5% MC and TPSI
[ (10 uM). Only TPSII treated cells served as control. Subsequently, a
shift in green fluorescence was monitored through flow cytometry. The
overlay images depict the shift.

(a) *H spectrum of PyPr (b) 3C spectrum of PyPr (c) Mass spectrum of
PyPr

(a) Emission spectra of the PyPr (b) Absorption spectra of pyrene, PyPr
and Py (Pyrene)

a) UV-Visible spectra of PyPr and PyPr + H* [Methanol (c = 10° M)]; b)
Emission spectra of PyPr and PyPr + H* in DCM (c = 103 M)
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Caption

Frontier Molecular Orbital images of (a) PyPr and (b) PyPr +H*, calculated
by using B3LYP/6-31 g ++(d, p) as implemented on Gaussian 09

(a) The normalized emission spectra of PyPr on thin films (c = 103 M)
showing reversibility in the presence of acid-base (Amax = 433 nm for PyPr
and 473 nm for PyPr + H"); (b) Thin-film emission color image of PyPr
under exposure to acid and base.

(@) Absorption spectra of PyPr (1x10° M) with different TFA
concentration [1x10° M in methanol (0.01eq)] (the isosbestic point at 284
& 360) nm; (b) Emission intensity of PyPr (1x10° M) with a gradual
increase of acid concentration (isosbestic point wavelength = 456 nm;
increasing concentration of TFA is marked in the spectrum) (d) Proposed
structure of PyPr after protonation with TFA (A protonated form of PyPr =
PyPr +H") and (c) linear fitting of PyPr with acid

(a, ¢) Emission spectra of PyPr and PyPr +H* with a gradual increase in
concentration, respectively; (b, d) image of PyPr and PyPr +H
respectively with gradually increasing concentration under excitation at
365 nm.

(@) Emission spectra of PyPr (0.1mM) with gradual increase in the water
fraction in methanol (b) Plot of intensity (I) values of PyPr (c) Images of
the emission of PyPr in methanol-water mixtures with different water
volume fractions (fw) taken under UV illumination (365 nm) (d) Emission
spectra of PyPr (0.1mM) with a gradual increase in PEG concentration

(@) shows CH---m interaction of 2.758 A (b) a strong m—m interaction
between the centroids of the two pyrene rings with short contact, 3.57-3.78
A

(@) Emission spectra of PyPr + H* (0.1mM) with gradual increase in the
water fraction in methanol (b) Plot of intensity (1) values of PyPr + H* (c)
Images of the emission of PyPr+ H* in methanol-water mixtures with

different water volume fractions (fw) taken under UV illumination (365 nm)
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Caption

(a,b) LUMO level of PyPr and PyPr + H* (c) Time-resolved fluorescence
spectra of PyPr (0% water; black, 30% water; red, 90% water; green). (d)
(i) Powder X-ray diffraction patterns of PyPr recorded for various states
collected from (i) original form of PyPr, (ii) solid powder collected from
10:90 % MeOH: water mixture (iii) obtained from single-crystal data of
PyPr.

(a) Absorbance spectra of PyPr with ¢ = 1x10° M upon the addition of 1
equivalent of different nitro-based explosive/non-explosive compounds
(toluene, benzoic acid); (b) Emission spectra of different explosive/non-
explosive compounds with PyPr; (c) It shows the image of PyPr with 1
equivalent of explosive/ non-explosive compounds, respectively (from left
to right): (i) PyPr (blank); (ii) NT (4-nitrotoluene); (iii) DNB (1,3-dinitro
benzene); (iv) DNT (3,5-dinitro toluene); (v) 2,4-DNP (2,4-dinitro phenol);
(vi) PA (picric acid); (vii) P (phenol); (viii) BA (benzoic acid) (under A =
365 nm excitation).

(a) The absorption spectra of PyPr in methanol (1x10° M) with a gradual
increase in the PA (Picric acid) (1x10° M) concentration (solution of PA
was prepared in methanol); (b) Emission spectra of PyPr (1x103 M)
titrated with different concentration of PA; (inset a new peak at (522 nm)
gradually increases with overall quenching of fluorescence) (c) linear
fitting of PyPr with PA. (d) NMR spectra of (A) PyPr, (B) PA, and (C)
PyPr + PA. The downfield H signals in (C) indicate the presence of the
strong interaction of PyPr with PA (PA = picric acid).

(@) Frontier molecular orbital images of HOMO and LUMO energy levels
of PyPr (ligand) and Picric acid showing intermolecular charge transfer;
LUMO of picric acid is less than LUMO of PyPr (b) Absorption spectra of
PA and emission spectra of L1 in DCM; the spectral overlap between the
emission of PyPr and the absorption of PA is shown in the inset.
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Caption

(a) Bar diagrams of the relative emission intensity of PyPr with different
metal ions at laos/ls30. Pink bars represent the addition of various metal
ions to PyPr and blue bars represent the subsequent addition of AI** (1
equivalent) to the above-mentioned solutions (PyPr + different metal ions
+ APY); (b) photoluminescence spectra of PyPr with ¢ = 102 M in
methanol upon the addition of 1 equivalent of different metal ions; (C)
Image of PyPr (c = 10 M) in presence of 1 equivalent of different metal
ions under excitation with a UV lamp (Amax = 365 nm).

(@) The emission spectra of PyPr upon addition different trivalent metal
ion. (b) image of PyPr (c = 10-°M) with 1 equivalent of different trivalent
metal ions, respectively; from left to right (under 365 nm UV lamp) (c) PL
Intensity comparison between PyPr in the presence of AI(I11) and Fe(l1l)
(d) The absorption spectra of PyPr (1x10°M) with gradual increase in the
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Chapter 1: Introduction

1.1 Solid Luminescent Materials

Photoluminescent materials can emit the light without the thermal energy, in response to the
exposure to light. The luminescent materials absorb light at a specific wavelength and emit
light at a different wavelength. The luminescent materials which emit the light in the solid-
state are called as solid luminescent materials.[1] The solid luminescent materials are divided
into two groups - inorganic luminescent materials and organic luminescent materials. The
inorganic luminescent materials are made up of inorganic semiconductors (CdS, ZnS etc.).[2]
The organic luminescent materials also divided into two types purely organic materials and
materials which consist of metal complexes. The present thesis deals with the solid organic
luminescent materials. The solid organic luminescent materials are applied in various field
like sensors and biosensors, electroluminescent materials, lasers, and other optoelectronic
devices because of the merits such as no solubility issue, ease of tuning, relatively low cost,

and ease of manufacturing.[3]
1.2 Organic based conventional fluorophores for sensing and their disadvantages

Recently there are lots of reports on using the fluorescent probes for sensing the different
analytes such as anions, cations, pH as well as organic solvents. In the fluorescence-based
technique, sensing relies on the change in the luminescence of the reagents with the sensing
materials.[4] Mostly in the literature for pH sensing, fluorescein [5] and 8-hydroxypyrene-
1,3,6-trisulfonic acid, Trisodium salt (HPTS) were used [6] (Fig. 1.1).

(0]
\\/,0

\
ONa

1 2

Fluorescein HPTS

Figure 1.1 Structure of fluorescence sensors.
The reagent HPTS depends on the dissociation of the phenolic hydroxyl group of
deprotonated trisulfonated ion. These dyes absorbed the light at a wavelength around the blue
region and emitted just above 500 nm.
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o4

Figure 1.2 Structure of the Multi analyte probe.

Recently among all the organic fluorophore developed for the fluorescent-based techniques,
napthalimides based frameworks are utilized to a significant extent in designing and synthesis
of (3) (Fig. 1.2) luminescent probes. [7, 8] Luminescent transition metal complex has a more
significant Stokes shift and longer lifetime than the conventional organic dyes, [94]. The use
of the transition metal complex gives the flexibility to have a wide range of
excitation/emission and enables us to use the lifetime based technique.[9] In 2002 Nivens et
al. developed the multi-layer approach for sensing pH, CO2 and ammonia. He synthesized the
organic sol-gel membranes, in which single layer for pH measurement and dual-layer format

for the sensing CO2 and ammonia.[9]

In most of the applications, luminophores are used in aggregated form or thin-film, such
for example, the application in ‘organic light-emitting diode’ (OLED), ‘organic field-effect
transistors’ (OFETS) etc.[95] For biological applications, the luminescent molecule is used in
the physiological condition or the aqueous medium. The scientist has succeeded in attaching
the polar group to make miscible in the water, but because of the intrinsic hydrophobic nature
of the conjugated organic molecules, it shows aggregations, and emission is quenched.[95]
The emission is also quenched when the luminophores are applied to monitor the
environment in the aqueous solution. In many conventional luminophores, with the
increasing concentration the emission is quenched; this phenomenon is called ‘Aggregation-
Caused Quenching (ACQ).[96] Until Ben-Zhong Tang discovered the opposite phenomenon
called ‘aggregation-induced emission’ (AIE), ACQ was dominant for many years and
restricting the application of fluorophores in the concentrated solution state or solid-state.
[10]

1.3. Aggregation Caused Quenching (ACQ)

Mostly the organic-based conventional luminophore like fluorescein, pyrene, naphthalene,

perylene, etc. (Fig. 1.3) is extensively studied in various fields such as light-emitting devices,
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chemical sensing, and especially for bio-imaging as these materials are strongly emissive in
the dilute solution.[96] However, their emission is reduced or quenched in the concentrated
or aggregated state because the conventional fluorophores usually possess planar aromatic
cores which favour the occurrence of n-n stacking interactions when becoming closer or gets
aggregated [11] (Fig. 1.4). Birks discussed this phenomenon in his classic photo physics
book, that is the ACQ effect is ‘‘common to most aromatic hydrocarbons and their
derivatives’’.[12] The main structural reason for such detrimental ACQ effect is because
conventional luminophores are typically comprised of planar aromatic rings (e.g., perylene).
As, known that organic electronic luminescence is mainly due to the electronic conjugation,
therefore the popular strategy to design new luminescent materials is to increase =
conjugation by increasing aromatic rings. This results in the bigger disc-like plates which are
highly luminescent in the solution state, but their ACQ effects [13, 14] become severe
because the chances for such large luminophores to form excimers or exciplexes are also
increased.[15] This phenomenon limits the use of the fluorophore and enforces the scientist to

use the dilute solution with compromised low sensitivity for sensory applications. [16]

-

4 Pyrene 5 Fluorescein 6 Perylene 7 Naphthalene

Figure 1.3 Few ACQ luminophores

The ACQ effect made researchers work in turn off mode for sensing, which is insensitive

and not suitable for a practical purpose. [17].

ACQ (Aggregation Caused
Quenching)
%‘0 ni-nt Stacking interaction

Dilute form (highly emissive) In aggregated form weekly emissive

Figure 1.4 Planar luminophore molecules such as perylene tend to aggregate as discs pile up,
due to the strong m-x stacking interactions between the aromatic rings, which commonly turns

““off”” light emission.
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1.4 Aggregation- induced emission (AIE)

ACQ is a detrimental effect. Many researchers attempted to modify the ACQ molecules
through physical, chemical, and engineering approaches to avoid this effect for successful
applications.[18] As an example, to obstruct forming the aggregates, the luminophore cores
are covalently attached to the bulky cycles, long alkyl chains, spiral kinks, and or dendric
wedges. However, these methods not only solved the issue but created some new issues as
solubility and or luminescence decrease in the dilute form[19]. The formation of aggregates is
a natural process for molecules which are nearby to each other. Therefore, it was difficult to
hamper the formation of aggregation completely. In flagrant contradiction, AIE is a
constructive effect. The AIE phenomenon urges to use the aggregated form progressively
instead of passively working against it. In 2001 the AIE effect was discovered by Tang and
coworkers. The very first molecule in which Tang et al. discovered the AIE property is
hexaphenylsilole (HPS). Fascinating result was encouraged to synthesize a series of silole
molecules that were found to be non-luminescent in the solution state but emissive in the
aggregated state (as nanoparticle suspensions in poor solvents or as thin films in the solid-
state). The very constructive effect of AIE made to cure the destructive effect of ACQ.
Because of such a development and motivational result, many researchers were fascinated by
the application prospects. The last decade was devoted to the generations of new AIE active
molecules. As a result, tetraphenylethenes, 8,8a-dihydrocyclopenta[a]-indenes, and fulvenes

are used as core and potential molecules for AIE property.[20, 21] (Fig. 1.5)

D
Dad S
v O

D &E

10
Figure 1.5 Few Structure of organic Aggregation Induced Emissive molecules.

What is the origin of the AIE phenomenon?
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In order to design new AIE molecules, it is crucial to understand the mechanism behind the
emission in the aggregated state. The most widely accepted cause for AIE is a restriction of
intramolecular motion (RIM). RIM includes both the restriction of intramolecular rotation
and the restriction of intramolecular vibration of the molecules (Fig. 1.6). If we take an
example of the first AIE molecule (HPS) in which all the six phenyl peripheries rotate fastly
in the dilute solution. In a dilute solution due to the rotation of the ring, the excitation energy
dissipates, which increases the non-radiative decay. However, in the aggregated state, the
phenyl rings rotation is restricted due to the physical constraint. The restriction of rotation of
rings blocks the non-radiative pathway and thus enables the excitons to decay
radiatively.[102] A series of experiments (like increasing Viscosity (Viscochromism),
decreasing the solution temperature (thermochromism), and increasing pressure
(piezochromism) were performed to modulate the rotation of the phenyl ring to prove that the
restriction of the ring caused the increase in the emission of the molecule. In all the controlled
experiments, the HPS emits efficiently in a highly viscous medium, at lowered temperature,
and at high pressure indicates that the restriction of phenyl rings causes a high increment in
the emission. Some of the AIE molecules could not be explained through the RIR mechanism
like THBA (10,10',11,11'-tetrahydro-5,5'-bidibenzo[a, d ][7]annulenylidene).[22-26]

‘i’ ’é Aggregation A Q\f\ O \ O

a il - tricted Intramolecular | . o\ /
) C ?ﬁ{‘ﬂjﬁf Eziation(}éIR) e lr(\ \(jj// : \O
VAY

Hexaphenyl silole
Non-emissive in solution state (rotation of rings) (rotation restricted) emissive in aggregated State

S
/

b) RIM =RIV + RIR

Restriction of
Intramolecular

Dyanamic vibration  Vibration (RIV)
in solution

THBA Non-emissive

A
— i g u& Aggregation

RIV in aggregate highly emissive
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Figure 1.6 (a) HPS molecule is non-emissive in solution and highly emissive upon
aggregation, due to the restriction of intramolecular rotation (RIR) of the phenyl rotors
against the silole stator in the aggregated state b) 10,10’,11,11'-tetrahydro-5,5"-bidibenzo[a, d
][7]annulenylidene (THBA) behaves similarly as HPS, highly emissive in the aggregated

state due to the restriction of intramolecular vibration.

