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Abstract

The present thesis, entitled “Development of Stimuli-responsive Luminescent Probes and Sensitive
Detection of TNT Explosive,” mainly has two perspectives. Firstly, the development of ‘Aggregation-
induced Emission” (AIE) active stimuli-responsive probes and utilization of selective probe molecules for the
sensitive detection of TNT explosives. The two basic frameworks for the stimuli-responsive probes are used:
one ofthem is a cyclometalated iridium(III) complex containing triphenylphosphine unit triggering AIE activity,
and the other one is the electron-rich twisted pyrene derivatives containing triazine and thiophene units. All the
compounds (M1 = [(ppyOMeR)Ir(PPh}(CDH)], M2 = [(ppy-CN)I(PPhs)(CHH)], 2-(pyren-1-yl)-4,6-
bis(4-vinylphenyl)-1,3,5-triazine (VinTt), 4-chloro-N,N-diphenyl-6(pyren-1-yl)-1,3,5-triazin-2-aminetriazine
(PyTiDA), (E)-1<5«pyren-1-yl) thiophen-2-yl)-3«thiophen-2-yl) prop2-en-1-one (PySS) and (E)-1-(5-
(pyren-1-ylithiophen-2-y1)-3-(pyridin-2-yl)prop-2-en-1-one  (PySP) have been synthesized, purified, and
structurally characterized. The mdum(III) complex (M1 and M2) and the pyrene triazene derivative (PyTr,
VinTt, and PyTrDA) have been employed forthe selective and sensitive sensing of TNT in contact as well non-
contact modes (LOD, ~10 ppb from the vapor phase), extending it to detect TNT from the paper strip based
technique and rationalized their mechanism.

In other compounds, the pyrene is directly connected with thiophene, and this unit is further linked
terminally to photoactive species (thiophene/pyridine) via a four-carbon unit conjugated spacer.
These molecules show excellent solvatochromic properties and observed a significant emission
response to applying grinding and compressive forces. Moreover, these compounds show ‘volatile
organic compounds’ (VOCs) sensing. The present thesis is divided into six chapters, and the details

are given below.

Chapter 1: Introduction

The introduction of the thesis covers a brief overview of literature containing various stimuli-
responsive probes used for the detection of nitro-based explosive vapor, solvent polarity, pressure
sensing, etc. Additionally, the chapter describes the history of the ‘Aggregation-induced Emission’
(AIE) property, the development of AIE compounds, and details of their employment in sensing
applications and their mechanistic investigation.! It covers the background of nitro-based explosive
materials and their adverse effects on the environment, human health, and terrorism.2 Moreover, the
conventional techniques for emission tuning and mechanofluorochromic materials are discussed.?

The research gap has also been clearly identified and described in this chapter.

Chapter 2: The second chapter of the thesis provides the details of the materials and instruments

and the software used for carrying out the whole experiment and computational support throughout
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Abstract

the Ph.D. work.

Chapter 3: The third chapter describes the design strategy for efficient solid -state emitters based on
the pyrene-triazine system (2-(pyren-1-yl)-4,6-bis(4-vinylphenyl)-1,3,5-triazine (VinTr) and 4-
chloro-N,N-diphenyl-6-(pyren-1-yl)-1,3,5-triazin-2 -aminetriazine (PyTrDA) The Pyrene triazine
framework was chosen as electron-rich D-A (donor-acceptor) system, and further modulation was
done by substituting bulkier phenyl groups. The electron-rich pyrene is connected with nitrogen-rich
triazine for better electronic interaction with electron-deficient TNT molecules. Additionally, phenyl
rotor groups were introduced to make the molecule highly emissive in the solid state One of the
synthesized molecules (PyTrDA) is AIE active with 20.89% quantum yield and 14.01 ns excited
state lifetime. This molecule is highly sensitive and selective towards TNT explosives. It detected
TNT from the aqueous solution by using the AIE solution (90 % fw) of PyTrDA up to the level of
0.22 nM; the work has extended to detect TNT particle by paper strips. A cheap and easily available
paper strip was utilized to recognize TNT in the vapor phase (7.6 ppb). Among the military
explosives (TNT, RDX, HMX, PETN etc.), PyTrDA selectively detects TNT vapor within 10
seconds, and one can clearly observe the emission quenching with the naked eye. Surface
morphology of material is one of the important parameters for analyte sensing in vapor phase. The
film morphology by FESEM images reported that the aggregated nano-rod type horizontally aligned
morphology observed for the cases of PyTr and VinTr, while a vertically grown flowery and highly
condensed nano-rod based morphology observed for PyTrDA would be responsible for the excellent

results obtained for TNT detection.

Chapter 4: The fourth chapter describes the potentiality of ‘Aggregation-induced Phosphorescent
Emission” (AIPE) active cyclometalated iridium(II) compound for the sensitive and selective
sensing of TNT.

Two AIPE active iridium(IIT) complexes (M1 and M2) have been developed for the sensitive
detectionof TNT in both contact and non-contact modes. The aggregated solution of both complexes
(M1 and M2 in THF/H20, 1/9 by volume) detects TNT at the pico-molar (pM) level. These
complexes showed a greatly enhanced emission intensity while embedded in the PMMA (polymethyl
methacrylate) matrix film. The amplified quantum efficiency, improved phosphorescence lifetime,
and an enhanced porous network help to sense TNT from their vapors more effectively. It is
interestingly observed that the sensitivity of detectionof TNT for M2 complex has been significantly
improved by 5-fold in the PMMA incorporated complex (CP) with an observed limit of detection
(LOD) of 12.8 ppb. From the BET analysis of CP, it was observed that the mesoporous network of

CP has an average pore diameter of 8.52 nm and a surface area of 2.03 m?/g.
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The porous network of CP assists in trapping the TNT vapor in a polymeric network containing an
electron-rich probe (iridium(I1I) complex, M2), which helps to trap TNT effectively, thus enhancing

better electronic communication. As a result, significant emission quenching was observed.

Chapter 5, Part A: In this chapter, we report a new organic compound (PyS) containing pyrene and
thiophene fragments that shows an extremely rare feature in which tunable solid -state emission is
wholly reliant on its particle size and surface morphological evolution, which can be controlled by
adjusting the reaction time. This allowed us to obtain compounds of the same material emitting at
different regions of the visible spectrum, from blue to orange-red. High-resolution transmission
electron microscopy (HRTEM) images and Field emission scanning electron microscopy (FESEM)
images of the compounds which were isolated at different reaction times reveal a distinct change in
the aggregate size and morphology (1D assembly which is slowly turned into 2D layers, that is
further converted to 3D hierarchical flowery architectures) that can be unambiguously associated to
an observed gradual red shift in the PL emission. Time-correlated single-photon counting (TCSPC),
dynamic light scattering, Raman spectroscopy, powder X -ray diffraction and J-aggregates formation

are used to complement the explanation of the observed phenomenon.

Part B: This chapter reports that the pyrene-based twisted donor-acceptor (D—A) dyes (E)-1-(5-
(pyren-1-yl) thiophen-2-yl)-3-(thiophen-2-yl)  prop-2-en-1-one(PySS) and (E)-1-(5-(pyren-1-
yDthiophen-2-yl)-3-(pyridin-2-yl)prop-2-en-1-one(PySP) have been synthesized and characterized.
Here, the pyrene is directly connected with thiophene, and this unit is further linked terminally to
photoactive species (thiophene/pyridine) via a four-carbon unit conjugated spacer. These molecules
show excellent solvatochromic properties, with a substantial shifting of emission wavelength (PySS-
147 nm and PySP- 130 nm). The lowest transition state contains a significant contribution from ICT
characteristics, as evidenced by spectral analysis and theoretical calculations. Moreover, these are
identified as ‘Aggregation-induced Enhanced Emission’ (AIEE) active compounds and exhibit
mechanofluorochromism (MFC). By grinding, PySS and PySP display MFC features with 50 nm
and 54 nm red shifting, respectively. Interestingly, PySS shows a gradual emission change from
green (510 nm) to orange emission (578 nm) by gradually changing pressure with a hydraulic press
(0 to 12.5 tons). The single crystal structure of both compounds was investigated to understand the
structure-property relationship for MFC. The crystal packing shows that the twisted molecules
(dihedral angle 0f 59.36° and 56.93° between pyrene and thiophene for PySS and PySP, respectively)
are loosely bound with several weak interactions (C-H...n, C-n ...H, H...H, C-H...O).
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Interestingly, it was observed that twomolecules in a unit cell are arranged in an antiparallel fashion;
these molecular pairs are linearly connected to another pair, forming a long one-dimensional chain-
type arrangement. On applying pressure, these twisted molecular pairs slowly planarize, leading the
molecules to come closer; thus, molecular interaction increases, and changes the emission. A
feasibility study of the potentiality of using these compounds in data encryption-decryption and

security ink has also been demonstrated.
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interactions in (a) photoinduced electron transfer (PET), (b)

resonance energy transfer (RET)

Molecular structures for TNT sensing polymer (11) and small
molecule (E)-10-hexyl-3-(2-(10-(2,4,6-trimethoxyphenyl)
anthracen-9-yl) vinyl)-10H-phenothiazine (12)

Molecular structures for MFC active fluorophore (13 and 14)
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1.9 Molecular structures for anthracene-based MCF active 15
molecule (15 and 16)

2.1 Schematic representation of UV-visible spectrometer 41
2.2 Block diagram of a steady state spectrofluorometer 41
3.1 "H NMR of VinTr !
3.2 13C NMR of VinTr >
3.3 HRMS data of VinTr 52
34 'H NMR of PyTrDA 53
3.5 13C NMR of PyTrDA 53
3.6 HRMS data of PyTrDA 54
3.7 (a) UV visible spectra (10-°* M in THF) and (b) PL spectra (10" S5