The THBA consist of two flexible part, in each of which a bendable flexure connects two
phenyl rings. This flexure allows the molecules to dynamically vibrate or move in the
solution state, which deactivates the radiative pathway. In an aggregated state, due to the
physical constraint, the dynamic vibration is restricted, which blocks the non-radiative
pathway and emits in the radiatively. These two processes together are called a restriction of
motion, which is still considered as the most studied mechanism for the AIE system with
bulky rotors. Theoretical and simulation calculations on the lower frequency intramolecular

motion of the molecules also support the intramolecular restriction motion. [27]

Apart from the process RIM, there are few other reported processes like JAF (J -
Aggregate Formation) [28], ESIPT (Excited State Intramolecular Proton Transfer) [29], TICT
(Twisted state Intramolecular Charge Transfer) [30] which can intensify the luminescence to
various extents. These processes are interrelated to the AIE mechanism. Researchers
attempted to combine the RIM with the above those processes for improving intensity or for

applying in ratiometric luminescence probes.
1.4.1 JAF ( J- Aggregate Formation).

Form the literature review [31] the broad definition of J-aggregates are as follows — it is a
type of probe with an absorption band that has the bathochromic shift of higher absorption
coefficient when it aggregates under the influence of solvent or concentration as a result of
the supramolecular organization where J stands for the inventor (Jelley). Some researcher has
shown that JAF leads to the red-shifted and enhanced luminescence.[32] The above mention
process could relate to the ‘aggregation enhanced emission’ (AEE) effect. Here one needs to
understand that not every J-aggregate dye is AIE or even AEE.[33] Around 78 years ago,
Scheibe et al. and Jelley observed an unusual behaviour of pseudo cyanine chloride (IUPAC
name- 1,1’-diethyl-2,2’-cyanine chloride, PIC chloride) in aqueous solution compared to the
other solvents like in ethanol. In general, not every AIE leads to J-aggregates or J-aggregates
leads to AIE; for example, many cyanine dye form J-aggregates but they are not AIE [34]
(Fig. 1.7).
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Figure 1.7 Structure of Cyanine dyes forming J-aggregates

Some of them are AIE, but they do not form J-aggregates. However, some molecules do
form J-aggregates and exhibit AIE behaviour (Fig. 1.14) [35]. These all examples indicate
that JAF is not a fundamental cause for the AIE behaviour. Here if the shifting of emission is
observed to a shorter wavelength in the aggregated state (hypochromic shift) concerning its
monomer or solution state, the process is called H aggregates, which decreases the

luminescence in most cases.
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Figure 1.8 Examples were illustrating the AIE and J-aggregates formation (JAF).

An extensive study on J and H aggregates reveals that these aggregates exist in a one-
dimensional assembly that could be (a) brickwork (b) ladder (c) staircase type of arrangement
[35, 36]. (Fig. 1.9)
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Brickwork Staircase Ladder
Figure 1.9 J-aggregates type of arrangements.
1.4.2 ESIPT (Excited State Intramolecular Proton Transfer)

ESIPT is a speedy photochemical process (nearly 10'? S1) in which photoinduced proton is
transferred via intramolecular hydrogen bonding to produce a tautomer with different
electronic structures from the original, exciting form. It is the enol (E) to keto (K)
photoisomerization process (Fig. 1.16 a). Waller first reported the ESIPT phenomenon for
salicylic acid in 1950. Generally, the ESIPT molecules are usually well-known for their
significant stoke shift (6500-12500 cm™). Similar to JAF, the ESIPT process has been
considered as the AIE mechanism for some particular ESIPT dyes.[29] If we consider a
simple example, as shown in Fig. 1.16(b), the dye is AIE- active ESIPT luminogen. The
dynamic intramolecular motion, flexible and twisted structure of the dye dissipates the

exciton energy, resulting in the weak fluorescence in the solution.
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Figure 1.10 (a) Representation of different level of ESIPT process (b) Structure of enol (E)
and Keto (K) form the simple (E)-2-(benzo[d]thiazol-2-yl)-5-((2-hydroxybenzylidene)

amino) phenol
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As the concentration increases or formation of aggregate increases, the molecules of dye
come closer and forms intermolecular hydrogen bonding that blocks the molecular motion,
leading to the non-radiative decay. When there is a decrease in the temperature of the solvent
up to the freezing point, the luminescent intensity is increased. At the freezing temperature,
the solvent becomes viscous; still, the ESIPT process is active but obstructs the
intramolecular motion within the molecules. The restriction of motion blocks the radiation
less decay. So, the blockage leads to an increase in intensity. Therefore, RIM process plays

the primary role in the increment of the luminescence intensity. [29, 37-40]
1.5 Fluorescent based Variable analyte Responsive Probes.

Smart materials are high-performance materials that change some of their properties
according to the surrounded environment. Such materials could respond differently or the
same (for different factors same emission) to the number of factors like humidity, pH,
temperature, chemical compounds. These types of materials are cost-effective, less time-
consuming, and used in biomedical engineering in sensors and actuators. For example, a

material sensitive to pH could be used for measuring pH quantitatively in Cells.[41, 42]

Many variable species in nature could be sensed by appropriately designing the chemically
synthesized materials according to the chemical and physical properties of the analytes.
Fluorescence technique involving chemical sensor are essential tools in many fields of
science and technology because of the visualization of some parameters and species which
are intrinsically non-fluorescent, for example, oxygen, pH, temperature, solvents, explosives,
metal ions, acid-base (H" and OH"), and or viscosity to name just a few.[43-45]. My thesis
revolves around a few of the environmental parameter and species (pH, solvatochromic &
specific solvent effect, proteins, AI** ions, viscosity and explosives) which are sensed by the
chemically synthesized materials. These are among the few essential parameters or species
relevant to biology as well as the environment. For example, the healthy cell has an alkaline
medium, a slight change in its pH causes abnormalities and diseases. The body regulates the
pH and temperature through the HOMEOSTASIS. A slight change in the environment of the
cells affects the health condition.[46] Increased viscosity increases the resistance to blood
flow and thereby increases the work of the heart and impairs organ perfusion as the cell dies
or generates the reactive oxygen species, the viscosity of the cell increases.[47] Increased
AI** ion level in body causes the Alzheimer disease. The intracellular sensing of these

physical parameters / or ions could help in understanding the fluctuation caused in the cell.
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Therefore the probes are very much helpful for early diagnosis of many diseases.[48, 49]
Explosive materials are harmful to humanity and mother nature.[143] Explosive materials are
very much energetic and pollute the surrounding caused hazardous health problem.
Frequently occurring bomb blast is a threat to society. Therefore a sensitive and selective
detection of these parameters is necessary.[50])

1.5.1 pH Sensing Probes

pH stands of the ‘Potential of Hydrogen’.[51] By determining the pH of the soil, one could
determine the condition of the land to decide the type of fertilizer to be used and the type of
crops sown.[52] Many biological processes are fixed at a particular pH, knowing the pH one
could adjust the medium of the processes.[53] Knowing the pH of the seawater, one can
improve the life of the submarines and ships.[54] The Human body has a natural pH of 7.4.
The 7.4 pH is needed to run the body efficiently, and the human body always seeks to adjust
the pH to 7.4. Variation in pH also has a significant effect, such as knowledge of the pH in
both the extracellular and intracellular medium helps us to understand the physiological and
pathological processes, including the cell growth and apoptosis, calcium regulation, receptor-
based signal transduction, ion transport, etc and living cells critically depend on the pH
homeostasis.[55, 56] Most of the proteins and cell organelles have distinct pH ranges. Any
abnormality observed in pH values in organelles, etc., is associated with the malfunction of
the cell, inappropriate growth in the cell, and also indications of diseases like cancer and
Alzheimer's, etc. Several biological processes depend upon the protonation (proton
concentration), and deviation from the normal range could lead to severe health problems
such as cancer and certain neurological disorders. Thus it is crucial to monitor the pH
changes inside the living cells and to study the pathways for diagnosing such diseases.[57,
58] pH is also a critical factor for medicinal, food and drinking water, etc. Qualitative
measurement of pH could be achieved by the fluorescence probe that switches on or off at
their respective pH.[59] Roger Tsien and co-workers synthesized first pH probe 2",7"-Bis-(2-
carboxyethyl)-5-(and-6-)carboxyfluorescein 4 (BCECF) [60](Fig. 1.11)

Figure 1.11 Earlier probe for pH sensing

Chapter-1 Page |10



Chapter 1: Introduction

The absorbance of BCECF gets red-shifted from pH 3.6 to 9.7. The disadvantage of this dye
is the rate of leakage from the cell increases with increasing the temperature (25-37 °C). To
overcome this problem, the researcher tried to modify the BCECF by conjugating the dextran
but loses its cell permeability. Meanwhile, many fluorescein derivatives have been developed
as a pH probe like BCPCF 2",7"-bis-(2-carboxypropyl)-5-(and-6-)-carboxyfluorescein,
carboxyfluorescein with sulphonic acid, anthofluorescein and or halogenated fluorescein,
etc.[61] Benzo[c]xanthenes dyes include seminaphthofluorones(SNAFRs),
seminaphthofluoresceins (SNAFLs), and seminaphthorhodafluors (SNARFs) (Fig. 1.12).
These dyes include one benzene ring and one naphthalene ring in the core structure. All these
Benzo[c]xanthenes dyes are longer wavelength pH; indicators (pHi = 1-9). Here, unlike the
fluorescein dye, the emission spectra also show significant pH-dependent shifts. The
protonated form of these dye emits in the yellow regions and in the basic condition this dye
emits in the red region.-*[62]
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Figure 1.12 Structure of pH probe based on fluorescein

The researchers also tried a cyanine type of dyes as the pH probes because these dyes tend to
absorb and emit in the infrared region (IR). The IR region is more advantageous because of
minimal cell damage, no autofluorescence, and tissue penetration will be more. Cyanine dye
could be divided into two kinds, one with alkylated and another is non-alkylated (in this case
photoinduced electron transfer (PET) effect is observed). Non-alkylated cyanine dyes are
non-fluorescent where nitrogen is not protonated, but these species are highly fluorescent in
there protonated forms. The second type of cyanine dye consists of the fluorophore and
nitrogen-containing modulator. By incorporating the PET process, the tuning of emission is

achieved. For visualization of small pH changes inside the cells, Brigs et al. introduced the
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sulfonic acid functional group. The sulfonic acid group makes the probe soluble in the
aqueous medium to prevent the aggregation.[63] The neutral pH fluorescent probe has a
tricarbocyanine (Cy) fluorophore coupled with a 4”-(aminomethylphenyl)-2,2":6",2""-
terpyridine (Tpy) receptor. At pH 10, the brightness of the neutral probe was observed to
be low (¢ = 0.008), presumably due to quenching via PET. Protonation of the N atoms
circumvents these PET processes (Fig. 1.13), and the dye fluoresces brightly (¢ = 0.13) at 750
nm in the aqueous buffer of ca. 7.1. Compound 50 imported into HepG2 cells (it is cell-
permeable) is more fluorescent at pH 7.0 than at 7.8 ex vivo; this property has been used to
follow minor pH changes in the 6.7-7.9 range. Moreover, this probe was shown to have low
cytotoxicity and excellent photostability. Many acid cyanine dyes were synthesized for good

solubility in the aqueous solution. [60, 64]
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Figure 1.13 Mechanism of a cyanine dye in pH sensing

In Feb 2007, Sibel Derinkuyu et al. utilized two different Schiff bases (Fig. 1.14), namely
chlorophenyl imino propenyl aniline (CPIPA) and nitrophenyl imino propenyl aniline
(NPIPA) for pH sensing in the alkaline region. These types of dye have longe term
photostability, high relative signal change, and dynamic working range.[65, 66] Many
fluorescent dyes were investigated for pH sensing often in the aqueous solution due to the
formation of aggregates; there is a drastic decrease in the emission intensity. This
phenomenon called aggregation caused quenching (ACQ), which became a thorny problem in
the development of an efficient PL sensing system. Until the discovery of AIE by BZ Tang
and Co-workers. AIE materials provide an efficient path to overcome the problem created by
ACQ. [66]
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Figure 1.14 Structure of Schiff base type of dye

In 2010, Hongguang Lu et al. synthesized three functionalized AIE 9,10-distyrylanthracene
(DSA) derivative namely, 9,10-bis(4-hydroxystyrylanthracene (32), 9,10-bis{4-[2-
(diethylamino) ethoxy]styryl} anthracene (33), and 9,10-bis{4-[2-(N,N,N-triethyl
ammonium) ethoxy]styryl}anthracene dibromide (Fig. 1.15). 33 is almost non-luminescent
and with meagre quantum yield (Qf) =0.25 %. The aggregates in higher AN/water fraction
larger than 65% is highly emissive, and when the water fraction increased up to 90%, the

fluorescence intensity is increased 55 folds higher than 65 %. [67]
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Figure 1.15 AIE anthracene dye for pH probing

The compound 33 is almost non-emissive in acidic solution with a pH lower than 4. The
emission intensity increases as the solution pH increases form (4 to 12). This phenomenon
occurs because the structure 33 is changed from the separate species to the aggregated cluster
in response to the variation in pH. The development of pH sensor for extremely high pH like
pH>10 is necessary, because of alkaline errors and exciton may dissipate energy due to the
energy transfer. In 2013, Knut Rurack and Co-workers synthesized BODIPY dye bearing an
acidic phenol moiety. The BODIPY dye was embedded into the polyurethane matrix,
immobilized on 3D-epoxy-functionalized polymer support. At higher pH due to the complete
deprotonation of a phenolic moiety quenches the fluorescence intensity. Due to
deprotonation, the phenolate ion becomes electron-rich and highly electron-rich meso

substituents commonly quench the fluorescence of the BODIPY core through an efficient
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electron transfer process.[68] BZ Tang and Co-workers synthesized a hybrid system that
consists of both AIE characters and properties of cyanines. The Red emissive hemicyanine
dye contains tetraphenyethene (TPE) moiety for AIE character and N-alkylated indolium
group for pH response. The AIE active dye response to the pH in full range, showing (switch
+ knob) effect at different pH different emission colour and intensities (Switch + knob)
effect. Bright red emission at pH <5, moderated red emission at pH -5-7, weak to no emission
at pH 7-10, no emission to strong emission at pH 10-14. Further, the AIE-Cy (35) dye was
applied in the intracellular pH imaging because of excellent biocompatibility and cell-
permeability.[69, 70] In 2015, Jin Huang et al., designed and synthesized ratiometric
fluorescent nanoprobe consisted of a gold nanoparticle, short single-stranded oligonucleotide
and a dual fluorophore (rhodamine green (donor) and rhodamine red (acceptor) labelled

intercalated motif (i-motif) sequence.