4M in THF) of all the compounds

3.8 Computationally optimized HOMO and LUMO energies of the 57
molecules (PyTr, VinTr and PyTrDA) by using the Gaussian-
16 package

3.9 Optimized structure of a series of compounds by using ST

DFT(Gaussian-16)

3.10 a) Packing of PyTr in a unit cell, (b) dihedral angle between a 58
pyrene plane (red) and triazine plane (blue), and (¢) long-range
packing pattern of PyTr

3.1 Natural Transition Orbitals analysis indicating the transition 59
probability a) Si (charge is shifting from pyrene ring to triazine




3.12

3.13

3.14

ring indicating mix of local transitions and CT) b) Sz (72.3 %
shows mixed CT and LE state while 27.16% shows purely LE
transitions) c) S3 (high energy transitions shows a mixture of LE

and CT)

AIEE study of PyTr, VinTr, and PyTrDA in THF/water system,
taken 10 M solution of probe molecules in THF and changes
the water ratio from 0% to 90 % shown in the upper part of the
figure and recorded corresponding PL spectra of probe solution
with varying water percentages shown in the downside of the

figure

Compounds 1- PyTr and 2- VinTr were taken in THF (10-4 M),
and 3- PyTrDA was taken in 90% water in THF aggregated
solution (considering the maximum PL intensity). The top left
side image (three vials) was taken under UV excitation (Aexc,
365 nm), then 1mg TNT power was added into each vial and
the emission image was captured under 365 nm UV excitation
(top right image). The above figure shows the PL spectra of all
the probes with and without TNT.

a) 200 pl of different nitro-based explosive (10-* M solution in
THF) added into the probe solution (90% AIE solution, 2ml)
and recorded image under UV lamp. b) Bar graph showing the
intensity profile of aggregated solution (AIE, 90% fw) with
various nitro-based explosives (the abbreviated names of the
nitro compounds are written in Figure, TNT (Tri-nitro toluene),
DNP (Di-nitro phenol), 4NT (4-nitro-toluene), 4-NBA (4-nitro-
benzoic acid), NB (Nitro-benzene), 3,5 DNB (3,5-di-nitro
benzene), ANB (2-Amino 4-nitro benzene), 3NBA (3-nitro-
benzoic acid), PA (Picric acid), DNCIB (1-chloro 2,4-dinitro
benzene),  A.Nitrate (Ammonium  nitrate), PETN
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3.15

3.16

3.17

3.18

3.19

(Pentaerythritol tetranitrate), HMX (High melting explosive),
RDX (Royal demolition explosive)

(a) Photograph of change in photoluminescence (PL) intensity
of AIE solution (10*M THF (0 %) and water (90 %)) with
continuous addition of aq. TNT (103 M) 0.5 nM at each time;
(b) Stern-Volmer plot for emission quenching. error bars
represent the standard deviation obtained from three

independent measurements.

Stern—Volmer plot for the PL quenching of the probe upon the
gradual addition of TNT, where /p represents the PL intensity
of the probe (PyTrDA) without TNT and / the intensity with
TNT

(a) Time-resolved photoluminescence studies of PyTrDA at
different concentrations of TNT and (b) UV-visible spectra of
probe (AIE solution, 103 M) with different amounts of TNT
(10-* M in water)

The left side Y-axis shows the absorbance of explosives, and
the right side of this Y-axis shows the PL intensity of the probe
molecule (PyTrDA); the overlapping of absorption of PA and
PL spectra of PyTrDA shows the possibility of energy transfer

between the probe and explosives

Here, on the left side, the Y-axis shows energy levels (eV), and
the X-axis contains A probe (PyTrDA) as well as nitro-based
explosives, showing the possibility of electron transfer

between probe and explosives
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3.20

3.21

3.22

3.23

3.24

(a, b top panels) TA spectra of PyTrDA in (a) absence 67
(orange) and (b) presence (pink) of TNT (125 uM), at 0.2 ps

(solid) and 30 ps (dash) after excitation. (c) PIA transients of

PyTrDA in the absence (orange) and presence (pink) of TNT

(125 uM) at probe wavelengths (A)probe) of 552 nm (top) and

485 nm (bottom). Global analysis of the transient absorption

spectra yields principal components with time constants of (a,

bottom panel) 0.53 ps and 57 ps for PyTrDA without TNT and

of (b, bottom panel) 0.13 ps, 4 ps and 72 ps with TNT. (d)

Time evolution of the principal components for PyTrDA

without (top) and with (bottom) TNT

TA spectra of (a) PyTrDA, (b) PyTrDA, and TNT in THF 69

solution at different delay times with 1,,= 400 nm

FESEM images of PyTr, VinTr and PyTrDA drop cast on glass 70
coverslip  (top), and bottom-side images represent

corresponding FE-SEM images after exposure to TNT vapor

(a) Placed 100 mg TNT in a clean and dry glass vial with an 71
airtight lid (2.0 ml capacity) and kept overnight for vapor
saturation at 25-30 °C; removed the cap carefully and
immediately placed the rubber stopper instead of the cap, then
expose with probe coated filter paper from the headspace as
shown in above figure b. The PL intensity was recorded of the

exposed paper strip

(a) Filter paper impregnated with probe in THF (10> M, 72
PyTrDA in THF); then the film exposed with TNT vapors for

one minute and recorded the PL spectra; it was repeated for




3.25

4.1

4.2

4.3

44

4.5

4.6

4.7

4.8

4.9

4.10

4.12

several times (b) Stern-Volmer plot for emission quenching. lo
represents initial PL intensity in absence of TNT vapor, and I
represent the intensity in presence of TNT vapor. The error bars
shown at each data point represent the standard deviation

obtained from three independent measurements.

Filter paper impregnated with probe in THF (10> M, PyTrDA
in THF) followed by the exposure in contact (rubbed with TNT
particle) and non-contact modes (with vapor phase); then
checked the quenching of the visible emission of probe under

UV excitation (365 nm)

'"H NMR spectrum of L1 in Chloroform-d solvent
I3C NMR spectrum of L1 in Chloroform-d solvent
'"H NMR spectrum of L2 in Chloroform-d solvent
13C NMR spectrum of L2 in Chloroform-d solvent
"H NMR spectrum of M1 in Chloroform-d solvent
13C NMR spectrum of M1 in Chloroform-d solvent
3IPNMR spectrum of M1 in Chloroform-d solvent
Mass spectrum of M1

'"H NMR spectrum of M2 (IrCN) in Chloroform-d solvent
3BC NMR spectrum of M2 in Chloroform-d solvent
3IPNMR (162 MHz, Chloroform-d) & 7.1178 of M2

Mass spectrum of M2

84

84

85

86

87

88

88

89

90

91

91

92




4.13

4.14

4.15

4.16

4.17

4.18

4.19

IR spectrum of M1 and M2, Ir-H stretching was indicated in

the above spectrum

(a) Placed 100 mg TNT in a clean and dry glass vial with an
airtight lid (2.0 ml capacity) and kept overnight for vapor
saturation at 25-30°C; removed the cap carefully and
immediately placed the rubber stopper instead of the cap, then
expose with probe coated filter paper from the headspace as
shown in above figure b. The PL intensity was recorded of the

exposed paper strip

(a) UV visible spectra (10® M solution in THF) and (b) PL
spectra (1073 M solution in THF) of both the complexes in THF

solution

UV-VIS spectrum of the unsubstituted complex in THF (10
M) solution

(a) ORTEP diagram for M2 (left) and asymmetric unit of
complex having two molecules of M2 (right), (b) Crystal
packing diagram showing crystal voids (filled with yellow

colour)

Probe in THF (10-*M) and its aggregated solution (90 % water),
(a) PL spectra of probe in THF (0% water, blue line) and its
aggregated solution (90% water, red line) in case of MI
complex and (b) PL spectra of probe in THF (0% water, black
line) and its aggregated solution (90% water, red line) in case
of M2 complex, inset image represent the emission of

respective probe solutions under UV lamp (Aex = 365 nm)

M1 and M2 in THF and different fractions of PEG, (a) (top,
left): image of 0, 60 and 90% PEG fraction under UV
excitation (365 nm) for M1; (bottom, left) corresponding
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4.20

4.21

4.22

emission spectra of M1, similarly (b) (top, right) image shows
different PEG fraction under UV excitation of 365 nm and
(bottom, right) spectra shows corresponding emission spectra

of M2

DLS study of M1 (a) and M2 (b) in THF solution 0% (top) and
90% water fraction (bottom)

Selectivity test of probe M1 (a) and M2 (b) with different nitro-
based explosive materials. Each one of the 10 uL 104 M
aqueous solutions of different nitro-based explosives was
added to the probe-coated filter paper, and the resulting image
was obtained through excitation by UV ray (365 nm) as shown
in the figure. Similarly, (c) From the left side, the first one is
the PL intensity of the aggregated solution of the probe
(THF/90% water), then different nitro-based analyte was added
and taken the image under UV excitation (365 nm). (d)
representations of the quenching performance of M2 with TNT
in the presence of different analytes shown in the bar graph,
extreme left represents the AIPE active probe solution, then
different analytes as mentioned on the X-axis and adjacent bar

corresponding to each analyte showing quenching after adding

TNT

PL Spectra shows a decrease in photoluminescence (PL)
intensity of AIE solution of M1 (10->M THF (10 %) and water
(90 %)) with continuous addition of ag. TNT (1.0 nM) at each
time); Inset Figure: 1% vial aggregated (90% water) solution of
probe and 2" vial shows aggregated solution of probe with
TNT (b) Stern-Volmer plot of emission quenching for M1,
error bars represent the standard deviation obtained from three

independent measurements
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4.23

4.24

4.25

4.26

4.27

4.28

4.29

(@) PL spectra shows the gradual decrease in
photoluminescence (PL) intensity of AIE solution of M2 (103
M THF (10 %) and water (90 %) with continuous addition of
aq. TNT (10> M) 0.5 nM at each time; Inset figure: 1% vial AIE
(90% water) solution of probe and 2" vial shows aggregated
solution of probe with TNT (b) Stern-Volmer plot for emission
quenching in case of M2, error bars represent the standard

deviation obtained from three independent measurements.

Stern—Volmer plot for the PL quenching of the probe upon the
gradual addition of TNT, where Io represents the PL intensity
of the probe in the absence of TNT, and I denote the intensity
in the presence of TNT. S-V plot deviates upward with

increasing TNT concentration

Aggregated solution of M1 and M2 in the presence of TNT; the
lifetime measurement was done; it was observed that there is a

decrease in excited state lifetime in the presence of an analyte

in the case of M1 and M2 in the presence of TNT

UV visible spectra of M1 and M2 in the presence of different
amounts of TNT analyte. In the presence of TNT, there is no
significant change in the UV-visible spectra of complexes

indicating ground state complex formation not observed

(a) Excitation and emission of M1 (b) Excitation and emission

of M2 to check the possibility of inner filter effect in complexes

Absorption spectra of TNT and emission spectra of M1 and M2
in THF solutions to check the possibilities of spectral overlap

between absorption and emission

(a) PL spectra show change in photoluminescence (PL)

intensities of M2 on filter paper upon continuous exposure with
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4.30

4.31

4.32

4.33

4.34

TNT vapors for 2 min each time; (b) Stern-Volmer plot for
emission quenching in case of M2. error bars represent the
standard deviation obtained from three independent

measurements

(a) cyclic voltammetry (CV) plots of complexes in THF
solvent. 104 M solution of complexes was prepared in THF
solvent followed by the addition of supporting electrolyte,
tetrabutylammonium hexafluorophosphate (NBu4PFs) and (b)
UV-VIS spectra of M1 and M2 in THF solvent along with
Calculation of E(Lumo) by using oxidation onset potential from

CV plot and band edge absorption from UV spectra

Here, on the left side, the Y-axis shows energy levels (eV), and
the X-axis contains TNT and Ir(Ill) complexes (M1 and M2),
showing the possibility of electron transfer between probe and

TNT

The PL intensity of filter paper impregnated complexes and
complex with PMMA polymer (CPF), inset figures show
image of filter paper after coating complex and complex-

PMMA under UV excitation (365 nm)

Nitrogen adsorption-desorption isotherms of PMMA polymer
(1) and M2-PMMA composite (CP) (2)

(a) Photograph of lowering in photoluminescence (PL)
intensities of M2-PMMA on filter paper upon continuous
exposure with TNT vapors for 2 min each time; (b) Stern-
Volmer plot for emission quenching. error bars represent the
standard deviation obtained from three independent

measurements
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4.35

5.1.1

5.1.10

FESEM images of M2, CP, PMMA, and CP after exposed with
TNT, we could see that after TNT exposure surface
morphology changes

'H NMR spectra of PyS-Y

3C NMR of PyS-Y

'H NMR spectra of PyS-B

13C NMR spectra of PyS-B
'"H NMR spectra of PyS-G

13C NMR spectra of PyS-G
'"H NMR spectra of PyS-R

I3C NMR spectra of PyS-R

HRMS data of PyS (PyS-B, PyS-G, PyS-Y and PyS-R), we
observed m/z at 327.0837 as a major peak apart from these at
same molecular formula two small peaks are observed

corresponding to isotopic mass of same compound

Images of products taken under a UV lamp (365 nm), (a)
Product of normal Suzuki coupling obtained after 24 h (PyS-
Y) and ground form of PyS-Y by using mortar pestle. (b)
Asymmetric trimers arranged in unit cell and their possible
deformation with external grinding and (c) their possible
deformation with external grinding force is shown by
estimating representation to show the effect of ring slipping

and twisting
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5.1.11

5.1.12

5.1.13

5.1.14

5.1.15

5.1.16

5.1.17

5.1.18

5.1.19

PXRD pattern of PyS-Y(Yellow), Ground form of PyS-Y, and
recrystallized form of PyS-Y in DCM, hexane

(a) Hierarchical analysis of the crystal structure of PyS-Y
showing the formation of discrete trimeric and hexameric
clusters, the formation of linear chains of hexamers along the
crystal’s c axis, and the formation of the final crystal structure
as a packing of perpendicular chains in two directions of the ab

planes

Frontier molecular orbitals responsible for the Si excited state

of the lowest-energy conformer of the PyS molecule

Raman analysis of PyS-G (ground form of PyS-Y') and PyS-Y.
It was observed that the peak at 1239.3 cm™! belongs to CH in-
plane bending of the pyrene ring and that the peaks at 1597 cm-
land 1627.5 cm! correspond to the C-C stretching for pyrene.

1

The Raman frequency at 1659 cm™ corresponds to the

conjugated carbonyl C=O0 stretching frequency

Fluorescence microscopic image of different colored crystals

of PyS (PyS-Y and PyS-R)

a) UV-visible spectra of PyS (obtained from blue, green,
yellow, and red samples, respectively) in 10~ M solutions of
dichloromethane (b) PL spectra of the same samples in the

same solution
PXRD diagrams of PyS-G, PyS-Y and PyS-R samples

PXRD of PyS-R in powder and simulated form single crystal
data

a) Absorption spectra of (PyS-Y), PyS-G and ground form of
PyS-Y (Ground), (b) Emission spectra of pristine powder (PyS-
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5.1.20

5.1.21

5.1.22

5.1.23

5.1.24

5.1.25

Y), ground form of PyS-Y (Ground) and synthesized green
emissive (PyS-G

Main occupied-to-virtual molecular orbital contributions
responsible for the brightest lowest-energy singlet excited state

of the PyS trimer from the experimental crystal structure

(a) UV-visible spectra of PyS (blue, green, yellow, and red)
compounds in solid state, (b) Emission colour of PyS
compounds (2mg/ml in DCM of different colour products
deposited on glass cover slip by drop casting) under UV light
(365 nm), (c) PL spectra of PyS (PyS-B, PyS-G, PyS-Y and
PyS-R) compounds in solid state

UV-VIS DRS spectra of the all forms of PyS (PyS-B, PyS-G,
PyS-Y and PyS-R) samples (inset- determination of the optical
band gap)

Representation of crystal packing of PyS showing the J-
aggregation

(a) Image of PyS-R solutions at different concentrations (from
102Mto 1077 M from left to right) in toluene and ethanol (2:1)
under excitation by a UV Lamp (365 nm). (b) Daylight
emission of PyS-R solutions at different concentrations, (c¢) PL
spectra of PyS-R at the same concentrations as shown in the
fluorescence image in (a), (d) Lifetime measurements of PyS-
R in ethanol, toluene (1:2) solution at different concentrations

(102M (5 ns), 10 M (3 ns) and 10°° M (1 ns))

Particle size analysis from DLS measurement for PyS from the

direct reaction mass (RM) collected at 6h, 12h, 24h and 50h
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5.1.26

5.1.27

5.1.28

5.1.29

5.1.30

5.2.1

time intervals and from the isolated pure products collected at
the same time intervals (isolated pure compounds dissolved in
Ethanol/Toluene (1:2) to record DLS)(average particle sizes
found from the RM: @6h, 80 nm, @12h, 150 nm, @24h, 190
nm and @50h, 250 nm; average particle sizes from the isolated
pure product:@6h, 32 nm, @15h, 82 nm, @24h, 140 nm and
@50h product,- 195 nm

Fluorescence spectra of the isolated pure product of PyS -G(a)
and PyS-R(c) in ethanol/toluene (1:2) 10-*M with time; the
recorded emission spectra of the red and green species at
variable time. Insect image (b) shows emission colors in
daylight and Under UV excitation of 365nm for initial (0 min)

and after 9 hr time
FESEM analysis of PyS-B, PyS-G, PyS-Y, and PyS-R samples

Crystal packing of PyS in the PyS-Y crystals, highlighting
different interactions that might be involved in the
morphological evolution of aggregates. In 1, formation of
chains through interaction of a thiophene ring hydrogen with
pyrene m-electrons (C-H...m interactions, 2.820 A) in a
neighbouring molecule and interaction between the terminal
methyl hydrogen of the acetyl group of one molecule with a
hydrogen atom of the pyrene fragment (2.365 A) of another

molecule

Average particle size and distribution from HR-TEM images of
PyS-G, PyS-Y, and PyS-R samples

Particle size analysis of PyS-R in ethanol-toluene (1:2)

solutions at different concentrations (10-2 M to 10-6 M)

'"H NMR spectra of PyS
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523

524

525

5.2.6

5.2.7

528

529

5.2.10

5.2.11

5.2.12

5.2.13

5.2.14

13C NMR spectra of PyS
'H NMR of PySS

13C NMR of PySS

'"H NMR spectra of PySP
13C NMR spectra of PySP
HRMS data of PyS
HRMS data of PySS
HRMS data of PySP

Absorption spectra (black line) with 10 uM concentration and
emission (red line) with a concentration of 100 uM of PySS (a)
and PySP (b) in THF

(a) Absorption spectra (black line) and emission (red line) in

solid state of PySS and PySP respectively

(a) Image of emission observed from PySS compound in
different solvents taken under 365 nm UV light, (b) UV-visible
spectrum of PySS in different solvents in wide ranges of
polarities and (c) PL spectra of PySS in the same solvents used

in absorption spectra

(a) Image of PySP in different solvents taken under 365 nm UV
light excitation, (b) UV-visible spectrum of PySP in different
solvents and (c) PL spectra of PySP in different solvents