Figure 1.16 Structure of the AIE and pH-responsive molecular probe.

At neutral pH, the dual fluorophore is separated, resulting in a very low FRET between i-
motif and rhodamine. At acidic pH, i-motif stands fold in the quadruplex structure and leave
the gold nanoparticle, bringing the dual fluorophore close, which increases the FRET
process.[71] Baoli Dong and co-workers synthesized site-specific lysosome targeted
intramolecular charge transfer-photoinduced electron transfer-fluorescent resonance energy
transfer fluorescent probe for monitoring pH changes in the living cells[72] (Fig. 1.17) In
2017, Han Yan et al. synthesized two new AIE pH probes by combining pyrimidine and a
phthalimide (2-(4,6-dimethylpyrimidin-2-yl)isoindoline-1,3-dione (PB) and 2-(4,6-bis(4-
(dimethylamino) styryl) pyrimidine-2-yl)isoindoline-1,3-dione (NPB)) based on the
molecular design Donor-IT-acceptor system. The PB and NPB can be easily protonated at the

nitrogen side[73]. In 2018, Ema Horak et al. synthesized an AIE benzimidazole
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functionalized Schiff base. The benzimidazole probe provides a reversible fluorimetric
determination of the pH. The Ema utilized the imino nitrogen of the Schiff base as a
protonation site in the acidic medium.[74] Jianbo Wang synthesized three NIR probes based
on bond energy transfer and m-conjugation between the TPE moiety and hemicyanine
moieties for the sensitive detection of pH changes in the live cells. [75]
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Figure 1.17 Dual site fluorescence lysosome targeted pH sensing probe.
1.5.2 Solvatochromic luminescence probes

Some of the compounds are known to show different responses to light absorption, depending
upon the polarity of the medium. These types of compounds are known as solvatochromic
probes. The study of polarity around the surrounding medium is important for solute-solvent
interactions. Many factors as for examples (solute-solvent interaction, hydrogen bonding,
vanderwall interaction, solubility, acid-base equilibria and keto-enol equilibria etc), play the
role to study surrounding medium in which the probe is dissolved. The solubility affects the
spectroscopic responses due to the environment-induced aggregation.[76] The specific
solvent effect, such as hydrogen bonding not only affects the emission property of the probe
but also leads to a significant stoke shift. By knowing the mechanism for the small changes in
photophysical properties in the micro-level could help to understand the nature of the living
cells.[77] The fluorescence technique is promising for sensing and imaging applications. [78]
An organic fluorophore is highly useful materials for sensing, but due to autofluorescence
from the background which interferes with the selectivity of the targeted species. To
overcome the problem, the materials with high quantum yield in solid state and high stoke
shifts are necessary.[79] A series of tetraphenyl ethylene containing BODIPY compounds
and these compounds show AIE behaviour with solvatochromism. Their emissions are
tunable from visible to near-IR with large Stokes shifts up to 142 nm.[79-82]. Many AIE

active materials have been synthesized, which exhibited large stokes shifts.[83-85]
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1.5.3 Albumin Sensing probes

Chronic Kidney Diseases (CKD) is a worldwide public health problem, with the adverse
effect of kidney failure, cardiovascular diseases (CVD), and premature death. According to
the organization named Kidney Disease: Improving Global Outcomes (KDIGO) defined
CKD as kidney damage glomerular filtration rate (GFR)<60 mL/min/1.73 m? for three
months or more, irrespective of the cause.[86] The presence of albuminuria is the principal
marker of the kidney damage in many kidney diseases defined as albumin-to-creatinine ratio
>30 mg/g of urine sample in two of three spot urine specimens”[87]. In February 2002, the
Kidney Disease Outcomes Quality Initiative (K/DOQI) of the National Kidney Foundation
(NKF) given the guidelines for defining chronic diseases at different stages and the
laboratory measurement for the clinical assessment of the kidney disease.[88] Many methods
have been developed based on antigen-antibody interactions for albumin detection due to
their excellent performance in terms of sensitivity and selectivity. These methods include
radioimmunoassays[89], enzyme-linked immunosorbent assays (ELISA),
immunonephelometry[90],  solid-phase = fluorecent = immunoassays[91],  liposomal
immunoassays[92], magnetic immunoassays[93], and immunoturbidimetry[94]. All these
conventional instruments are quite a bit expensive, time-consuming, and also consumes large
amounts of expensive antibody reagents.[95] Among all the above techniques, the
fluorescent-based technique is used widely because of its higher sensitivity, cost-effective,
less experimental time.[96] In 1998 Ma et al. first utilized the fluorescence-based technique
for the detection of albumin. In this work, the fluorescence of 2,5-di(ortho aminophenyl)-
1,3,4-oxadiazole was enhanced by increasing the concentration of albumin.[97] Several
fluorescence reagents for albumin detections and quantifications based on emission
enhancement have been developed, such as fluorescamine, o-phthaldialdehyde, cyanine dyes,
and SYPRO Ruby.[98] For many years, protein sensing could be possible in solution state
only when and researchers tried to be away from the aggregation as the luminescent of the
probes gets quench.[99] Tong et al. and Co-workers were managed to overcome the problem
by introducing the AIE molecule's dimethoxylated TPE derivative, which was further
derivatized to give dihydroxylation TPE and then disulfonated TPE (Figure 1.18). All the
three TPE derivatives are AIE active. The disulfonated TPE is water-soluble and works as an
excellent for protein sensing. Here, the BSA contains hydrophobic binding sites. (the BSA
has three pockets of hydrophobic site). The dye interacts with the hydrophobic region of BSA
and enters the hydrophobic cavity of the BSA folding structure. The binding of BSA induced
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redshifted in Aemi= 74 nm. In the hydrophobic cavity the movement of phenyl rotors in the
dye gets restricted, and emission is enhanced.[100] In 2010, Lu et al synthesized the
anthracene derivatives based (32, 33, and 34) pH sensors and also as BSA sensing.[67] The
probe molecule 34 interacts with the BSA, which enhances the fluorescence spectra. In a
buffered solution, the cationic amphiphilic dye binds to the biomacromolecules via
supramolecular interaction such as hydrophobic interaction and electrostatic interaction. The
detection limit reached up to 500ng/ml.[67] In 2013, to improve the sensitivity more, Peng et
al designed and synthesized the ratiometric fluorescence probe, 2,2°.4,4’-
tetrahydroxybenzophenone azine with AIE characteristic (Fig. 1.18). At 7.4 pH, the probes
43 get deprotonated and emit blue fluorescence. The probe after binding to the hydrophobic

pocket or the albumin (BSA) the intramolecular rotation is inhibited, which enhances the

O OCH,4

fluorescence.[101]
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Figure 1.18 Structure of AIE probe based on TPE unit for protein Sensing (40-43).

In 2013, Long et al. synthesized an AIE active distrylanthracene derivative for turn-on
detection of BSA and quantification.[102] In 2015, Li et al. designed a turn-on fluorescent
probe with AIE characteristic for quantification albumin. The probe molecule 44 (sodium
4,4'4"-(3,4-diphenyl-1H-pyrrole-1,2,5-trityl) tribenzoate)) were in propeller shape (Fig. 1.19).
The detection limit was 2pg/ml. The mechanism for turn on sense is the interaction with the
hydrophobic core and hydrogen bonding between a probe molecule and albumin.[103]. In
2017, Malathi et al. and Co-workers synthesized AIE active benzimidazole attached

quinolone derivative
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Figure 1.19 Structure of AIE propeller probe for protein Sensing.

. The probe 44 is multi responsive; it responds to pH, Fe (I11) and BSA protein. A docking
study revealed that the probe is attracted to the hydrophobic core of the BSA.[104] In the
same year, Li et al. synthesized a red emissive BODIPY-Triphenylamine AIE active probe.
The detection limit was 1.44*107 M,1.52*107 M, 5.37*10® M. These BODIPY was utilized
in cell imaging.[105]

In 2018, Samanta et al. combine the AIE process with the TICT process. They used the D-n-
A system (alkylated Cyanine dye as an acceptor and N, N diethylene as a donor). The probe
itself gets self-aggregated. The specific binding probe with HAS led to disassembly of self-
assembled nano aggregates. The detection limit is nearly 6.5 nM.[106] In 2019, Barbeo et al.
designed and synthesized two squarine-based AIE active probe molecules. After interacting
with the BSA in the hydrophobic core, the molecules form the supramolecular adducts with
enhanced fluorescence.[107] In 2019, Samanta et al. rationalize the design of AIE active urea
derivative for HSA and BSA sensing with a detection limit of 5ug/ml.[106] In 2019,
Chakraborty et al. utilized the excimeric emission of the pyrene molecules for the detection
of the BSA.[108] Very recently Liu et al. .synthesized first nitro capped tetraaniline 45 (Fig.
1.20) derivatives with AIE behaviour. The tetraaniline probe molecule is red emissive and
ultrasensitive towards the BSA (8.62 w/ml™).[109]

Figure 1.20 Structure of tetra aniline
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1.5.4 Viscosity Responsive Probes

There is a famous quote as the great physicist Albert Einstein once stated: ‘“Nothing has
happened unless something has moved.” Life to exist, the “rate” at which the molecules can
move is all-important and is determined by the viscosity of the medium. Viscosity is a
measure of fluid resistance to the flow, which describes the internal friction of the moving
fluid. A fluid with large viscosity resists the motion and fluid with low viscosity flows
smoothly. In simple words, the term viscosity in material science and engineering is defined
as the force or stress involved in the deformation of a material. Formally, viscosity is the ratio
of the shearing stress to the velocity gradient. Temperature, pressure, and concentration are
the main factors on which the viscosity of the fluid depends.[110, 111] viscosity has a more
significant influence in the fluorescence intensity. In a low viscous solvent, the
intramolecular motion is predominant in the excitation pathway, whereas in a high viscous
solvent, the intramolecular motion is hindered and the fluorescence intensity is
enhanced.[112]

Viscosity is an important parameter affecting the transport of molecules and proteins. In the
biological point of view, cellular level viscosity change has been linked to the diseases and
malfunction of the cell. It also plays a more significant role in drug delivery and cancer
therapy.[113, 114] Indeed, the intracellular environment has a particular parameter for the
efficient running of life. Changes in the viscosity of these media could create a massive
problem in many biological processes like all the diffusion mediated processes, including
mass transportation, signal transduction, biomolecule interactions, diffusion of metabolites,
and electron transport all of these are closely associated with a variety of diseases. Various
studies revealed that the anomalous mitochondrial viscosity is related to neurodegenerative
diseases, diabetes, and cell malignancy, while the change in the lysosomal viscosity suggests
the diseases of lysosomal storages, inflammation, and even cancer.[208] For determining the
macro-level viscosity, there are various well-developed methods; they required macroscopic
sample quantities and used mechanical, fluid dynamic approach, falling ball viscometer, and
or rotational viscometer for viscosity determination.[115] However, for microscale
determination of viscosity remains a challenge to date. Mapping of single-cell viscosity is one
of the most challenging tasks. Many methods are applied to measure the changes in the
viscosity of the cell among them optical techniques often regarded as non-destructive and

minimal damage techniques. The advantage is that these techniques could be used in live
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cells and tissues.[116-119] Viscosity measurements were carried out based on the change in
the PL intensity first. Theoretically, a strict mathematical relationship between viscosity (1),
and quantum yield (¢p) was developed - the equation is known as the Forster—Hoffmann
equation log ¢ =C + xlog n in which C is the temperature-dependent constant, x is dye
dependent constant the value of which indicates viscosity sensitivity of fluorescence viscosity
probe. [120, 121]

The fluorescent technique is mainly used for measurement, mapping, and imaging
purposes because of the high contrast and easy visualization in the cellular environment.[122]
In response to all the above problems, Luby-Phelps et al. in 1993 designed and synthesized
two homologs indocyanine dyes attached to macromolecular Ficoll 70 to measure the
intracellular viscosity.[121] However, cell permeability and photostability are the primary
concern for this molecule. In 2009, Kuimova et al. used the rotor, constructed on a dimer of
porphyrin dimer (44, Fig. 1.21) to map the intracellular viscosity of single cell during the
photoinduced cell death. They describe that there is a dynamic increase in the viscosity,

which indeed alters the diffusion- dependent kinetics of the cell.[123]

Figure 1.21 Structure of porphyrin-based rotor for mapping intracellular viscosity.

In 2011, Peng et al. designed the ratiometric fluorescence cyanine-based rotor probe to
increase the cellular permeability and to decrease the photobleaching effect (Fig. 1.22). To
gain more accuracy and reliability, they used the fluorescence ratiometry and fluorescence
imaging technique. Here the rotation of the CHO group in the excitation pathway helps the
deactivation process, but in a high viscous solvent the rotation is restricted, and emission is
enhanced.[124] In 2013, Yang et al. introduced the Forster resonance energy transfer
mechanism in the probe molecule consists coumarin where BODIPY acts as a fluorescent
receptor, phenyl ring as a rigid spacer and a triphenylphosphonium as a mitochondrial
targeting unit (47-50). The C-C bond between the spacer and BODIPY rotates freely in the
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low viscous solvent to produce fluorescence quenching whereas the rotation is restricted in
the high viscous solvent. The ratiometric fluorescence helped them to study the change in

viscosity in the mitochondrial matrix caused by drug monensin and nystatin. [47]

48 Ry= CH,CH,PPh,CT; R,=R;=R,=Rs=H
49 R1= cHchch3, R2=R3=R4=R5=H
50 R1= CH2CH2CH3, R2=R3=R4=R5=CH3

Figure 1.22 Structure of Cyanine and BODIPY type of viscosity probes.