(a) Lippert-Mataga representation of orientation polarizability

of PySS (a) and PySP (b) dissolved in different solvents
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5.2.15

5.2.16

5.2.17

5.2.18

5.2.19

5.2.20

The normalized PL spectra of PySP DCM solution with
concentration from 1x10°¢ M to 1x102 M

The spatial electron distributions of HOMOs and LUMOs of
PySS and PySP which were calculated using B3LYP/6-
311++G (d, P) by Gaussian 16 package

Aggregation-induced Emission study of PySS. (a) The image
was taken at water fraction ( fw) =0 % to fw = 90 % for PySS
under a 365 nm UV excitation. Emission spectra of (b) PySS,
(Aex = 400 nm); at different fw in 100 uM probe in THF and (c)

line plot of PL intensity versus volume of water fraction

Aggregation-induced Emission study of PySP. (a) The image
was taken at water fraction ( fw) = 0 % to fw =90 % for PySP
under a 365 nm UV exitation. Emission spectra of (b) PySP,
(Aex =400 nm); at different fw in 100 uM probe in THF and (c)

line plot of intensity versus volume of water fraction

(a) The asymmetric unit of PySS and PySP with dihedral
angles. (b), The angle between the thiophene plane and the
pyrene plane is more than 55° in both cases. The unit cell
contains two molecules are lying in antiparallel orientation.
Two molecules are interacted through C-H...w interactions
(PySS-2.914 A and for PySP two identical short contacts of
2.843 A)

(a) PL spectra of PySS in pristine form and after grinding with
the help of mortar pestle; lhr (RT) indicates (at the inset)
ground sample kept for 1 hr at rt and then recorded the
emission; (b) PL spectra of PySS after applying hydraulic press
(HP) of 12.5 ton and heating at 70-80 °C for 1-2 minutes

(annealed sample)
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5.2.21

5222

5.2.23

5224

5.2.25

(a) PL spectra of PySS in pristine form and after grinding, (b)
recoverability of emission property of ground sample of PySS
after solvent (methanol fuming for 2 min) fumigation and
heating (70-80 °C for 2 min). inset figure shows the emission
color of pristine and ground sample under UV (365 nm)

excitation

(a) PL spectra of PySP in pristine form and after grinding with
the help of mortar pestle. 1hr (RT) indicates ground sample
kept for 1 hr at rt and recorded the emission (b), PL spectra of
PySP after applying hydraulic press (HP) of 12.5 ton and
heating at 70-80 °C for 1-2 min (annealed sample)

(a) PL spectra of PySP in pristine form and ground form, (b)
recoverability of emission property of a ground sample of PySP
after solvent (methanol fuming for 2 min) fumigation and
heating (70-80 °C for 2 min). inset figure shows the emission
color of pristine and ground sample under UV (365 nm)

excitation

PL properties of PySS under different hydraulic pressure. (a)
emission images of PySS taken under UV excitation (365 nm)
with increasing pressure and after releasing pressure (b)
normalized PL spectra of PySS at different amounts of pressure
(c) Plotted change in wavelength at different amounts of

pressure

Emission images of PySS were taken under UV excitation (365
nm) with increasing amounts of hydraulic pressure and after
releasing pressure with time. (a) shows images of the recovery
process with heating (70-80 °C) at different times and (b) images
of the recovery process with time without applying any external
triggers up to 24 hr
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5.2.26

5227

5.2.28

5.2.29

5.2.30

5.2.31

5.2.32

5.2.33

5.2.34

Solid state absorbance of PySS in pristine form and with
gradually increasing hydraulic-based pressure and the
absorbance spectrum after releasing pressure with heating

(annealed)

Lifetime plot of PySS in pristine and ground form (a), PySP in
pristine and ground form (b), and after applying compressive

force (12.5 ton) for PySS and PySP (c), inset table shows the

average lifetime with fitting parameter

PXRD data of PySS and PySP in pristine and ground form

DSC analysis of PySS in pristine form and ground form,
melting point observed at 190.5 °C for pristine sample and

191.5 °C for ground sample

DSC of PySP in pristine form and ground form, melting point
observed at 207.9 °C for pristine sample and 208.7 °C for ground
sample

Filled the compounds (PySS and PySP) in melting capillaries
and captured the emission at RT and after melting under UV
(365 nm) excitation. a and c represent the image of the
compound filled in capillary at room temperature (RT) and b
and d represent the capillary image at melting temperature

(MT)

TGA analysis, a) thermogravimetric analysis of PySS, and b)
thermogravimetric analysis of PySP

Raman analysis of PySS with increasing hydraulic pressure

from O to 10 tons

FESEM analysis of the pristine phase and ground phase of PySS
(left) and PySP (right)
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5.2.35

5.2.36

5.2.37

6.1

6.2

(a) Crystal packing of PySS showing molecules faces opposite
to each other and extended in one direction and (b) Crystal
packing of PySS with intermolecular with interactions between

molecules

(a) Crystal packing of PySP showing molecules faces opposite
to each other and extended in one direction. (b) Crystal packing

of PySP with intermolecular interactions between molecules

PySS used for stress sensing and VOC sensors. (a)lmages of
PySS taken under excitation of UV light (375nm), initially
green emission after written with spatula (written SIE ) convert
it in to yellow then heating (70-80°C) /fuming with methanol
return to original state and repeated the process (b) Images of
PySS under UV (365 nm) excitation (green emission) and after
exposed with DCM yellow emission) then after methanol
fumigation return to the original (green) emission and (c)
normalized PL spectra of PySS, the black line initial emission,
red line after DCM vapor exposure and blue line is returned

with MeOH vapor

Chemical structures of modified pyrene triazine-based

framework for TNT sensing

Chemical structures of modified pyrene thiophene based

molecule for MFC applications

181

182

183

192

193



INTRODUCTION
AND

RESEARCH GAPS




Chapter 1

1.1 Luminescent materials

Photoluminescent material can emit light upon UV-VIS light-mediated excitation. The
luminescent materials absorb light at a specific wavelength and emit light at a relatively higher
wavelength. The kinds of materials that emit light in the solid state are called solid luminescent
materials.! Photoluminescence is a process where an object emits light (photons) upon excitation.
It can be further divided into two types: fluorescence and phosphorescence. In the case of
fluorescence, the emission of light occurs immediately after excitation. Think of it as the rapid
glow of a fluorescent bulb when you switch it on. In the phosphorescence case, light emission
continues even after the excitation source is removed. Imagine the lingering glow of a glow-in-
the-dark toy long after it has been exposed to light. 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.)?. The
organic luminescent materials are also divided into two types purely organic materials and
materials which consist of metal complexes. The present thesis deals with solid organic
luminescent materials. A fluorophore is a material that shows fluorescence properties. Most of the
heavy metal-based organometallic complexes (such as iridium(IIT) and platinum(IT)) emit light
through phosphorescence, and the lifetime is in the micro- to millisecond range. Further, it can be
extended even for hours.* Hence, it is gaining massive attention for applications like
optoelectronic, metal ions sensing, and explosive sensing,*© as their long luminescence lifetimes
(up to us), high quantum yield, and large stokes shifts (hundreds of nm).”-? Solid-state luminescent
materials show diverse applications, such as solar cells, organic light-emitting diodes (OLED),
sensing, bacterial imaging, stimuli-responsive materials, etc.!?-141n addition, remarkable progress
and exciting discoveries in luminescence-related research originate a new direction for future

application through artificial intelligence (AI) techniques. '’

1.2 Conventional fluorophores and their limitations

Fluorescent probes have been widely explored for their ability to detect various analytes,
such as explosives, ions, pH levels, and organic solvents etc. Due to the stronger fluorescence
signals produced compared to colorimetric methods, these probes are highly sensitive to the

presence of analytes, even at low concentrations. One of the examples is napthalimides-based
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frameworks, which have been widely used in the design and synthesis of luminous probes (1)

among the organic fluorophores developed for fluorescent-based approaches (Fig. 1.1).16-17

Figure 1.1 Molecular structure of the multi-analyte probe (1).

Luminophores are typically utilized in thin films or aggregated forms in applications like
organic light-emitting diodes (OLEDs), organic field-effect transistors (OFETs), analyte
sensing and so on.'® Also, the luminescent molecule is used in aqueous medium or
physiological conditions for biological applications. With increasing concentration, the
emission is quenched in many conventional luminophores; this phenomenon is known as
"Aggregation-Caused Quenching" (ACQ). The use of fluorophores in aggregated or solid
states in various applications was restricted for many years due to the dominance of ACQ
effect.!”
1.3 Aggregation-caused Quenching

When most of the luminophores exhibit an emission quenching effect, either
completely or partially, in their aggregated state or solid state, it leads to an “Aggregation-
caused Quenching (ACQ)” effect. As aresult, the ACQ effect creates many problems in real -
time applications. Most commonly, organic-based conventional luminophores with strong
emission in diluted solutions, such as perylene (2), pyrene (3), naphthalene (4), fluorescein
(5), etc. (Fig. 1.2), have been extensively studied in a variety of fields, including light-
emitting diodes (LEDs), chemical sensing, and particularly for bio-imaging. However,
ordinary fluorophores (e.g., perylene) often have planar aromatic cores, which favor the
occurrence of - 7 stacking interactions when they come closer or aggregated. As a result, their

emission is decreased or quenched in the concentrated or aggregated state.?’
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Figure 1.2 Molecular structures for common conventional ACQ fluorophores (2-5).

To reverse the ACQ, Tang et al. proposed the concept of “Aggregation-induced Emission
(AIE)”in 2001.%! This concept was based on the fact that luminophores with freely rotating
groups were substantially emissive in the aggregated state but non-emissive in a dilute

solution.