In 2015, D. Telore et al., using a knoevenagal condensation reaction, synthesized a series
of push-pull types of carbazole based viscosity sensing compounds with the AIE
characteristic probe.[125] These compounds are insensitive to the polarity of the solvent.
Meanwhile, many new fluorophores based on carbazole, cyano-stilbene, triphenylamine,
styryl and naphthalimide were synthesized and applied as a probe for viscosity sensor.[126]
In 2017, Song et al. synthesized a viscosity probe named VIS-A (51) and VIS-B (52).
Accordingly, he designed a probe to fix it in the mitochondria by attaching anchor (CHO)
moiety with the mitochondria-targeted group. Here, -CHO reacted with the proteins in the
mitochondria, henceforth it was unable to move outside from the mitochondria. The property
helps to quantify the viscosity of mitochondria in the healthy and diseased state.
Autofluorescence from the background is the main problem inside the cell so, to remove it,
researchers synthesized red-emitting viscosity sensitive dye.[127]
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Figure 1.23 TPE based AIE viscosity sensor for organelle targeting probes
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Recently, researchers focused on the design and synthesis of viscosity probe with a longer
wavelength, long lifetime, and organelle-specific.[128] Wang et al. targeted the lysosomal
Viscosity through BODIPY derivative containing morpholine as a lysosome targeting moiety
(56). Once the BODIPY derivate (56) diffuses into the lysosome morpholine nitrogen gets
protonated. The dye became more hydrophilic and remained in the lysosomes. Due to the
protonation, morpholine unit can no longer serve as the electron donor for the PET process.
Thus, fluorescence is enhanced in the lysosome. However, the fluorescence highly depends
on the pH. At pH 4, the compound shows stronger emission intensity than at pH 7. Owing to
it, the dye was used in fluorescence lifetime imaging for quantifying the viscosity in the
lysosome.[129] Zou et al. synthesized Pyridium based carbazole derivative (57) for
visualizing the dynamic viscosity of mitochondria in mitophagy phage. Here due to the
restriction of pyridine ring attached to the carbazole, the fluorescence is enhanced.[130] Very
recently, Hao and Co-workers synthesized a series of Ir(Ill) biscyclometalated phosphine
based complex for mitochondrial viscosity two-photon lifetime imaging. These are anti-
cancer phosphorescent complexes. The emission intensities and lifetime of the complex are
viscosity dependent. Therefore, this kind of study helps to design new small molecules that
could induce and monitor therapeutic effects by measuring microenvironment at the
subcellular level.[131, 132]
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Figure 1.24 Structure of organelle targeting viscosity probe
1.5.5 Explosive Sensing Probes
1.5.5.1 What is Explosive?

Explosive is a substance or a (mechanical or handmade) device that can produce the volume
of rapidly expanding gas in an extremely brief period.[133] There are three kinds of

explosives.
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1. Mechanical explosive is one that wholly depends on physical contact or reaction.
2. Chemical explosive is one with continuous rapid reaction producing more and more heat.

3. Nuclear explosive is sustained with nuclear reaction can be made to take place very

rapidly, releasing a large amount of energy.

Recently chemical explosive is used more for terror attack because these explosive are easy
to transport and hide. Chemical explosives are two kinds (1) detonating or high explosives,
and (2) deflagrating or low explosives, e.g., propellent and pyrotechnics. Detonating or high
explosive are again subdivided into two kinds a) primary explosives requires a source of fire,
spark or sufficient amount of heat which equals the magnitude of explosives, for example,
such explosive includes the lead azide and lead styphnate. b) secondary explosive which
includes the nitroaromatic or nitramines which are much more applied in military sites.
Secondary explosive is loosely categorized into melt-pour explosives which are based on
nitroaromatics, eg, trinitrotoluene (TNT), dinitrotoluene (DNT) and plastic bonded explosives
(PBX) which are based on a binder. Crystalline explosive such as hexahydro-1,3,5
trinitroazine (RDX). Again the nitro explosive can be classified as electron-deficient aromatic
like trinitrotoluene (TNT), picric acid (PA), 2,4-dinitrotoluene (DNT), 1,3-dinitrobenzene (m-
DNB), 2,4,6-trinitrotoluene (TNT) etc., and electron-deficient aliphatic like 2,3-dimethyl-
dinitrobutane (DMNB), trinitroglycerin (TNG), 1,3,5-trinitroperhydro-1,3,5-triazine (RDX),
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) etc. (Fig 1.25), RDX, HMX, TNT,
TNP, TNG, PA explosives are more hazardous and dangerous. According to the recent
interview by the Institute for Economics and Peace (IEP) from 1970 to 2019, about an

average of 15% of deaths are caused by explosives.[134-138]

Explosives

Low Explosives  High Explosives

7\

Propellants  Pyrotechnics Primary Secondary
Explosives Explosives

Military Industrial
Explosives  Explosives

Figure 1.25 Flow chart representing the classification of the Explosive materials.

Chapter-1 Page |23



Chapter 1: Introduction

1.5.5.2 Importance of Explosive detection

The measurement of the explosive on contamination sites provides a rapid warning at
manufacturing, storage, and demilitarization of the weapons. Not only warning but the
identification and quantification of explosives have also become the emerging topic of
interest for all the researches due to their prominent role in the security threat and increasing
terrorism. Terrorism, the word itself, replicate the meaning of terror. There are many different
definitions of terrorism. It is a charged term. It is used with the connotation of something that
is “morally wrong.” In simple words, “the deliberate killing of humans without any cause at
random to spread the fear among the world population and force the hand of its political
leaders."

The detection of the explosive is a critical task in the field of forensic science, anti-terrorist
activities, and global de-mining projects. Asbury et al. have rightly pointed out the
importance of analysis of explosives in two dimensions. One is the threat of illegal use of
these compounds for security, creating the fear and chaos among the peoples and thus
encouraging terrorist activities.[139] While the increase in terrorist activities, the demand for
reliable and rapid detection of luggage also increases. For counter, the active terrorism
scanning of explosives in objects of various sizes, ranging from small ring to large containers,
became an important aspect. Furthermore, the other is a significant concern about the health
risk when these explosives are released in the environment. Nitro compounds can rapidly
penetrate the skin causes various problems such as liver damage, renal problem, and anaemia,
etc. When these compounds persist in the biosphere, they severely affect the healthy life of
humans, fishes, and microorganisms. Therefore the detection of the explosive as well as
tracking and locating the place where the explosive materials are buried or kept is a highly
essential task, which could help in reducing the continued fatalities from the land mines

among the civilians [140-143]
1.5.5.3 Probes for Explosive detection (Techniques for the detection of explosives).

Explosive materials are composed of different materials with low pressure (e.g., TNT, TNP,
RDX, HMX, Tertyl, and PETEN). The detection of these compounds is a very complicated
task. Moreover, terrorist packs them in the plastic material. According to the literature, the
vapor pressure is reduced to 1000 times when they are packed in plastics.[231] So far,
various detection techniques have been developed to detect the explosives, including gas
chromatography[144],  Sniffing  dogs[145], Raman  spectroscopy[146], cyclic
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voltammetry[147], X-ray scanning[148], and ion mobility spectrometry[149]. However, most
of the instruments used are expensive, bulky devices and unsuitable for incorporating into a
portable system for in-field, remote, or non-contact detection and lack of sensitivity.
Spectrophotometric based methods are divided into several types. One of them is ionization
mass-spectrometry (IMS) which is highly sensitive for detection and identification, like a
swipe of clothing, skin, or objects, will pick up particulates containing explosives residue
which may then be analyzed for the molecular mass. The identification of explosives involves
a comparative analysis with a library of standards. The disadvantages with IMS are the need
for careful instrumental calibrations and the limited portability of most IMS instruments,
suggesting that this method may be less than ideal for broader use. Methods using infrared or
visible light are advantageous because they provide sensitivity, cost-effective
instrumentation, portability, and maintain the ability to detect a wide range of explosive
chemical classes. Absorption based detection is the simplest of the other spectrophotometric
methods. [150-152] Several kinds of colour-changing chemical sensors have been developed
for the rapid onsite detection of explosives. A specific colour reaction is made between the
well-known compound cymantrene and related explosive compounds (ERC) for the
detection.[153] The technique provides fast and simple detection of explosive fingerprint
residues on various surfaces. The detection limit of the proposed technique is about 0.2 ng of
DNT.[154] Oh et al., have used spectrophotometric assay for the detection of TNT in culture
media, which is basically of the colourimetric based method. It is not so sensitive as expected
for the detection of explosive compounds.[155]

Sohn et al. explored the photoluminescence property of polysiloxane derivative through
quenching its luminescence by explosive analytes like picric acid, TNT, DNT in the air
(4ppb) or seawater (1.5ppt) or underwater land mines. However, these methods are less
responsive at the time of intense background colour or background fluorescence. A well-
accepted method is a fluorescence-based detection. The principle of fluorescence-based
detection mostly relies on the quenching of emission when the target molecule comes in
contact with the probe. The broad applicability of this technique in the detection and
quantification of explosives arises because of simplicity. The fluorescent sensitive material
[like 4-N, N-dimethylamino-4 methylacryloylaminochalcone (DMC), pentiptycene polymer,
Nile Red dye, liquid-crystalline (LC) polyfluorenes, etc.] is spread over the suspected area to
get the image of an object which indicates the presence of explosive compound or material.

Due to the electron-rich behaviour of semiconducting polymers, often, these are used to
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detect explosives. Nitroaromatic explosives being electron deficient bind to the electron-rich
semiconducting polymers and quench their fluorescence by an electron transfer mechanism.
The detection was also carried out on a microfabricated chip and concentrations of 1 ppm of
TNB, TNT, DNB, 2,4-DNT could be detected using this method. However, for the case of
two nitramines, HMX and RDX could not be detected because of their low vapour pressure.
Ladbeck et al. developed a technique for the detection of peroxides based explosives, i.e.,
HMTD and triacetonetrieproxide (TATP), and the limit of detection was 2x10%mol. Mostly
the fluorescence quenching approach has been explored for the analysis of nitrate explosives
for the detection of RDX, HMX, TNT, nitromethane, and ammonium nitrate.[156-158] In
2015 M. K. C. et al. synthesized 1,8-naphthyridine (58, 59) based fluorescent sensors for the
detection of the picric acid in aqueous medium and the mechanism is found to proceed
through both photoinduced electron transfer and resonance.[159] Vishnoi et al. synthesized a
fluorescent-based sensor 1,3,5-tris(40-(N, N-dimethylamino)phenyl)benzene (60, 61) which
selectively senses the picric acid with a detection limit of 1.5 ppm. Here the proton is
transferred from the picric acid to the probe making picrate ion more an electron-deficient.
The quenching of fluorescence arises because of the transfer of energy.[160] In 2016, Tian et
al. designed and synthesized an ionic liquid-based (62) chemosensor, which forms the charge
transfer complex with picric acid through the protonation process. The protonation favours
the electrostatic interaction between probe and picric acid. The picric acid is also detected on
test paper by this probe. The detection limit is 8.1 x107 M.[161] In the same year,
Mahendran et al. utilized the AIE active TPE derivative based on pyrone(63) for explosive
sensing. Because of the AIE nature of the molecule, the probe is highly sensitive to picric
acid, and the detection limit is 22 nM.[162] In 2017, Sodkhomkhum et al. utilized the
pyrene monomeric and excimer emission for PA sensing. The synthesized
imidazolylmethylpyrene (64) can sense PA in both ways as fluorescence and colourimetric
sensing. Just by changing the solvents, the probe senses the PA in two different ways (i.e., in
acetonitrile with the addition of PA the emission is enhanced and in toluene, with the addition
of PA the emission is quenched) with a detection limit of 243 ppb and 576 ppb
respectively.[163] Wei Huang et al. reported two hyperbranched conjugated polymers with
TPE units as core and 1,4-dodecyl-2,5-diethynylbenzene as well as 1,4-bis(dodecyloxy)-2,5-
diethynylbenzene as co-monomers and utilized the polymer in explosive sensing in water.

The quenching efficiency depends upon the energy transfer mechanism.
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Figure 1.26 Structure of the explosive sensing probe (58-61)

The higher the spectral overlap between the absorbance of the analyte and emission of the
fluorescent polymer, the higher is the sensitivity.[164] Li WEN et al., rationally designed and
synthesized aggregation-induced emission cationic Ir(l1l) phosphors. By increasing the alkyl
length, they were able to increase the photoluminescence quantum yields 13.6 % to 32.2 %.
The longer alkyl group can reduce the strong intermolecular interactions of the emissive core,
decreasing the non-radiative channels. The quenching of the complex was attributed to the
PET and RET processes. Among them, compound 85 is very sensitive towards picric acid
(detection limit = 10 ppb).[165]
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Figure 1.27 Chemical structures of compound (64-66)