1.4 Aggregation-induced Emission

Aggregation-induced Emission (AIE)is a fascinating photophysical phenomenon in
which non-emissive molecules in solutions are strongly emissive in the aggregated or solid
state. AlEgens are luminogens that have the AIE property. When the AIEgens emit stronger
in the aggregated state compared to their solution state, it is termed as ‘Aggregation-induced
Enhanced Emission’ (AIEE), in marked contrast to ACQ molecules. Generations of new AIE
active compounds have been developed over the past two decades. Some of the core
representative AIE molecules are listed as follows- 1-methyl-1,2,3,4,5-pentaphenyl-1H -
silole (6), 1,1,2,3,4,5-hexaphenyl-1H-silole(HPS) (7), 1,1,2,2-tetraphenylethene(TPE) (8), 9-
(diphenylmethylene)-9H-fluorene (9), and monocyclometalated iridium(I1I) metal complex

(10) (Fig. 1.3).2224
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Figure 1.3 Common AIE fluorophores: 1-Methyl-1,2,3,4,5-pentaphenyl-1H-silole (6),
1,1,2,3,4,5-hexaphenyl-1H-silole (HPS) (7), 1,1,2,2-tetraphenylethene (TPE) (8),
9- (diphenylmethylene)-9H-fluorene (9), and monocyclometalated iridium metal complex

(10).

The mechanism involving the emission in the aggregated state must be understood to develop
new AIE molecules. The restriction of intramolecular motion (RIM), which includes the
rotational and vibrational motion of the molecules, i.e., restriction of intramolecular rotation
(RIR) and restriction of intramolecular vibration (RIV) in the aggregated state, is the most
widely reported cause in terms of mechanistic studies (Fig. 1.4). If we use the AIE molecule
TPE as an example, all four of the phenyl peripheries rotate rapidly in the diluted solution. In
adiluted solution, the excitation energy dissipates during the rotation of the rings, which helps
toincrease the non-radiative decay.?>-2® However, the rotation of the phenyl rings is restricted
in the aggregated state, because of a physical constraint. The non-radiative pathway is

blocked by restricting rotation, allowing the excitons to decay radiatively.
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Figure 1.4 Schematic representation of the ‘aggregation-caused quenching’ (ACQ)
mechanism of perylene and the ‘aggregation-induced emission’ (AIE) phenomena of
tetraphenylethene (TPE). Reprinted under the terms and conditions of the Creative Commons

Attribution license.?” Copyright 2021 Wiley-VCH.

1.5 Solvatochromism

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, for example (solute-solvent interaction,
hydrogen bonding, Vander Waal interaction, solubility, acid-base equilibria, and keto-enol
equilibria etc), play the role of studying the surrounding medium in which the probe is
dissolved. The solubility affectsthe spectroscopic responses dueto the environment-induced
aggregation.”® 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. Knowing the
mechanism for the small changes in photophysical properties at the micro-level could help
to understand the nature of the living cells.?? The fluorescence technique is promising for
sensing and imaging applications.3? An organic fluorophore is a highly useful material for
sensing, but due to autofluorescence from the background, it interferes with the selectivity
of the targeted species. To overcome the problem, materials with high quantum yield in solid
state and high Stokes’ shifts are necessary.3! A series of tetraphenyl ethylene-containing

BODIPY molecules with excellent solvatochromic properties are reported, their emissions
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are tunable from visible to near-IR with large Stokes’ shifts up to 142 nm.3?-34 Many AIE
active materials have been synthesized, which exhibited large Stokes’ shifts.?>-37 The
proteins, nucleic acids, and bio-membranes involved in biomolecular interactions can be
detected using the solvatochromic probes.3® Additionally, it can be utilized in chemosensors,
bioimaging, mimicking the environment of different organelles, and trace amounts of water
detection from solvents.3*-4! Several essential molecular properties, such as degree of
polarization, coplanar m-conjugated bridges, and push-pull charge-transfer (CT) character,
must be considered to design and synthesize the solvatochromic fluorophore to achieve
maximum sensitivity and response to external stimuli.#>-43 High polarization can be attained
by introducing polar functionality groups to molecules, such as amino, carbonyl, cyano,

nitro, or heteroaryl groups.**

1.6 Explosive Sensing

Explosive is a substance or a mechanical or handmade device that can produce the huge
volume of rapidly expanding gas in an extremely short span of time.*> There are three kinds of
explosives.

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 explosives are sustained with nuclear reactions and can be made to take place very
rapidly, releasing a large amount of energy.

Recently chemical explosives are used more for terror attacks because these explosives 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
explosives are again subdivided into two kinds (a) primary explosives requires a source of fire,
spark or enough heat which equals the magnitude of explosives, for example, lead azide and lead
styphnate. b) secondary explosive includes the nitroaromatic or nitramines which are much more
applied in military sites. Secondary explosives are loosely categorized into melt-pour explosives
which are based on nitroaromatics, e.g, trinitrotoluene (TNT), dinitro toluene (DNT) and plastic
bonded explosives (PBX) which are based on a binder. Crystalline explosives are a class of
secondary explosive such as 1,3,5-Trinitroperhydro-1,3,5-triazine (RDX). Again the nitro

explosive can be classified as electron-deficient aromatic like picric acid (PA), 2,4-
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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 interview by the Institute for Economics and Peace (IEP) from 1970

to 2019, about an average of 15% of deaths are caused by explosives.*0-49

Explosives

Low Explosives High Explosives

7\

Propellants ~ Pyrotechnics Primary Secondary
Explosives Explosives

Military Industrial
Explosives  Explosives

Figure 1.5 Flow chart representing the classification of the Explosive materials.

The measurement of the explosives 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 research due to their prominent role in the security threat and increasing terrorism.

The detection of explosives is a critical task in the field of forensic science and global de-mining
projects. 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 rings 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 and cause various
problems such as liver damage, renal problems, anaemia, etc.3°->! When these compounds persist
in the biosphere, they severely affect the healthy life of humans, fishes, and microorganisms.
Therefore, the detection of the explosives 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
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continued fatalities from the land mines among the civilians. 32->° Many techniques are available
for detecting explosives, such as trained canines, metal detectors, ion mobility spectrometry
(IMS), Raman, mass spectrometry, gas chromatography, sensors based on electrochemistry,
colorimetry etc.’%->° While each method provides advantages, their use is not without problems.
Many of these devices are very costly and bulkier in size. Fluorescent-based methods provide us
with many benefits over common detection techniques, such as low cost, good portability, and
high sensitivity.’* IMS is a commonly used explosive detection system in airports and has
sensitivity down to nanogram or picogram for common explosives, but this technique lacks
enough sensitivity for a broad range of explosives, such as PETN and RDX, which greatly limits
its overall utility.>® Moreover, IMS requires longer time for calibration and high cost of the devise
making it inconvenient for real field applications.®® Similar limitations also apply to other
laboratory explosive detection systems,®' such as gas chromatography coupled with mass
spectrometry (GC-MS),>” quartz crystal microbalance (QCM), surface plasmon resonance (SPR),
electrochemical methods,®? immunoassay,®’ etc.

Thus, it is a need for the development of innovative detection strategies that are not only low-
cost and user-friendly, but also highly sensitive and selective. One particularly attractive and
promising method would contain the usage of optical methods, which provide many advantages
over different common detection strategies, such as low-cost, portability, sensitivity, and
selectivity. Consequently, absorbance (colorimetric) and fluorescence responses are highly
important in optical sensors for explosive detection. Typically, fluorescence-based technique has
high sensitivity as compared to absorption-based technique. Thus, fluorescence-based sensitive,
selective, and ultrafast detection of explosives is highly required.

Photoluminescence response change with nitro-based explosive occurred via different
mechanism such as photo-induced electron transfer (PET), intermolecular charge transfer (ICT),
electron exchange, resonance energy transfer (RET), and so forth.* Nitroaromatic compounds
are electron-deficient in nature; they might bind with electron-rich fluorophores as a donor-
acceptor (D-A) interaction.® The excited state of fluorophores (D) is likely to donate an electron
to the ground state of explosive compounds (A) during the PET, as illustrated in Fig. 1.5a.
Explosive sensors have also been developed using the energy transfer mechanism, which can
significantly increase the fluorescence-quenching efficiency and improve sensitivity.®® The

extent of overlap between the fluorescence emission spectrum of the donor (the fluorophore)

and the absorbance spectrum of the acceptor (an analxtei i.e.i nitroaromatics comgounds!
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determines the amount of resonance energy transfer (RET) (Fig 1.5b).67-69

(a) D* + A PET D -+ + A -

Force
¥,

b

Excited Nitro-aromatic Quenched Reduced NACs
Fluorophore (D*) Compounds (NACs) (A)  Fluorophore

(b) * *
5= RET D I A
D A
LUMO + |
hv : ¥,
s
Homo + —
Excited Nitro-aromatic Quenched Reduced NACs

Fluorophore (D*) Compounds (NACs) (A) Fluorophore

Figure 1.6 Schematic illustration for molecular orbital for different interactions in (a)
photoinduced electron transfer (PET), (b) resonance energy transfer (RET).