In 2018, Giri et al utilized 1,2,3 triazole appended polythiophene for the detection of trace
nitroaromatics. Conjugated polymers were synthesized by GRIM (Grignard metathesis
reagent) polymerization. Here the electron-withdrawing capacity of 1,2,3 triazole in polymers

plays a crucial role in enhancing the detection ability towards the nitroaromatics. The
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absorption maxima of polymers were absorbed in 485 nm. The polymer was emissive in the
orange spectral region at 573 nm with a significant stoke shift of 7070 cm™.[166] The
polymer makes use of the molecular wire effect for fluorescence quenching. The quenching
constant of the Ksv was 8.4 *10%. In the same year, Tao et al. synthesized three AIE active
dibenzol[b,d] thiophene skeleton-based compounds. These compounds act as a chemosensor
for picric acid in an aqueous medium with a detection limit of 20 ng/cm?.[167] Abu Saleh et
al. synthesized the pyrene based multifunctional materials. It acts as a sensor for nitric oxide
and picric acid. The pyrene Scaffold compound (67) exhibits AIE activity for which the
fluorescence quenched in the presence of picric acid. The stern volmer quenching constant
was found to be 1.4 x 10* M1.[168] Che et al. synthesized a series of active AIEE Ir(lIl)
complex (68-71). The quenching mechanism was confirmed by mass spectroscopy, *H and
F NMR which reveals that the H-O----H interaction between picric acid and the ancillary
ligand is responsible for sensitivity. The detection limits for complexes 68-71 as sensors for
TNP are calculated to be 0.23, 0.15, 1.05 and 1.65 mM, respectively.[169] Guo et al.
synthesized two AIEE active cycnostilbene derivatives and attached the BF, unit for high
quantum vyield. DFT studies defined the sensing mechanism. The LODs were calculated as
1.26*10° M and 1.51*10° M, respectively.[169] Very recently, Ma et al. synthesized a three-
component compound integrated 1,4-dihydropyrrolo[3,2-b]pyrrole (72, 73) with tetra-
phenylethylene (TPE) and pyridine units. Here the TPE unit shows AIE activity, while
pyridine unit for PA sensing. Because of the strong affinity of picric acid towards the
pyridine, the detection limit of the compound was 32.5 nM.[170] Dong et al. have
significantly worked on conjugated polymer based on polycarbazole and TPE (side chain).
The polymer detects the explosive through the excited-state charge transfer between the
excited state of the polymer and ground state of the picric acid.[171, 172] The high-efficiency
sensing is due to
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Figure 1.28 Chemical structure of 67-71
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Figure 1.29 Chemical structure fluorophore based on quinoline and benzimidazole (72, 73)

the electron-donor property offered by electron-rich carbazole and the loosely packed

structure of 3D polymer nanoaggregates in the aggregated state.
1.6 Research Gap

The present thesis deals with both the development and discovery of the smart, responsive
compounds. We have unearthed the potential of an old molecule and also synthesized several
new ‘Aggregation-induced Emission’ (AIE) active compounds and used them for sensitive
and selective sensing of various important analytes and essential parameters. Smart materials
are characterized by their smart, responsive behaviour, which is governed by the chemically
active functional groups attached within the molecules. While the majority of the molecules
displayed only one or dual specific responsive functions, very limited efforts have been taken
to explore the multi-stimuli probes and their applications [173-175] In the field of pH
sensing, there is a lack of molecules that are sensitive to the whole range of pH. It is the
alkaline nature that keeps our bodies healthy, while diseases are mostly observed to arise in
acidic conditions. The alkaline medium produces the alkaline error effect.[176] Most of the
developed probe molecules are stick for sensing at a particular pH which makes the probe
limited to the ranges of pH. The mechanism for increasing or decreasing the luminescence in
the whole range of pH has not been explored.[177] Moreover, the whole imaging of
cytoplasm inside the cell utilizing a single pH probe is still rare.[70, 132]

In the field of albumin detection, most of the probes are organic luminophore.
Autofluorescence, photobleaching and insensitivity is the main problem for the organic
molecules in the biological fluids[178]. In the present situation, no systematic study exists
that results in a very sensitive probe molecule to detect albumin ( at the level of ng), yet it
will be inexpensive.[179, 180] Heavy metal atom can transfer its excited energy to triplet
state quickly to act as triplet state emitters. The emission is mainly due to the lowest triplet
energy charge-transfer state; therefore, such complex can be used for probing the cation,
anions & the biologically essential molecules, proteins more efficiently.[181]. Modification

on the cyclometaleted ligand provides the opportunity to the tuning of the complex emission
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in the entire visible region that facilitate a significant response to the analytes. With
combining three or more active functional groups in one molecule to make the compound
responsive to different species selectively created a space in modern research. Describing the

mechanism for developing efficient new molecules is an important task.

In the field of viscosity sensing, many new AIE probes have been developed and applied
for imaging and quantification of the intracellular viscosity.[182] Probe molecules can target
the specific organelle for imaging the intracellular viscosity. However, the biocompatibility
and sensitivity of these probes remains challenging and required to be improved further for
sensitive applications.[124, 129] Researchers used the fluorescence lifetime microscopy for
imaging intracellular viscosity with the help of probes sensitive to viscosity. As the cost of
the instrument is more, this instrument may not be present in many research centres. So, there
is a need to develop a probe with high contrast and high stoke shift. So, the probes could be
used in simple fluorescence microscopy for a better image in a simple way.[124, 129] By the
intracellular viscosity, one could know the condition of the healthy cells. However, until now,
the scientist has focused only on imaging the intracellular viscosity to detect the change in the
cell functions and to study the drug effect on the intracellular viscosity of single cells.
Moreover, there is a need for ease of synthesis and cost-effectiveness of the probe. The
response of the viscosity should be distinguishable from other processes, and the viscosity-
based probe molecule should not be affected by the pH and polarity of the cells. Furthermore,
the viscosity probe could be utilized to distinguish between the healthy and diseased cells for

pre-diagnosis [120].

In the field of explosives, onsite detection of nitro explosives in the solid or gaseous state is
a significant challenge to address anti-terrorism. The challenge in the existing research is to
obtain the ultra-sensitive probe towards sensing of nitro explosives. There are many probe
molecules for sensing nitro explosive in contact mode but a rare case of vapour phase
sensing. The existence in contact mode sensitive probe molecules is in few 100 hundreds of
ppb (parts per billion) level.[141] Vapour phases sensing of explosives is required for real-
time application in military and to reduce mass-destruction from the explosion by detonating
explosives in a common people place. It poses a great challenge to design highly sensitive
detection of explosives in the non-contact mode because of the inherent lowering of the
vapour pressure of nitro based explosives.[139] The use of D-A type and polymer-based AIE
materials would be a much better choice for highly sensitive detection of explosive

materials.[183, 184] The mechanism underlying to detect explosive materials using
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commonly known luminescent materials is mainly operated through photoinduced electron
transfer and energy transfer that results from quenching of emission intensity.[166] The
HOMO and LUMO energy levels of the probe molecules (AIE active) can be determined by
using cyclic voltammetry and UV-VIS spectroscopic techniques. For the case of the AIE
probe molecule, it is very convenient to tune the emission wavelength by merely
incorporating the different electron-donating / withdrawing substituents in varying positions
of the rotor group. Very few probes are used in extremely acidic or basic conditions for
detection. To utilize these probe molecules successfully in explosive detection, the AIE
luminogen must be stable in variable environmental conditions such as in acidic and basic
conditions.[142] Conjugated hyperbranched based polymer or the conjugated polymer
networks would be sensitive to detect the vapours of low volatile explosives
(RDX/PETN/HMX) from their vapour phase.[141] Nevertheless, the reported conjugated
polymers are mostly non-AIE compounds ref. The sensitivity of detection can be further
improved through the rational design of choosing appropriate AIE active hyperbranched

conjugated polymer with macro-porosity to detect the low volatile explosives.
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Materials And Methods Chapter-2

2.1 Materials
2.1.1 Used Reagents

Sodium hydride, 4-(pyridine-2-yl) benzaldehyde, Glucose, Methylcellulose, (2,3-bis[2-
Methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide, 2,3,3-trimethyl-3H-indole,
2-phenyl pyridine, salicylaldehyde, potassium hexafluorophosphate, and 3-hydroxypicolinic
acid were purchased from Sigma Aldrich Chemical Company.

2-phenyl pyridine, Trifluoroacetic acid, acetic acid, Pyrene-1-boronic acid, Iridium(llI)
chloride  hydrate, trifluoromethane sulphonic acid, trimethylamine, Tetrakis
(triphenylphosphine) palladium(0), 2-chloro pyridine, 2-Ethoxy ethanol, and 2-Bromo
pyridine were procured from TCI. 2,4,6-trichloro-1,3,5-triazine purchased from Alfa Asear.

2-Amino benzothiazole, salicylaldehyde, acetic acid, Bromo-pyridine, sodium carbonate,
bromopyridine, bromobenzene, 2-chloronicotinonitrile, 2-bromopyrimidine, methyl iodide
sodium carbonate, (4-(Trifluoromethyl)phenyl)boronic acid, (4-cyanophenyl)boronic acid,
(4-hydroxy phenyl)boronic acid, (4-methoxyphenyl)boronic acid, (2,4-dimethoxy
phenyl)boronic acid, para- tolyl)boronic acid, (4-(dimethylamino)phenyl)boronic acid, (4-
aminophenyl)boronic acid, 4-(diphenylphosphaneyl)phenyl)boronic acid, and 4-(tertiary-

butyl)phenyl)boronic acid were purchased from Spectrochem chemicals company Ltd.

The UV-Vis grade solvents (Dichloromethane, Hexane, Ethanol, Ethyl acetate, Toluene,
1, 4-dioxane, Chloroform, Acetone, and Acetonitrile) were procured from Merck Company.
PEG(400), PEG(600), PEG(300) and PEG(200), Dichloromethane, Hexane, Ethyl acetate,
Methanol, Isopropanol, Butanol, Heptanol, Hexanol, Toluene, and 1,4-dioxane were also

bought from Spectrochem.

Benzoic acid, 3,5 dinitrotoluene, 1,3 dintro benzene, 2,5 dintro phenol, 2,4,6-trinitrophenol,
and metal nitrate salts were procured from Merck Company. [Ir(F2ppy)2Cl]>  bridge

complex was prepared according to a reported procedure [1,3]

NaOH, Triethylamine, Trifluoroacetic acid, and Acetic Buffer solutions (pH 1-pH 14) have
been made by using KCI-HCI, KH2PO4-HCI, KH2PO4 -NaOH and NaOH acetic acid. For
selectivity of anions, different metal salts (Na2S203, Kl, KBr, KF, KCI, NaNO3, Na>SOs,
Al>(SO4)3, K2 SO4, etc.) were procured from SD fine.
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Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide) from SRL, fetal bovine serum
(FBS; Invitrogen; Gibco Life Technologies), Human cancer cell line, Huh7 (a kind gift from
Dr. Soma Banerjee, affiliation, Huh7 (Human hepatocellular carcinoma) were procured from
NCCS Pune, India. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and 2,3-bis[2-Methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide inner salt
(XTT) was purchased from Himedia [2].

2.2 Methods
The probes were designed according to their respective targets.
2.2.1 Synthesis

Synthesis of all the probes and the intermediates were included in their respective

chapters.

The probes were structurally characterized by *H and *C NMR spectroscopy, HRMS
(High-resolution mass spectrometer) were included in the respective chapters. After

structural characterization, all the photophysical property studies were carried

2.2.2 Sample preparation to investigate the ‘Aggregation Induced Emission (AIE)’
property

A set of solution of AIE compounds was prepared in the range of 10 to 10® M. For
sample preparations, two solvents were chosen, one in which the AIE compound is soluble
and in the other, the AIE compounds are insoluble, but the two solvents must be miscible
with each other. Then different samples (0-95%) were prepared by the addition of different
volume fraction (fw) of two solvents in 5 ml vial. For example, concentration (conc). of 0%
water: 10°M of complex in 0.5 ml THF (rest is 4.5 mL THF); conc. of 30% water: 10° M of
complex in 0.5ml (rest is 3.0 ml THF and 1.5 ml of water), conc. of 60% water: 10 M of
complex in 0.5ml (rest is 1.5 ml THF and 3 ml water), conc. of 90% water: 10® M of

complex in 0.5ml (rest is 4.5 ml of water).

2.2.3 Fabrication of thin-film on a thin glass substrate for photoluminescence (PL)

measurement

The 10“ M solution of Probes derivative in THF/DCM was prepared. 2-3 drops of
the solution were placed on a thin glass substrate (2x2cm?), and the solvent was allowed to

evaporate slowly.
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CMOL1 and CMO2 were dissolved in the toluene (1mg/1ml). 0.2ul of solution were
deposited on circular thin cover glass by a drop-casting technique and made it to dry for an
hour at room temperature followed by the vacuum for three hours in the oven at 80°C. For
FESEM, the thin films were exposed to the picric acid for one day to complete the filling of

the pores.
2.2.4 Fluorescence quantum yield calculations

The quantum yield was calculated in two ways
1. Relative quantum yield, and 2. Absolute quantum yield
1. Relative quantum yield

The fluorescence relative quantum vyield (¢) of the compounds was calculated
concerning quinine sulfate [4] (¢ = 0.55) in 0.1N H>SO4 excitation at 350 nm, Rhodamine
101 (¢ = 1) in methanol excitation at 450 nm and Rhodamine 6G (¢ = 0.95) in water [5] the
commonly used fluorescence standard. Fluorescence spectra were recorded for solutions of
absorbance less than 0.1 and more than 0.05 at the excitation wavelength. Generally, the
most extended wavelength band maximum was chosen for excitation. In the case of a system
with an isosbestic point in the absorption spectra, the excitation was carried out at isosbestic

wavelength.

The quantum yield of the samples was calculated using Equation 2.1.

E' _ E' % FFE?J’I‘,EJ:E % AEEE?}I&'E?“E 5 ﬂEEm’p!s
Sample ~  *Standard F. A 2
Standard Lampls n_'-'.‘rrznriﬂrri

¢ is fluorescence quantum yield,

F is the area under the curve of corrected fluorescence spectra,
A is the absorbance at the excitation wavelength.

n = refractive index

2. Absolute Quantum yield.

For the solid-state absolute quantum yield of the samples was measured in the Quanta
¢ integrating sphere-based instrument Quanta—¢ is a quantum yield and CIE measurement
accessory for the fluorometers. It consists of large 150 mm (6 inches) sphere for higher
accuracy and precision QY values, and also it has a bottom-loading drawer for solid/powder
samples which eliminates the contamination.[6]

2.2.5 Luminescence quenching titration study in 90% water fraction and Solution state
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Luminescence quenching titration studies in the water a (9:1, v/v) were carried out with
gradual increasing picric acid (PA) concentration (2uM, 4 pM, and so on ) in a micro
quartz cuvette keeping the total volume 1.5 mL. For each addition, at least three fluorescence

spectrums were recorded at 298K to obtain concordant value.
2.2.6 Experimental procedure for detection limit calculations

Detection limit = 36/m, where o is the standard deviation of new measurements, m is the

slope between the plot of PL intensity versus sample concentration [7-8].

To determine the Signal/Noise ratio, the emission intensity of the synthesized compounds in
90% water fraction and solution without PA was measured by ten times, and the standard

deviation of blank measurements was determined.

2.2.7 Calculation of Forster distance, energy transfer rate, the efficiency of energy

transfer, the distance between the donor and acceptor [9]

The rate of transfer for a donor and acceptor separated by a distance r is given by Equation
2.2

Ro® = 8.79 * 10°°( x®n*Qqa (1)) (in A®)
Where Qp is the quantum yield of the donor in the absence of acceptor, n is the refractive

index of the medium, r is the distance between the donor and acceptor, and Tp is the lifetime

of the donor in the absence of acceptor. The refractive index (n) is typically assumed to be
1.4 for biomolecules in aqueous solutions. The term «? is a factor describing the relative

2

orientation in the space of the transition dipoles of the donor and acceptor. k is usually

assumed to be equal to 2/3, which is appropriate for dynamic random averaging of the donor
and acceptor. J(1) is the overlap integral value between the emission spectra of donor and

absorption spectra of the acceptor. Which is calculated by the Matlab (2019(a)) software.