Explosive detection systems need to be able to detect a large range of explosive materials,
including both traditional high-explosive materials, such as TNT, and chemicals used in IEDs
(Improvised Explosive Devices), such as ammonium nitrate.”%-7! Trinitrotoluene (TNT) is the
most common explosive, also considered a hazardous waste by the U.S. Environmental
Protection Agency (EPA), with a maximum permissible level in drinking water being 2 ppb.3*
> The increased amount of TNT in water severely affects living organisms. It causes several
diseases like headache, anemia, and skin irritation, and the excess amount of TNT results in
serious liver, eye, and neurological damage. This calls for developing a rapid and reliable
sensor for detecting buried unexploded ordnance and locating underwater mines. Detection of

trace amounts of TNT in an aqueous environment and from non-contact mode, i.e., from the
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vapor phase, is essential. In this context, several research across the world has significant
contributions towards polymeric materials to detect TNT.%8-72-76 Recent research on dual-state
TNT detection using anthracenyl polymeric probes and fluoroarene-based organogelators is
inspiring to detect TNT and other nitro-based explosives.””-’8 Several explosive sensors based
on small molecules, conjugated polymers, self-assembled organic nanomaterials, and metal—
organic frameworks have been studied for both solution and vapor-phase explosives detection
up to detection limits of part per trillion (ppt).”°-36

Mothika et al, reported a tetraphenylene ethylene-based conjugated microporous polymers
(PTPETCz) through an electro-polymerization method using tetra(carbazolylphenyl)ethylene
monomer (11), which can detect TNT vapor even at a very low concentration of 33 ppb.87 In
that report, the authors used a custom-made set-up with attached heating coils for the probe as
well as the analyte and maintained a temperature of 35 °C for generating TNT vapors. Despite
these advancements, the selective vapor sensing of TNT under atmospheric conditions,
particularly at a detection limit that would be considered satisfactory (lower ppb to ppt),
remains a challenging goal. Many other reports are also there but these are solution phase
sensing and detection limit in vapor phase is not lowering to ppb range.®8-89 Chakravarty et al.
reported an anthracene-based small organic AIE probe(12) for TNT, contact mode it is
showing excellent results but response time at vapor phase quenching is longer (3 min time

was taken to show quenching response on probe coated filter paper under UV excitation).””

’
’

&
”" H O
L0 o) oo
»

Figure 1.7 Molecular structures for TNT sensing polymer (11) and small molecule (E)-10-hexyl-
3-(2-(10-(2,4,6-trimethoxyphenyl) anthracen-9-yl) vinyl)-10H-phenothiazine (12).

12

Nitrated explosive TNT detection in an aqueous medium has been effectively carried out

using fluorescent conjugated polymers.®! It has an extended exciton migration pathway than
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small molecule fluorophores and more effective electronic communication between
quenchers along the polymer backbone. The existence in contact mode sensitive probe
molecules is of ppb (parts per billion) to ppt (parts per trillion) level.33: 68, 72-76,92-94 yapor
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 vapor pressure of nitro based explosives.>* %
% The use of D-A type highly conjugated materials with high quantum efficiency,
phosphorescence lifetime, suitable trapping medium for explosive vapors would be a much
better choice for highly sensitive detection of explosive materials.?? °6-%8 Tt was observed
from literature survey that on the designing of small molecules for sensing explosive
depends on many factors: probe should have appropriately aligned LUMO levels with the
analyte for effective electron transfer, significant extent of overlapping of absorption spectra
of analyte and emission spectra of probe molecule for efficient energy transfer, an extended
excited state lifetime of the probe to maximize the interaction time with the analyte, a high
quantum yield and large surface contact area of the probe. Additionally, fluorophore should
be n-electron rich and planar in nature and at the same time to prevent the intermolecular = -
© staking interaction and excimers formation bulkier substituent must be present towards the
periphery of the chromophore,34: 99-100

Phosphorescent transition-metal complexes have been considered to be potential
candidates in various fields such as chemosensors!?!-195 optoelectronic materials!'06-108,
biological probe!%9-119 etc. The role of heavy metals like osmium(IT) (Os), platinum(II) (Pt),
and iridium(I1T) (Ir), etc. as triplet emitters in these probes is highly desirable. Among these
metals, iridium(I1T) complexes shine bright due to their superior emission properties because

of strong spin-orbital coupling (3909 cm!).!11-112

Photo thermal stabilities and colour tuneability compared to ruthenium(II) and osmium(II)
complexes, and their high coordination number relative to platinum(Il) complexes, which

allows facile structural modifications. Aggregation-induced Phosphorescent Emission

!AIPE! active iridium!IH! comglexes have emerged as a gromising avenue in this quest. it
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exhibit the desirable photophysical properties, such as large Stokes shift, high emission
efficiency, and relatively extended excited state lifetime.!!3 114115 Their versatility has found
applications in diverse fields such as light-emitting diodes, therapy, and sensing. In 2015,
our group (Alam et.al.) developed mono-cyclometalated AIPE active iridium(I1T) complexes
and studied their potentiality for picric acid detection.!!> Recently, our group (Agarwal et.al.)
synthesized a series of AIPE active Ir(Ill) complexes and used them towards sensing of
different nitro-based explosives successfully.!!6 It was observed that tuning of electronic
substituents on phenyl pyridine ligand, modulates their sensitivity and selectivity towards
different nitro-based explosives. One of the complexes having moderately electron-
withdrawing substituent (COOH) is found to be sensitive towards TNT in contact mode

(LOD= 3.6 ppb) based on the PET mechanism.

1.7 Mechanoflorochromism

Mechanoflorochromism (MFC) is the phenomenon by which materials emit light in
response to external mechanical stimuli such as pressure, grinding, stress, rubbing, shearing, and
crushing.!!7 118-120 The material's response to these stimuli has achieved significant attention from
the scientific community because of their potential applications in mechanosensor, optical storage,
environmental monitoring, and security papers.'?!-122 An intriguing class of materials to enhance
the chemistry of MFC compounds would be stimuli-responsive organic materials with
aggregation-induced emission (AIE) properties. A tiny device called a diamond anvil cell (DAC)
is used to apply high and uniform pressure to materials across a limited space. In mechanical
grinding, pressure is not applied isotopically (comparable to shearing force), and it is not sufficient
to change complete structural properties by applying anisotropic pressure. In the mechanical
grinding process (basically, shear force), the phase transformation of the solid crystals takes place
from crystalline to amorphous, and this phase transformation is irreversible. Conversely, high
pressure increases intermolecular interactions by decreasing intermolecular distance and can
change the molecular arrangements/conformational changes in the crystals reversibly. 123-124
In the case of twisted molecular structures (such as Tetra phenylethylene and Triphenyl amine,
etc.), the twisting ability of the ring, conformational changes, and intermolecular interactions
depend on the linker moiety and the position at which it is linked.!?>

In 2012, Tian et al.'?® first reported mechanochromic luminescence of a 9,10-distyrylanthracene
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This molecule showed extraordinary luminescence properties: grinding and applying external
pressure changing the photoluminescence (PL) of BP2V A powder from green to red color. With
the external pressure increasing from 0 to 8 GPa, the emission of BP2V A powdershowed a gradual
redshift from green (with a maximum at 528 nm) to red (with a maximum at 652 nm) distinctly,
which is the greatest shift in mechanochromic effect ever reported at that time. In 2016, Zou et
al.'?” reported the polymorphs, B-phase and G-phase, prepared from a cyano-substituted
distyrylbenzene (CN-DSB), the molecular conformation changes under the hydrostatic pressure of
0.75 GPa from a highly twisted shape to a flat shape under external stimulation (color changes
from blue to green). In 2019, Liu ef al.'*® reported the mechanochromism of the powderand single
crystal of two compounds, photoacid-spiropyran(PASP) and tetraphenylethene-decorated
photoacid-spiropyran(PASPTPE), under grinding and hydrostatic pressure. Both PASP and
PASPTPE exhibited the mechanochromic property under anisotropic grinding and isotropic
atmospheric pressure color change from orange to red. Further contribution to MCF materials,
including carbon nanodots, metal organic framework (MOF), covalent organic framework (COF)
etc.129-132 Majority of high contrast solid-state MCF materials includes the structures which
includes tetraphenyl ethylene(TPE),!25 133-134 triphenylamine (TPA),'33-137 anthracene,!38-140
carbazole, phenothiazine, stilbene, spiropyrans etc.!41-146

Polyaromatic compounds (e.g., pyrene, anthracene etc.) containing rigid and planar z-conjugated
molecules support excimer emission. But when these are attached to twisted moieties, the twisted
ring results in an increased intermolecular distance, which precludes dimer formation. However,
at higher pressure, due to the planarization of the rings, dimer formation is allowed, leading to
excimer emission creating a distinct response in low and high pressure. Usually, the twisted rings
rotate with gradual increasing pressure, which triggers emission property changes through the
perturbation of intermolecular forces. These materials' luminous properties are influenced by weak
intermolecular interactions, conformational changes, excited state transitions, and molecular
rearrangement within the lattice. Therefore, examining how these compounds' luminescence
changes with pressure can help us comprehend the excited-state characteristics of different
emissive compounds under stress.

It is likely that the development of these materials will encourage the creation of cutting-edge
technology around the world.'¥” When mechanical stimuli are applied, intermolecular

interactions such as hydrogen bonds, dipole-dipole interactions, or n-r interactions can change,

causing various moghological changes such as transitions from cgstalline to amthous states,
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from a stable to a metastable liquid crystalline phase, between two different crystalline phases,
etc.!*® As per the molecular level mechanism, the observation of MFC characteristics is the
result of a minor or significant change in the structure of the molecular packing during grinding
or pressing. The majority of materials with MFC properties can be quickly reversed by solvent
fuming.'*® Numerous AIE luminogens with various characteristics have been designed, and
research has been done on the correlation between the molecular structure of AIE luminogens
and their photophysical characteristics.!>? Strongly twisted conformations are a common
characteristic of AIE-active substances, which facilitate efficient emission in the aggregated
state by obstructing tight molecular stacking.!3! Moreover, the highly twisted conformations
frequently lead to loss of molecular packing patterns in the crystals, making them responsive to
pressure.!32-153 As aresult, under a certain stress, compounds having AIE properties are thought
to be possible candidates prone to MFC-active materials. Many twisted organic molecules are
studied for MCF active probes.!>!-154-157Tn 2020, Yang and coworkers combined a m-rich
conjugated planar chromophore with a highly twisted molecular rotor. In this case, TPE was
conjugated with anthracene, linked at a different position (mTPE-AN-structure 13 and pTPE-
ANG- structure 14).'38 Upon mechanical grinding, there is no change in the emission observed,
indicating a stable crystal state. By applying HP, three steps are observed in mTPE-AN. As
pressure increased on mTPE-AN from 1-1.23 GPa, the emission is redshifted, with a decrease
in the intensity indicating the formation of AN dimers. When the pressure was increased above
1.23 GPa, anew emission band appeared at 438 nm. The new emission band increases gradually
as pressure increases up to 4.28 GPa with a blue shift. This phenomenon is ascribed to the
cooperative effect between the aggregation-induced emission of TPE units and energy-transfer

(ET) suppression from TPE to an anthracene (AN) excimer.

14 (pTPE-AN)

13 (mTPE-AN)

Figure 1.8 Molecular structures for MCF active fluorophore (13 and 14).
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Chakraborty et al. explored the anthracene-based twisted conjugated systems (structures 15 and
16) as a potential reusable MCF material by varying terminal substituents as dicyanovinyl (DCV)
and cyanoacryclic acid.!° These studies clearly stated that the DCV is a unique core that ensures
superior solvatochromic and MFC features. Replacing cyano with —CO2H functionality endows
various intermolecular interactions in solution, aggregates, and the solid state. The dimeric
tendency of the —CO2H group creates numerous inter/intramolecular interactions, which is
detrimental to both AIE and MFC features. From these study, we could see that supramolecular

interactions (C—H---N, C-H---C, &...m, etc.) are very important for controlling the MCF property

of materials.!31 154,160
CN Os_OH
-z
CN ~eN
7 =
7 F s
15 (TCN) 16 (TCNA)

Figure 1.9 Molecular structures for anthracene-based MCF active molecule (15 and 16).

1.8 Importance of Molecular Interactions and Self-assembly

In recent decades, a great deal of research in materials sciences has been focused on the
preparation of innovative luminescent materials with color-tunable emission, high stability, and
ease of preparation. Within the different families of luminescent compounds that have been
proposed, purely organic materials in the nanoscale range increase their potential and applicability
in numerous fields such as chemical sensing, biological sensing, bioimaging, pharmaceuticals, or
organic light-emitting diodes, where the toxicity of other materials including rare earths or heavy
metals might become an issue.!®1-163 Molecular conformation is a simple, but significant property

in organic solid-state chemistry that allows the fine tuning of a material’s properties such as the

Page | 15



Chapter 1

luminescent emission just by changing the conditions in which a given molecule aggregates to
form a solid-state material. Nanoscale control of the supra-molecular architecture is a very relevant
topic in the field of nano-chemistry, especially in the case of biological systems where usually a
network of non-covalent interactions leads to the formation of a self-assembled system. This
approach provides solutions to the fabrication of ordered aggregates from components with sizes
from nanometres to micrometers, and in the case of luminescent materials, it may be used for
emission tuning.!®4-168 The use of thiophene units is well known for the self-assembly of
nanostructures and polypyrene has been recently shown to give aggregates with a nano-flower type
morphology.!66-169-170" A chieving a wide range of tunable emission colours, especially in the solid
state for single-fluorophore materials, remains a significant challenge!”!-172 and in all cases, a

certain external stimulus is required to fine-tune this excited state property.

Spontaneous self-association of molecular building units driven by intermolecular interactions can
result in diverse nano and microarchitectures.'®3-166 Minor modifications can significantly
influence the supramolecular self-assembly process in molecular structure.!’3-174 Natural
macromolecules like peptides and proteins, for instance, are heavily influenced by even the
slightest change in amino acid residues, which can regulate their self-assembly and functional
diversity.!7> Researchers are inspired by natural systems and exploring the relationship between

the shape, size, and properties of artificial self-assembled aggregates. The molecular structures can

be strategically perturbed for multifaceted applications, making it an intriguing area of study.!”®
1.9 Research Gap

The present thesis deals with both the development and discovery of stimuli-responsive
luminescent materials. We have unearthed the potential of pyrene-based several ‘Aggregation-
induced Emission’ (AIE) active compounds and used them for sensitive and selective detection of
TNT vapor, study of their MFC properties, Solvatochromism, and sensing ability towards VOC:s.
Smart materials are characterized by their smart-responsive behaviour, which is governed by the

chemically active functional groups attached to the molecules.

In the field of explosives, onsite detection of nitro explosives in the solid or gaseous state is a
significant challenge to addressing anti-terrorism. Vapor phase sensing of explosives is required
for real-time application in the 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
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sensitive and selective probe molecules for the detection of explosives in the non-contact mode
because of the inherent lowering of the vapor pressure of nitro-based explosives.>* % The challenge
in the existing research is to obtain the ultra-sensitive (lower ppb to ppt level) probe towards
sensing of nitro explosives in the vapor phase. Many research groups have contributed towardsthe
detection of TNT. The macromolecular chemistry group developed a nanometer-thick conjugated
microporous polymer film for selective and sensitive detection of TNT vapor. Here, the polymer
is showing a good quenching in the case of TNT vapors (response less than 10 ppb of vapors).!”’
The problem with the reported polymer is that they have used a custom-made setup to sense TNT
vapor at 35°C and electro polymerization technique used for thin film formation, which is tedious
and time-consuming. Many other reports are also there but most of these works are solution phase
sensing. The limited vapor phase sensing of aromatic explosives is available, but none of them are
ppt level sensing.68. 72-76, 88, 178-180 Chakraborty et al. reported an anthracene-containing
fluorescence-based AIE probe for TNT detection. It was tested in contact mode (LOD= 39 nM))
but the response time for vapor phase quenching is long (3 min exposure time required to have

visibility of the quenching on the probe-coated filter paper).”® Goudappagouda et al. developed a

polymeric anthracenyl fluorophore for dual-state selective detection of TNT '8!, this approach is
very efficient for contact mode selective detection of TNT (LOD not mentioned). Further
contributions of Kartha et al. for developing fluoroarene-based organogelators were inspiring for
identifying TNT in ppq level in contact mode and ppb from vapor phase 78, shows excellent
sensitivity for TNT but gel formation of the probe is the prime requirement. The use of D-A type
solid state emitters would be a better choice for highly sensitive detection of explosive materials. ¢
%7 The mechanism underlying to detection of explosive materials using commonly known
luminescent materials is mainly operated through photo-induced electron transfer and energy
transfer those responsible for quenching of emission intensity.!%? Nitro-based explosives are
electron-deficient species and exhibit similar chemical properties. So, selectivity is one of the
major challenges in explosive sensing. Very few reports are observed where both selectivity and

sensitivity are considered.88. 183

Laskar and co-workers developed a series of mono-cyclometalated ‘Aggregation-induced
Phosphorescent Emission’ (AIPE) active iridium(III) complexes.!03: 115-116, 184185 ATPE active
Ir(I1T) complexes have emerged as a promising material because of their desirable photophysical

properties, which include a significant Stokes’ shift, high emission efficiency, and relatively
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extended excited state lifetime.?* Phosphorescent emitting mono-cyclometalated Ir(IIT) complexes

have not been explored in vapor phase sensing of explosive.

As sensitivity of probes for the detection of explosives is one of the prime targets, the
surface area and morphology of the sensing probe in a thin film/powder can be the important
parameters for designing excellent sensors.!8¢ Reported small D-A type molecules are majorly
explored based upon PET/RET mechanism- these processes may be improved if the surface area
of the probe is increased so that the adsorption efficiency of the explosives is enhanced. It was not
found any reports on organic molecules, that focus on surface morphology for efficient interaction
in the vapor phase. So, small AIE molecules with morphology resulting in higher surface area

could be the right approach for sensitive vapor phase detection of nitro-explosive.

High-performance organic luminescent materials with full-color tunable emission have attracted
great interest owing to their potential applications in many fields, such as chemosensors,
fluorescence imaging, full-color displays, and optical devices, as well as message encryption,
etc.!87-191 Achieving a wide-range of tunable emission colors from a single fluorophore in the solid

phase remains a significant challenge.!%?-1°3

Based on the literature study of MFC materials,'%- 151. 194 rational molecular design and effective
control of solid luminescence with stress are particularly challenging. After applying stress to the
compounds, it is hardly possible to get crystals of after-phase compounds. So, it is very challenging

to understand structure-property relationships at a molecular level.