For a donor-acceptor pair at a fixed distance, the efficiency of energy transfer is given by

Equation 2.3
E= R%/R%+r®
The rate of energy transfer kr(r) is given by equation 2.4

Kt(r) = 1/Tp (Ro/r)
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The efficiency of energy transfer for a single donor-acceptor pair at a fixed distance is given

by Equation 2.5
E= Rﬁoleo‘l‘r6

2.2.8 Solvatochromisim

The solvent effect on the emission spectra of the probe is interpreted in terms of the Lippert
Mataga Plot. Lippert Mataga describes the Stoke shifts in terms of the dipole moment in the
excited state. The Lippert-Mataga equation describes the energy relates to the refractive index

(n), and dielectric constant (¢) of the solvent is given by Equation 2.6
head

(Bap — Fr1) = (M)ﬂ f + constant

':5—1} Iin:—ljl
(2z+1) (2n?+1)

Where Af =

€ is the dielectric constant of a particular solvent, n is the refractive index of a particular
solvent, h is Planck’s constant, c is the velocity of light, ‘a’ is the Ongsager cavity radius
and pe and pe is the ground state and excited state dipole moment of the fluorophore,
respectively Af is the solvent polarity parameters. Av = vaps — vem IS the solvatochromic shift
(in cm™) between the maxima of absorption and fluorescence emission [ Vas =

1/Aabs(max), Vem = 1/ em(max) ].

2.3 Instrumentation
2.3.1 UV-Visible spectrophotometer

Absorption spectroscopy is the most widely used spectroscopic tool that provides
useful information about the sample understudied. It refers to a spectroscopic device that
measures the absorption of radiation, as a function of frequency or wavelength, due to its
interaction with a sample. The environmental effects alter the relative energy of ground and
excited states, and this alteration causes spectral shifts. The absorbance (A) of an absorber
(concentration C) having a molar extinction coefficient &, at wavelength A is given by

Equation 2.7.

A= lng(i—”) = 5.l
Where A is absorbance (optical density), lo, and | represent the intensity of the incident and
transmitted light, respectively, ¢ is the concentration of the light-absorbing species, and | is

the path length of the light-absorbing medium in a decimeter. A matched pair of 10 cm quartz

cuvettes (Hellma, 1 cm light path, capacity 3.5 ml, Model: 100-QS) was used for absorption
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measurements. UV-Vis absorbance spectra were recorded wusing a Shimadzu
Spectrophotometer (model UV-1800 and 2550) The block diagram of the instrumentation is
shown in Figure 2.1

Reference

Deuterium/
Tungsten lamp

Monochomator Detector [ Data output

Sample

Figure 2.1 Schematic representation of UV-Visible Spectrometer
2.3.2 Steady-state spectrofluorometer
In the thesis, fluorescence measurements were performed using a Horiba Jobin Yvon
Fluoromax-4 and Flurolog scanning spectrofluorometer. The spectrofluorometer irradiates a
sample with suitable excitation light and measures the fluorescence emitted from the
irradiated sample to perform a qualitative or quantitative analysis. The block diagram of the

instrument is shown in Figure 2.2. The brief description of its components is given below:

Sample Cuvette
Xenon Lamp j
1
1§
ik
L

Excitation Monochromator ~ Filter

Emission Monochromator

Photo-detector [

Figure. 2.2 Block diagram of a steady-state spectrofluorometer.

This instrument is equipped with a light source of 1905-OFR 150-W Xenon lamp.
The lamp housing is provided with ozone self-decomposition. This instrument contains
Czerny Turner monochromators for excitation and emission. The vital part of
monochromator is a reflection grating. A grating disperses the incident light utilizing its
vertical grooves. The gratings in this instrument contain 1200 grooves mm™, and are blazed
at 330nm (excitation) and 500nm (emission). Blazing is etching the grooves at a particular

angle to optimize the grating’s reflectivity in a specific spectral region. This instrument uses
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a direct drive for each grating, to scan the spectrum at up to 200 nm s, with accuracy better
than 0.5 nm, and repeatability of 0.3 nm. The scan range of this instrument is 240-850 nm.

The cell holder holds a cell filled with the sample.

The emission monochromator selectively receives fluorescence emitted from the
sample and the photomultiplier tube (PMT) measures the intensity of the fluorescence. The
monochromator has a diffraction grating whose size is the same as that of the excitation

monochromator to collect the most significant possible amount of light.

The detector in this system consists of a photomultiplier tube for both photometry
and monitor sides. Generally, the Xenon lamps used on spectrofluorimeter are characterized
by very high emission intensity and a continuous radiation spectrum. However, their
tendency to unsteady light emission will result in more significant signal noise if no
countermeasure is incorporated. Besides, the discrepancy in the radiation spectrum of the
Xenon lamp and in the spectral sensitivity characteristics of the photomultiplier tube (these
criteria are generally called instrument functions) causes misshape in the spectrum. To
overcome the above-mentioned factors, the photomultiplier tube monitors a portion of
excitation light and feeds the resultant signal back to the photomultiplier tube for
fluorescence scanning. This scheme is called the light-source compensation system. The
slits widths are adjustable from the computer in units of bandpass or millimetres. This
preserves maximum resolution and instant reproducibility. The steady-state fluorescence
anisotropy measurements were performed with the same steady-state spectrofluorimeter
fitted with a polarizer attachment (105UV polarizers), manufactured by POLACOAT Co.,
USA. The measurement was obtained by placing one polarizer on each of the excitation and
emission sides. The sample was taken in a Quartz cuvette (Hellma, 1 cm light path, capacity
3.5 ml, Model: 101-QS) with four walls transparent to measure the excitation and emission

spectra.

Time correlated single photon counting (TCSPC) spectra of the iridium complex and
Organic molecules in different solvents were obtained through exciting the sample with a
Spectrofluorometer FLS920s Edinburgh (AIRF, JNU, New Delhi ) and Spectrofluorometer

at BITS Pilani, Pilani campus
2.3.3 Computational study

The Density Functional Theory (DFT) calculations were performed using the

Gaussian 09 program suite [10,11]. Beckes three-parameter hybrid exchange functional with
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the Lee-Yang-Parr gradient-corrected correlation (B3LYP functional)[12,13], for larger
correlation ( CAM- B3LYP) and the basis set 6-31G(+), 6-31G(++)(d,p), LANL2Z, level
[10] were used in both the DFT and TD-DFT methods. All calculations were performed
using the Integral Equation Formalism-Polarizable Continuum Model (IEF-PCM) for the

solvents[14].
2.3.4 Docking Studies

The complex used in docking was Heteroleptic Iridium (111) complex. The coordinates were
generated with the help of the Gaussian 09 program suitel and were first optimized in the
DFT (Density Functional Theory) using B3LYP functional, and the basis set LANL2Dz and
6-31g (d,p) used in both the DFT and TD-DFT methods.

The result of DFT calculation was then read as input for Auto Dock 4.2, a semi-empirical
free energy force field-based docking software to carry out the docking simulation.[15] The
receptor used in this study is Bovine Serum Albumin (PDB ID: 3V03), which is a 583 amino
acids long protein. All the heteroatoms were removed from 2V03 to make the receptor-free
of any ligand before docking. The program “AutoDock Tools” was used to prepare, run, and
analyze the docking simulations. Solvation parameters, polar hydrogen’s, and Kollman
united atom charges were added to the receptor for the preparation of protein in docking
simulation. Gasteiger charge was assigned, and then non-polar hydrogens were merged in the
ligand. One for each atom type, present in the ligand being docked as it stores the potential
energy arising from the interaction with the macromolecule. This grid must surround the
region of interest (active site) in the macromolecule. In the present study, the binding (active)
site on the protein was not known, so the total protein was considered for the binding site
prediction. Therefore, the grid was centered on the protein. The grid box size was set at 126,
84, and 102 A for x, y, and z, respectively, and the grid, center was set to 64, 25 and 32 for x,
y and z respectively, which covered the whole protein. Docking software AutoDock 4.2
Program supplied with AutoGrid 4.0 and AutoDock 4.0 was used to produce grid maps. The

spacing between grid points was 1.0 angstroms.

2.3.5 Other instruments

The oxidation and reduction potential were measured in cyclic voltammetry (CV)
recorded on a potentiostat/galvanostate model 263 A. The platinum, glassy carbon, and
Ag/AgCI electrodes were used as a counter, working and reference electrodes, respectively

and the scan rate was maintained to 100 mVs™,
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The complexes were dissolved in acetonitrile and THF (10 mL) and 0.1 M lithium
perchlorate (LiClO4) was added to the solution (used as the supporting electrolyte). The

whole experiment was conducted under a nitrogen atmosphere.

The dynamic light scattering (DLS) measurements of the aggregates of complexes
were carried out in Zeta Sizer, model Nano ZS (ZEN 3600, Malvern Instruments, UK).
Samples were filtered before the measurements with a 0.22-uM filter (Durapore, PVDF).
The wavelength of the laser light was 6328 A, and the scattering angle was 173°. At least
five sets of measurements were carried out for each sample at ambient conditions. The
scattering intensity signal of the sample is passed to a digital signal processing board called a
correlator, which compares the scattering intensity at successive time intervals to derive the
rate at which the energy is varying. This information is then passed to a computer, and the

data were analyzed with the Zetasizer software to obtain size information.

The size and shape of the nanoparticles were measured by scanning electron
microscopy (SEM) using a JEOL JSM-6700F FESEM instrument at MNIT Jaipur and field
emission scanning microscopy Modal-“APREO S” (FESEM) at BITS PILANI.

The FT-IR spectra were recorded in ABB Boman MB 3000 instrument, FTIR
Shimadzu (IR prestige-21), and Perkin Elmer Spectrum 100. The complexes were mixed
with dry potassium bromide (KBr) powder and pellets were prepared. The pellets have been
used to record FT-IR.

'H NMR, ¥C NMR, and 3P NMR, °F spectra were recorded in a 400 MHz Brucker
spectrometer using CDClz and DMSO as solvent and tetramethylsilane (TMS, 6 = 0 ppm for
'H and 3C NMR), and phosphoric acid (HsPOs, § = 0 ppm for 3P NMR) as internal standard
with a 400 MHz Brucker spectrometer instrument at BITS Pilani, Pilani campus.

High-resolution MS (HRMS) was carried out with a (TOF MS ES* 1.38 eV) VG
Analytical (70-S) spectrometer and Q-Tof micro mass spectrometer instrument at 1ISER

Mohali and BITS Pilani, Pilani campus.

Time correlated single photon counting (TCSPC) spectra of the iridium complex in
THF was obtained through exciting the sample with a picosecond diode laser (IBH Nanoled)
using a Spectrofluorometer FLS920-s Edinburgh (AIRF, JNU, New Delhi) and time-resolved
fluorescence measurements, Horiba Jobin Yvon Fluorocube-01-NL picosecond time-
correlated single-photon counting (TCSPC) experimental setup was used at BITS Pilani. All

the fluorescence lifetime decays were collected at the magic angle of 54.7° with a vertical
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excitation beam using a TBX photon detection module (TBX-07C). IBH DAS-6 decay
analysis software has been used for the analysis of decays. The lamp profile of the TCSPC

instrument was measured with the help of a scatterer, Ludox, procured from Aldrich Co., WI

The solid-state quantum yield of the thin film sample was measured using a
calibrated integrating sphere in a Gemini Spectrophotometer (model Gemini 180) at BITS
Pilani, Pilani Campus.

Luminescence images of cells and photostability of the molecules water performed
by drop-casting the sample solution on a glass slide and images were captured using an
Olympus 1X 81 microscope provided with a digital camera.

Microwave reactions were carried out in a CEM Discover (mode 1908010). All the
reactions were performed under a nitrogen atmosphere, and the progress of the reaction was
monitored using thin-layer chromatography (TLC) plates (pre-coated with 0.20 mm silica

gel).

BET analysis were performed in Multi BET analysis using Quanta Chrome Novae-
2200 Instrument (Material and Research Centre, Banglore).

X-ray Single Crystal structure analysis: Single-crystal X-ray diffraction data for the
compounds were recorded on Bruker AXS KAPPA APEX-II CCD and Rigaku
Mercury375/M CD (XtaLAB mini) diffractometer respectively by using graphite
Monochromated Mo — K radiation at 100.0(1) K by using Oxford cryptosystem. The data
sets collected Bruker AXS KAPPA APEX-IlI [16] Kappa were collected using Bruker
APEX-II suit, data reduction, and integration were performed by SAINT V7.685A12 (Bruker
AXS, 2009) and absorption corrections and scaling were done using SADABS V2008/112
(Bruker AXS).[17] The data sets, which were collected on XtaLAB mini diffractometer,
were processed with Rigaku Crystal Clear suite 2.0. The crystal structures were solved by
using SHELXS2013 [18]. And were refined using SHELXL2013 available within Olex2. All
the hydrogen atoms have been geometrically fixed and improved using the riding model
except the hydride anion, coordinating with Ir, which has been located from the difference
Fourier map and were refined isotropically. All the diagrams have been generated using
Mercury 3.1.1. Geometric calculations have been done using PARSTR and PLATONR.
Powder X-ray diffraction (PXRD) was measured by using Rigaku mini flex 11 desktop X-ray

diffractometer. Prof. Nigam’s instrument model etc.
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2.3.6 Cell culture:

Huh7 (Human hepatocellular carcinoma) and MCF7 (Human breast cancer cells) were
procured from NCCS, Pune, India. Briefly, cells were cultured in Dulbecco’s modified
eagles’ medium (DMEM; Invitrogen) supplemented with 10% Fetal bovine serum (FBS;
Gibco Life Technologies), 100UmL-1 penicillin and 100pgmL™ streptomycin (Invitrogen)
and were maintained at 37° C and 5% CO.. Cells were grown to 80% confluency before any

treatment.

2.3.7 In vitro cytotoxicity assay.

In vitro cytotoxicity assays were performed following procedures de-scribed earlier by
Kovooru et al.[19] Briefly, cells were seeded at a density of 8 x 103 in 96 well plates and
incubated overnight. The cells were then treated with different doses of either TPSI1 or
Methylcellulose (MC) for 24hr. XTT (2,3-bis[2-Methoxy-4-nitro-5-sulfophenyl]-2H-
tetrazolium-5-carboxanilide inner salt) was added to the treated cells in each well, and cells
were incubated for 3hr. Absorbance was measured at wavelength 480nm with a differential
filter of 630nm using a Multiskan Microplate Spectrophotometer (Thermo Scientific). The
percentage of viable cells was calculated using the formula: Viability (%) = (mean

absorbance value of treated cells)/mean absorbance value of control) *100.
2.3.8 Microscopic imaging and cellular uptake studies

For microscopy, cells were seeded on coverslips in a 6-well plate, and after overnight culture,
they were treated with the compound for 2hr. To analyze viscosity-dependent alterations in
fluorescence, Huh-7 cells were pre-treated with PEG or Glucose or MC for 10hr before the
addition of the compound. In studies performed using primary culture Human Umbilical Vein
Endothelial Cells (HUVECS), cells were grown on gelatin-coated cover glasses for overnight,
followed by treating the cells with 30mM of glucose for 24hr. Treated HUVECs were then
incubated with compound for 4hr. After that, media was removed, cells were rinsed in 0.1M
phosphate buffer saline (PBS) and then fixed using methanol at -20°C for 10min. The
coverslips with fixed cells were mounted with anti-fade mountant (Thermo Scientific) on a
glass slide and visualized under a fluorescence microscope (Zeiss Axio Scope Al). For flow
cytometry, cells grown in 6-well plates were exposed to PEG or Glucose or MC for 10hr
followed by incubation with the compound for 2hr. The cells were then harvested, collected

and suspended in PBS followed by acquisition using flow cytometer (CytoFlex, Beckmann
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Coulter). A shift in fluorescence in the green filter was monitored; the data were analyzed
using CytExpert software. For fluorimetric analysis, cells were seeded at a density of 1x10°
in 6 well plates, and after 10hr of treatment, the cells were lysed using Triton-X buffer and
centrifuged at 15000 rpm for 15min. The absorbance of the supernatant was recorded using a
microplate reader (Fluoroskan Ascent).at 485 nm (excitation) and 530 nm (emission)

wavelength (2)
2.3.9 Co-localization Study

For nucleus co-localization studies HelLa cells were seeded into a 4-well chamber
slide in 500 pL supplemented DMEM medium and allowed to adhere overnight. Then cells
were incubated with an aqueous solution of the compound (final concentration, 170 uM) for
4 hrs. Next, cells were washed with PBS buffer solution and fixed with 4% paraformaldehyde
for 20 min. Then cells were permeabilized by adding 500 pL 0.3% Triton X-100 in PBS
solution for 20 min. Then, the cell nucleus was stained with an aqueous solution of propidium
iodide. Next, fixed cells were mounted with 50% glycerol and imaged under the fluorescence

microscope.
2.3.10 Statistical analysis

The obtained data were analyzed using the Prism® software (Version 5.01; GraphPad
Software Inc., USA). The effect of various treatments was statistically analyzed using the
one-way ANOVA test, and the level of p < 0.05 was considered as statistically significant.
All data points represent the mean of independent measurements. Uncertainties were

expressed as standard deviations in the form of bars.
2.3.11 Dynamic Measurements:

The cultured cells were placed on the actuation unit (piezoelectric patch). Piezo disc is
driven by a function generator, a chirp signal up to 1IMHz frequency range, and 3V (peak to
peak), which was applied to the Piezo disc using an arbitrary function generator (Tektronix,
AFG1022). Prepared cell culture was placed over the cross slide, and dynamic input was
applied on the slide for the excitation of the cells. A microscope was used for the
determination of the location of the cells in the dish. A Position-Sensitive Device (PSD)
(Hamamatsu, S1880) was used as an optical position sensor (OPS) with signal processing
circuit (Hamamatsu, C4674-01) to measure the exact position of an incident light spot in two-

dimensions on a sensor surface. Laser (RLM650TA-020R, Laser century) was focused on the
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cells and got refracted to the PSD. A schematic (Fig. 2.3) demonstrating the process is
provided (Fig. 2.3). Displacement in the cells was traced by PSD, and the oscilloscope gave
the digital output voltage, proportional to the movement. A digital oscilloscope (Tektronix,
TBS 1102B) was used to measure the voltage output from PSD in the time domain. We took
FFT of the time data to obtain the frequency response of the cells, and a rectangular window
was used for the better resolution of the sample rate in the oscilloscope. Response
measurements were taken on the cell and the base. We took the transfer function of the cell
concerning base to take away all base related modes. The same procedure was repeated for
different cell types. The frequency-domain response was processed in MATLAB; to evaluate
the quality factor, a measure of damping present in the sample using 3 dB frequencies were
used. Let, & be the damping ratio, then the time constant of the cell is given by t=1/(§wn),
where on is the natural frequency. The viscosity of the cell was determined using lamb

relation given by Equation 2.8 [20]

_ @
= h-den+)

L S AC Source |
Asersource ¢ 220V-240V Supply

Function DC Power
Generator + 15v Supply

Cell Culture

Actuation Unit

|])AQ |4— Oscilloscope <—| PSD I‘

Figure 2.3 Experimental setup for measuring the dynamic response of cells.
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Hydrogen-Bond Sensitive Multi-Stimuli Probes

3.1 Aggregation-induced emission active and hydrogen bond sensitive

Schiff base with a distinct response to various stimuli.

3.1.1 Introduction

Smart or stimuli-responsive materials involve a class of materials that change one or more properties
by changing the external stimuli, such as temperature, pressure, pH, solvent, hydrophobic or
hydrophilic environment, and electric or magnetic fields.[1-4] The luminescent property of the
materials mainly depends upon the molecular arrangement, flexibility of conformational changes, and
interaction between the molecules.[5] An easy way to trigger the luminescent property is to disturb
the molecular arrangement and flexibility of the molecules, this could be done in many ways, and one
of the easiest ways is to introduce the intra or intermolecular hydrogen bonding sites.[6, 7] The
presence of intra or intermolecular hydrogen bonding in a molecule may disturb the physical or
chemical property of the molecules by the influence of the external stimuli.[8-10] For many years,
the definition of the hydrogen bonding is given as follows: “hydrogen bondis an
electrostatic attraction between polar molecules in which hydrogen is bound to a larger atom,
such as oxygen or nitrogen.” [11] Hydrogen bonding is not a wholly ionic or covalent bond.
However, it is an attraction between the positive and negative charged atoms.[11, 12] In
2011, core specialized group of ‘H-bonding and other intermolecular interactions’ under
IUPAC described the hydrogen bonding as “An attractive interaction between a hydrogen
atom from a molecule or a molecule X-H in which the H is attached with a more
electronegative group or a group of atoms in the same or a different molecule (inter or intra
molecule), in which there is evidence of bond formation.” The typical representation of the
hydrogen bonding is X-H---Y—Z, where the dots denote the bond. X-H represents the
hydrogen bond donor and the acceptor may be an atom or an anion [13, 14]. Stimuli-
responsive fluorescence (FL) materials with their emission behaviour of reversible manner by
the external stimuli are of great importance.[14, 15] Among them AIE, multi-stimuli sensitive
materials are of particular interest because of their structural tunability, functional
controllability, and easy emission tunability.[16, 17] However, owing to the lack of clear
guidelines on the design strategy, reports on the multi-stimuli AIE fluorescent probes are
rare.[18-21] Supramolecular interaction such as n-n interaction, dipole-dipole interaction, and
hydrogen bonding plays an essential role in the structural rearrangement by applying the
external stimuli.[22, 23] This chapter described the stimulation caused by the hydrogen

bonding within the molecule. This stimulation of probes is applied for the detection of the
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various stimuli like pH, base, solvents, A" ions, and biomolecules. The strength of the
hydrogen bonding depends on the electro-negativity of the donor atom through which the H-
atom is connected and depends on the accepting ability of an atom to which is forming a
hydrogen bond. Therefore in the present day, the interest is much growing in generating new
hydrogen bonding sites in molecular probes/systems.[24] To this end, the Schiff base-based
structure is very easy to synthesis and very sensitive to the hydrogen bonding.[25-27] In the
literature, it is reported that the intramolecular hydrogen-bonded Schiff base exhibits a
phenomenon called as excited-state intramolecular proton transfer (ESIPT).[28, 29]

More than 5000 research article related to the ESIPT fluorophore has been published
since the 1950s.[30] Wu et al. developed a probe (1&2) (Fig. 3.1.1) based on the inhibition of
the ESIPT process by strong, accepting capabilities. In this article, ratiometric detection is
possible due to the difference between donating and accepting ability between the probe and
analytes (F, CH3COO", and H2POy), which inhibits the ESIPT.[31]

o Q.

O
=-H

SO0

(1) (2)

Figure 3.1.1 It shows the structure of a probe molecule which detects F, CHsCOO", and
H2PO4 ratiometrically through the ESIPT process.

In 2016, Yan et al. synthesized an AIE active ESIPT probe with a large stoke-shift as a
fluorescent sensor for pH and Zn?*.[32] (Fig. 3.1.2)
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Figure 3.1.2 It shows the structure of the ESIPT active probe molecule for pH and Zn?*

detection

The probes diethylamine derivatives (3-5) are stable in the acidic medium due to the negative
inductive effect of the substituent group on the salicylaldenyde moieties and phenylamine
moieties. The Schiff base compounds are sensitive in the acidic medium, so the compound
can be stabilized by reducing the electron density of C=N of the probe.[33] Therefore
fluorine in 4 and nitro in 5 have a strong electron-withdrawing character, which stabilizes
these compounds in acidic medium and reduce the electron density around C=N. 2-(2-
hydroxyphenyl)benzothiazole (HBT) isa classical ESIPT molecule with an intramolecular
H-bond between its (-OH) proton donor and proton acceptor (—N=) groups.[33] In 2018, Kai
li et al., synthesized benzothiazole based AlEgens with tunable ESIPT probes for
physiological pH sensing. (Fig 3.1.3) The article describes the mechanism and change in the
emission of the probe in the pH. In the basic medium, the cyan fluorescence emission of the 7
is around 484 nm. In the acidic medium, the cyan fluorescence emission quenches to give
yellow emission at 554 nm. This character suggests that the intramolecular H-bond
containing AlEgens may be an ideal strategy for the development of fluorescent

chemosensors for pH sensing.[34]

\o@ e - @

(6) (7)

Figure 3.1.3 It shows the structure of the ESIPT active benzothiazole based probes for pH

sensing

To date, very few probes are designed based on the strategy that combines the AIE
molecules with ESIPT active properties for multi stimuli sensing. Most of the reported, pH
probes response at particular pH give specific response either for acidic, basic, and or neutral
medium. The whole range of pH sensing is rare.[35] It is the alkaline nature that keeps our
body healthy, while diseases are mostly observed to arise in acidic conditions. Therefore it is
necessary to sense the whole range of pH accurately. Most of the fluorescent-based probes

used for pH imaging are restricted to measuring a particular pH rather than imaging the entire
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inability of the probe to sense the entire pH range of the cell.[38, 39] These reports encourage
scientists to design a probe for pH. The sensitivity could be increased by incorporating
hydrogen bonding with AIE + ESIPT properties in the molecules.[40]

3.1.2 Results and Discussion

3.1.2.1 Synthesis and characterization. The Schiff base ((E)-2-((benzo[d]thiazole-2-
ylimino)methyl)phenol (BTIP) was readily synthesized with the help of the known procedure
[41] by a condensation reaction of 2-amino benzothiazole and salicylaldehyde in methanol
with good yields (90%). *H NMR and **C NMR of BTIP are well matched with the reported
data [41] *H NMR (400 MHz, CDCls) 12.27 (1 H, s), 9.31 (1 H, s), 8.00 (1 H, d, J 8.0), 7.88
(1H,d,37.9),752 (3 H,dd,J17.2,89),741(1H,t J75),7.28(1H,s), 7.09(1H,d]J
8.3), 7.03 (1 H, t, J 7.4) and 3C 1H (400 MHz, CDCls) 12.27 (1 H, s), 9.31 (1 H, s), 8.00 (1
H, d, J8.0),7.88 (1 H, d, J 7.9), 7.52 (3H, dd, J 17.2, 8.9), 7.41 (1 H, t, J 7.5), 7.28 (1 H, s),
7.09 (1H,d,J8.3),7.03 (L H,t J7.4).(Fig. 3.1.4)
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Figure 3.1.4 (a) *H NMR and (a) **C NMR spectrum of BTIP
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Scheme 3.1.1 Synthesis of BTIP
3.1.3 Absorption spectra

The absorption spectra of BTIP in DCM and methanol show peaks in the ranges of 255-290
nm and 300-350 nm (Fig. 3.1.5 a). For defining each transition, the theoretical calculation
with Natural Bond Order (NBO) analysis was carried out. NBO analysis (inbuilt- in Gaussian
9.0) was carried out by considering all the possible interactions between the filled donor
(Lewis) NBOs and empty acceptor (non-Lewis) NBOs and estimating their energy
importance using second-order perturbation theory.[42] For each pair of the donor (i) and
acceptor (j) NBOs, the stabilization energy E® associated with electron delocalization

between the donor and acceptor was estimated as:[43]
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Figure 3.1.5 a) Absorbance spectra of the BTIP (10*M) Amax = 275 & 370 nm a) Emission
spectrum of BTIP in methanol (10 M)

E®@ = AEj = qi(Fij)%/(Ej-Ei) where q; is the donor orbital occupancy, Ej and E; are diagonal
NBO Fock matrix elements, and Fj; is the off diagonal NBO Fock matrix element. The larger
the E@ value, the more intensive the interaction between the electron donor and acceptor
NBOs. The results of the second-order perturbation theory analysis of the Fock matrix at the
B3LYP/6-31+G(d,p) level are given in Table 3.1.1.

The strong intramolecular interactions of Lewis-type donor NBOs (n, o, n (lone pair))
with non-Lewis type acceptor NBOs (n*, 6*, n* (lone pair)) are detailed in Table 3.1.1. It is
evident from the data in Table3.1.1 that significant interactions between the donor and the
acceptor NBOs are nNi1 —n*Hazs , N2 Op3 — 1*C1—C; and nC3—Cs4 — *N11—Ci2 with E@
values of 42.12 kcal mol™, 35.09 kcal mol™ and 28.71 kcal mol™?, respectively. However,
when the occupancies of those acceptor NBOs, namely n*Ha4, n¥N11—C12, and n*C1—Co, are
considered, it was found that 1*Ny1—C12 has the lowest occupancy (0.24337). Therefore, it is
rational to conclude that the strongest intramolecular charge transfer in BTIP happens due to
shifting of = electrons from the phenolic ring to the —C12=N11 NBO. The NBO analysis can
also explain the intramolecular hydrogen bonding. In March 2009, Liu et al. reported the
crystal structure of this organic molecule at room temperature.[44] It is clear from the crystal
structure that the BTIP has an intramolecular hydrogen bond between the N of imine and H-
O of Salicylaldehyde, with an N---H-O distance of 1.733 A. The NBO analysis also shows

that there is an electron transfer of n1 N1z — n*H2s with an E® value close to 42.12 kcal
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mol™ which signifies that the intramolecular hydrogen bonding provides sufficient

stabilization to the molecule.

Table (3.1.1) Second-order perturbation energies E? {donor (i) = acceptor (j)}

Donor q¥(e) Acceptor | g% (e) E® EG)-E@) | F(iyj)
NBO (i) NBO (j)

Kcal/mol (a.u.) (a.u.)

n Ci-C, 159543 | m *Cs-Cs | 0.37022 25.67 0.28 0.076

m CsCs | 161420 | 1 *C-C, |0.36746 | 22.73 0.27 0.071

T *Ny-Cpp | 024337 | 2871 0.24 0.078

nCs-Cs | 1.60869 | & *Cs-C, | 0.44187 | 26.91 0.26 0.076

7t Ni1-Cpp | 1.86988 | m *Ci4-Nyg | 0.35408 21.54 0.33 0.080

7t C16-Coo | 1.59618 | 1 *C,-C,, | 0.37257 20.64 0.28 0.068

T Co-Cay | 1.63218 | 1 *Cy-Coo | 041489 |  20.89 0.27 0.068

T *Cp-Cpo | 042175 |  21.90 0.26 0.068

n 1N 1.83883 | o *C14-Si5 | 0.11773 15.80 0.51 0.081

n*Has 0.45576 42.13 0.53 0.145

n2Sis 1.70643 | 7 *Cis-Nyig | 0.35408 24.32 0.25 0.070

T *C-Cpe | 042175 |  20.46 0.27 0.068

N2 O3 1.81508 7 *C1-C, | 0.36746 35.09 0.33 0.101

The absorbance peaks in the ranges of 255-290 nm and 300-350 nm which were attributed,
respectively, to the m—m* transition within the aromatic rings and n—n* transitions within C=
N groups.[45] The peak at 370 nm is due to intramolecular charge transfer (ICT transition)
involving the whole molecule. These intramolecular charge transfers peaks (Amax = 370 nm)
and m—r* transitions are assigned to the electronic transition between (i) HOMO — LUMO
and (ii)) HOMO—-2 — LUMO, respectively (Table 3.1.2).
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Figure 3.1.6 a) Structure of BTIP, b) HOMO c¢) LUMO (with isovalue 0.4) (d) Labelled

optimized structure of BTIP form

The HOMO is well distributed over the whole BTIP structure (Fig.3.1.6 b), more on
heteroatoms and ring conjugations. The LUMO primarily lies on the imine C=N part (Fig.
3.1.6¢).

Table 3.1.2 Calculated major orbital excitation contributions (%), energy difference (in eV),
obtained from electronic transitions analysis with TDDFT (B3LYP) method, basis set 6-

31+G(d,p) for organic molecule

States Major orbital excitation | AE, eV Wavelength, Oscillator
contribution (%) nm strength

S1 HOMO - LUMO (95) 3.1479 393 0.7535

S2 HOMO-1 - LUMO (86) 3.4825 356 0.0038

S3 HOMO-2 — LUMO (83) 3.6056 343 0.3717

S4 HOMO-4 — LUMO (93) 4.1272 300 0.0000

3.1.4 Emission Properties

a) Observation of ESIPT (Excited-state intramolecular proton transfer))

0 NO
~ 1 I 3
N“'H n—H

~— A

s?” NN S NN
Enol Form Keto Form

Scheme 3.1.2 Schematic representation of Enol and Keto form of BTIP
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The spectral properties of the BTIP in methanol shows two emission bands with Amax at 450
nm and 540 nm (excited at 350 nm) (in a polar protic solvent, the formation of the
intermolecular hydrogen bond is favoured than intramolecular hydrogen bonding) (Fig. 3.1.5
b). In non-polar solvents (cyclohexane, dioxane and DCM), the BTIP shows two emission
bands same as polar solvent at wavelength 450 and 540 nm excited at 350 nm. However, in
aprotic polar solvents (DMSO, DMF), the longer wavelength emission band shows a
bathochromic shifted emission from the original value of 540 nm to 580 nm, which is more
intense than the peak intensity at 450 nm (Fig. 3.1.7). Most of the reported ESIPT probe
molecules have two emission band which are assigned as keto at longer wavelength and enol
at shorter wavelength.[30, 46] So, here it may be assumed as the Amax at 450 nm from the
enolic and the keto form with Amax at 540 nm [30] To confirm the ESIPT process, the
emission spectra of the BTIP at different excitation wavelengths in the Amax range of 310-440
nm was recorded. It was found that at lower excitation wavelengths, both forms exist. Still, at
the lower excitation wavelength, the enolic form is the predominant one, while with

decreasing excitation energy, the amount of the keto form increases (Fig. 3.1.8 a).

20000 —a— Cyc.Hexa
: =t DCM
g i dioxane
2 ‘ <— methanol
1500012 | /Ny e
iR Y o
z} L j ] *-‘, wrfe—= DINVISO
.5100 00 400 450 500 550 600 650
5 Wavelength (nm)
=
|
&~ 5000
—— <

0 450 500 550 600 650
Wavelength (nm)

PO
o

Figure 3.1.7 (a) Emission spectra of the compound in different solvent (10 M),. (Cyc Hexa
— Cyclohexane, DCM = methylene dichloride, THF- tetrahydrofuran, ACN- acetonitrile,
DMF = dimethyl formamide, DMSO = dimethylsulfoxide)
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Figure 3.1.8 (a) Emission spectra of the BTIP with gradual variation of excitation (a) BTIP
in methanol (10 M) (b) BTIP in benzene (10™* M).

Also, in benzene, both forms exist at lower excitation wavelengths, but by progressively
increasing the excitation wavelength, the amount of the keto form gradually increases (Fig.
3.1.8 b). The life-time decay experiment gave the support, i.e., the observation of bi-
exponential decay (monitoring at Amax 450 and 550 nm) ensures the existence of both forms in
benzene and decay was more when monitored with Amax = 550 nm (Table 3.1.3) (Fig. 3.1.9 ¢).
By comparing the life-time decay of BTIP in solvents, the excited state lifetime decay of the
keto form was higher in methanol (polar solvent) and lower in the benzene(non-polar solvent)
(Table 3.1.3) [Fig. 3.1.9 (a, b, ¢)]. The case was reversed for the case of enol form (Table

3.1.3) (polar solvent favours the keto form, and non-polar solvents favour the enol form[47]).

5000
5000
4000 4000
)= 3000 Methanol (10-4 M) = 3000
2 2 Benzene (10 M)
< 2000 Emission (nm) o o
550 2000 Emission (nm)
—450 450
1000 1000 | ——550
0
10 20 30 40 10 20 30 40 50
Time (ns) Time (ns)
(a) (b)
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(c) Life-time decay calculations

For Methanol at 450 (calculated using three exponential)

T1=9.526196 E™*° sec B1 = 2.654491E %
T2 =4.294975 E™ sec B2 =0.2778857
T3 =4.935449 E % sec B3 = 6.874496E %

In methanol at 550 nm (calculated using 4 exponential)

T1 = 3.746238E 0 sec B1=1.158852
T = 3.706972E 0 sec B2 =1.173263
T3 =3.610108E " sec B3 = 4.54028E%
T, = 8.839286E ! sec B4 = 0.3490632

For Benzene at 450nm (Calculated using 2 exponential)

T1=1.014294E sec B1 = 6.174804E 2
T, = 3.046374E sec B2 =0.0050996
In benzene at 550nm (Calculated using 2 exponentials)

T1= 1.066542E % sec B1=0.2011084
T2 = 8.949348E° sec B2 =5.463318E %

Figure 3.1.9 Lifetime decay of BTIP in the following solvents: methanol, cyclohexane,
benzene at (a) monitored at 450 nm; (b) monitored at 550 nm (c) Life-time decay calculations

using Data Station (Das6) software.

Table 3.1.3 It shows the lifetime decay of BTIP in different solvents

Solvent Average Lifetime
Aemi 450 nm 550nm

Methanol 0.20 ns 0.34ns

Benzene 1.16ns 0.12ns

The following changes were obtained on the angles of enol form in between the optimized
structure and crystal structure: £C>C3Cy2 = 121.33° and £C12N11C1s = 122.85° (obtained
from optimization), £C>C3C12 = 120.67° and £C12N11Cys = 121.22° (obtained from the
crystal structure). As observed, there is a little twist in the angle of the enol form (optimized

structure), which makes the ring flexible to be in motion (vibrations) in the enol form and
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therefore this might be the reason for the less intense emission intensity than keto form (Fig.
3.1.11). (If the salicylaldehyde part is incapable of forming hydrogen bonding, then it is
flexible enough to have movement and which opens up the path for non-radiative decay for

less fluorescence.)

Figure. 3.1.10 Packing diagram shows two short contacts C—H---O and CH"-* & in the range
of 2.28-2.83 A and hydrogen bonding between N--- H-O (1.733 A).

(@) (b)

Figure 3.1.11 Comparison of the angle between the crystal structure and calculation from
DFT based modelling a) ORTEP Structure of compound showing different angle; b)
optimized structure from DFT,;

Chapter-3 Page |66



Chapter-3

b) Aggregation-induced emission (AIE)

The BTIP has very weak emission in common organic solvents (methanol, acetonitrile, DCM
etc.) and it emits yellow light (Amax = 540 nm) in its solid form. We have investigated AIE by
recording the emission spectra of the BTIP in different fractions (0-90%) of methanol/water
fraction. The emission intensity increases with an increase in the percentage of water in
methanol. (Fig. 3.1.12).". The absolute quantum yield was calculated for a thin-film sample
of BTIP and was found to be higher (8.66%) than the quantum vyield in solution (0.33%).

These results confirm that the BTIP is a typical AIE active material.

3.5x10°
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Figure.3.1.12 (a) PL spectra of BTIP in different fraction (0-90%) methanol-water fraction
(b) plot of PL intensity vs water fraction; (c) fluorescence image of BTIP in different water
fractions (A** 365 nm).

From a crystal structure, an intramolecular hydrogen bonding (N11---H24—0; 1.733 A) and two
inter-molecular short contacts of C—Has---O3 and CHao---m with distances 2.287 and 2.833 A,
respectively were observed. The molecules in the solid-state are aggregated in a J-type
packing arrangement (head-tail) in a zig-zag manner[48], (Fig 3.1.10). To prove the AIE
mechanism, the emission of BTIP was recorded with gradual increasing concentration of
polyethylene glycol (PEG) into the solution of BTIP, leading to the gradual enhancement of
the PL intensity that supports the restriction of the rotation (salicylaldehyde part rotation is
restricted) (Fig. 3.1.13). Therefore, the presence of inter or intramolecular hydrogen bonding
between the molecules (Fig 3.1.13) restricts the motion, leading to the AIE. (Because of the
hydrogen bonding only the rotation is restricted, it is also shown in figure 3.1.10. the sentence
is interlinked with the above)
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Figure 3.1.13 Emission spectra of BTIP (10 M methanol) with increasing concentration of
PEG (600)

¢) pH Probe

From the literature, most of the Schiff-base compounds are sensitive to acid, i.e., [H*] ion
concentration. The present synthesized compound responds to the pH of the medium. In
acidic pH (1 to 5), a blue-shifted absorption of the BTIP is observed when compared to the
absorption taken in methanol without acid (Figure 3.1.5 a) It appears that in the acidic
condition both the imine groups and the ring nitrogen atoms are protonated. This fact is
supported by an observation of two new *H NMR peaks at ~9.86 ppm and ~10.24 ppm in
acidic medium, assigned to imine and ring nitrogen atoms, respectively (Fig. 3.1.14 c). By
gradually adding the acid to the BTIP and simultaneously recording the *H NMR spectra, one
could absorb that the integral area of the peak around ~9.86 ppm is more compared to the
peak 10.26 (Fig 3.1.14 c) which was attributed to imine nitrogen and then in the higher acid
concentration the integral area of both the peaks show near to one that means both the protons
are protonated. Generally, the imine nitrogen is readily available for protonation and
deprotonation.[49, 50] To check the stability of the BTIP, we recorded the emission of BTIP
in the presence of acid and base several times. The emission intensity is reversible in the
presence of a base. (Fig 3.1.14 c). Therefore, it may be concluded that the BTIP is a stable
compound in acid and base.
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Figure 3.1.14 Absorption spectra of compound (MeOH 1x10* M) in different pH buffer
solutions (a) pH1-5, (b) pH 6-14 (c) Emission plot of BTIP (1x10*M, MeOH) in the
presence of acid (trifluoroacetic acid, TFA) and base (triethylamine, TEA) (c, d) *HNMR of

BTIP in the presence of TFA trifluoroacetic acid

Hence, the protonated form of the BTIP interrupts the intramolecular hydrogen bonding, and
a UV-Vis absorption spectral shift is also observed from 270 to 255 nm (Fig.3.1.14 a). In the
emission spectra, the original peak at Amax = 540 nm disappears in acidic pH (1-5), while a
peak at Amax = 450 nm remains intact with an observation of a new peak at Amax = 484 nm
starts to appear at higher pH (at what pH 6) (Fig. 3.1.15 a). The image of BTIP in different
pH range form 1-13 was taken under hand-held UV lamp exciting at 365 nm; one could
notice the change in the emission colour from low pH to high pH (Fig. 3.1.15 b). As

discussed above, under acidic conditions, the imine nitrogen atoms are protonated, and the
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distance between the phenolic group and the imine N (O—H:--N) increases. As a result, the
existing original hydrogen bonding of the imine N and the hyd