Mechanofluorochromic (MFC) compounds are also an interesting luminescent material, that can
be used in various applications, such as stress detectors, security encryption devices, deformation
detection, fluorescent probes, switches, and optoelectronic.'3! In the MFC materials, there is a
significant impact on twisted molecular structure, conformational changes, and intermolecular
interactions observed under stress. Many twisted molecules based on TPA, TPE, anthracene,
carbazole and phenazine substituted molecules are well explored for MCF properties. 38, 195-198
Pyrene is one of the rigid planar m-conjugated system, thus it suffers from ACQ effect in solid
state. Pyrene based molecules are enriched in optical properties because of a highly electron rich
polyaromatic system. Very less number of reports are observed where pyrene based solid state
emitters exhibiting MCF properties.'*°-201 So, MCF properties of pyrene derivatives with twisted

structure need to be explored.
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Chapter 2. Materials, Methods, and Instrumentations

It contains the details of the chemicals used for the synthesis, calculation methods, and instruments

for all the experiments included in the thesis.
2.1 Materials

2.1.1 Used Reagents

1-bromopyrene, 5-acetyl thiophene boronic acid, thiophene-2-aldehyde, pyridine-2-aldehyde, 4-
vinylphenylboronic acid, tetrakis(triphenylphosphine)palladium(0), 4-(2-Pyridyl) benzaldehyde,
and N, N-diphenyl amine was purchased from TCI chemicals. 2-bromopyridine, Cyanuric
chloride, and iridium(IIT) chloride hydrate IrCl3.xH20O were purchased from Alfa Aesar company.
DNP (2,4-dinitrophenol), 4NT (4-nitro-toluene), 4-NBA (4-nitro-benzoic acid), NB (Nitro-
benzene), 3,5 DNB (3,5-di-nitro benzene), 4ANP (4-Amino nitrophenol), 3NBA (3-nitro-benzoic
acid), PA (Picric acid) and DNCIB (1-chloro 2,4-dinitro benzene) were purchased from Merck
company. Higher explosives such as TNT (2,4,6-trinitrotoluene), A. Nitrate (Ammonium nitrate),
PETN (Pentaerythritol tetranitrate), HMX (High melting explosive), and RDX (Royal demolition
explosive) were used at TBRL DRDO lab through a collaborative project.

Sodium carbonate (NaxCOs), potassium carbonate (K2COs3), triphenylphosphine (PPhs),
Polyethylene glycol (PEG), anhydrous aluminum chloride (AICl3), and the UV grades solvents
such as THF, ethanol, toluene, hexane, cyclohexane, carbon tetrachloride (CCls), acetone, diethyl
ether, dichloromethane (DCM), methanol, N, N-dimethylformamide (DMF), and dimethyl
sulfoxide (DMSO) procured from Spectrochem. 2-ethoxyethanol, sodium hydroxide (NaOH),
ethanol (C2HsOH), and sulfuric acid (H2SO4) were purchased from Spectrochem and Merck

company.

2.2 Methods

2.2.1 Synthesis
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In the respective chapters, synthetic methods for each probe and intermediate were included. All
the photophysical property studies were performed afterthe structural characterization ofthe probe

molecules.
2.2.2 Sample preparation to investigate the ‘Aggregation-induced Emission (AIE)’ property

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

water), conc. of 90% water: 10 -* M of complex in 0.5 ml (rest is 4.5 ml of water).

2.2.3 Solvatochromism

The solvent effect on the emission spectra of the probe is interpreted in terms of the Lippert-Mataga
equation. Lippert Mataga describes the Stoke shifts in terms of the dipole moment in the excited
state. The Lippert-Mataga equation describes the energy related to the refractive index (1), and the

dielectric constant (€) of the solvent is given by the equation below.

2
(Fap — Y1) = (M) Af + constant

hca3

(-1 (»*-1)
(2e+1)  (2n?%+1)

Where Af =

€ is the dielectric constant of a particular solvent, n is the refractive index of a specific solvent, h
is Planck’s constant, c is the velocity of light, ‘a’ is the Ongsager cavity radius, and pcgand pE is
the ground state, and excited state dipole moment of the fluorophore, respectively Afis the solvent
polarity parameters. Av = Vabs - Vem is the solvatochromic shift (cm™) between the maxima of

absorption and fluorescence emission [ Vabs = 1/Aabs(max), Vem = 1/ Aem(max)].
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2.2.4 Experimental procedure for detection limit calculations

The emission intensity of the synthesized compounds on thin film and in solution without an
analyte was measured 10-12 times, and the standard deviation of blank measurements was

calculated to determine the Signal/Noise ratio. The following equation is used to determine the

detection limit.

Detection limit = 36/m, where ‘c’ is the standard deviation of blank measurements, and ‘m’ is the
slope between the plot of PL intensity of the probe in the presence of analyte versus analyte

concentration.!-3

2.3 Instrumentation

2.3.1 UV-Visible spectrophotometer

It is a spectroscopic tool that measures the amount of radiation that is absorbed in proportion to its
frequency or wavelength when it interacts with a sample. The relative energies of the ground and
excited states are changed as aresult of environmental factors, and this change results in spectrum
changes. The absorbance (A) of an absorber (concentration C) having a molar extinction

coefficient € at wavelength A is given in the following equation.

A=log (IosI)=¢€lcl

2

where ‘A’ is absorbance (optical density), lo, and I represent the intensity of the incident and
transmitted light, respectively, c¢ 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 measurements.

The Shimadzu Spectrophotometer (model UV-1800 and 2550) was used to record UV-VIS
absorption spectra. The Shimadzu UV-2450 UV-VIS spectrophotometer recorded the solid-state
UV-VIS absorption spectra in reflectance mode (using the integrated sphere method) and then

converted the reflectance values to absorbance. The block diagram of the instrumentation is shown

in Fig. 2.1.
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Reference

Deuterium/ Detector
Tungsten Lamp

Sample

Figure 2.1 Schematic representation of UV-visible spectrometer

2.3.2 Steady-state Spectrofluorometer

In my present thesis, photoluminescence (PL) spectra were recorded on a Horiba Jobin Yvon
Spectrofluorometer (FluoroMax-4) and Horiba ‘FluoroLog-3" Spectrofluorimeter. To perform a
qualitative or quantitative study, the spectrofluorometer irradiates a sample with a suitable
excitation light source and detects the fluorescence emitted from the irradiated sample. The block

diagram of the instrument is shown in Fig. 2.2. The brief description of its components is given

below:

Sample Cuvette
Xenon Lamp i j

e

Excitation Monochromator  Filter

Emission Monochromator

Photo-detector Recorder

Figure 2.2 Block diagram of a steady-state spectrofluorometer
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This instrument is equipped with a light source of 1905-OFR 150-W Xenon lamp. This instrument
has a 240-850 nm scan range. A cell containing the sample is kept in the cell holder. The
photomultiplier tube (PMT) measures the fluorescence intensity after the emission monochromator
receives the fluorescence the sample emits. The photomultiplier tube used in this effective
response is the detector for the photometry and monitor sides. This preserves maximum resolution
and instant reproducibility. The sample was taken in a Quartz cuvette (Hellma, 1 cm light path,
capacity 3.5 ml, Model: 101-QS) with four transparent walls to measure the excitation and

emission spectra.

2.3.3 Quantum Yield (QY) Measurement

The quantum yields of solid and liquid forms of the compounds were measured on the Quanta Phi
Horiba integrating sphere, which has an accessory of quantum yield (QY) and CIE measurement
for the fluorometers. The solid powdered compound was placed in the cups provided. Additionally,
it has a bottom-loading drawer for solid/thin film samples that prevents contamination.* The
lifetime decay [time-correlated single photon counting (TCSPC)] spectra of the iridium(III)
complex and organic compounds in different solvents and solids were obtained with a

spectrofluorometer HORIBA Jobin Yvon FluoroCube at BITS Pilani, Pilani campus.

2.4 Computational study

The Gaussian 09 and Gaussian 16 software suites were used to perform the Density Functional
Theory (DFT) computations.® Beckes three-parameter hybrid exchange functional with the Lee-
Yang-Parr gradient-corrected correlation (B3LYP functional),®” for larger correlation (CAM-
B3LYP), Perdew—Burke-Ernzerhof (PBE functional), and the basis set 6-31G(+), 6- 31G(++)(d,p),
LANL2DZ (Los Alamos National Laboratory 2 double-(), the level was 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.?
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2.5 Crystallographic Details

Single crystal X-ray diffraction data was collected on Rigaku XtaLABmini X-ray diffractometer
equipped with Mercury CCD detector with graphite monochromatic Mo-Ka radiation (A=0.71073
A) at 100.0 (2) K using o scans. The data was reduced using CrysAlisPro 41 _64.93a software.?
The crystal structures were solved using Olex!? package!! equipped with XT'? and were further

refined using XL.!3 Crystal packing and interaction diagrams were created using Mercury. !4

2.6 Ultrafast Transient Absorption Spectroscopy (TAS)

The transient absorption setup has been described elsewhere.!> An amplified laser (Libra,
Coherent, USA)is the primary light source and provides pulses of 75 fs FWHM, with a wavelength
of 800 nm and energy of 3.6 mJ at a repetition rate of 1 kHz. About 1.35 mJ of the output is used
to pump, an optical parametric amplifier (OPA — TOPAS, Light Conversion, Lithuania) to get
tunable pump pulses. For the present experiments, A,,,,,, =400 nm. A small fraction of the
remaining part of the 800 nm light is focused into a CaF: crystal to generate a white continuum
(WLC) with arange of 280-950 nm, which is used as a probe to interrogate the system. The white
light is divided into probe and reference beams using a beam splitter. The reference beam is used
to correct real-time intensity fluctuation of the white light continuum. The pump pulse is passed
through a synchronized mechanical chopper to cut each alternative pump pulse, creating a
succession of “pump” and “no pump” situations. Pump pulse (400 nm) and probe pulses are
spatially overlapped on the sample solution, kept in a rotating cell with a path length of 1 mm so
that an intense pump pulse cannot damage the sample. A variable delay is provided to the probe
pulse in order to follow the time evolution of excited state processes. The effect of rotational
diffusion was corrected by adjusting the polarization to the magic angle (54.7°). Steady state
absorbance of the sample before and after the transient absorption experiment is monitored so as
to check the effect of irradiation of pump light on the sample. All the extracted data have chirp
corrected for the removal of the group velocity dispersion (GVD) and fitted using IGOR Pro
software. Global analysis of the TA data was done using Glotaran 1.5.1 software. Single-value
decomposition was done to obtain the evolution-associated spectra (EDS) and their corresponding

lifetimes. 1©
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2.7 Other instruments

The 'H NMR (400 MHz) and '3C NMR (100 MHz) spectra were recorded on a Bruker Advance
400 spectrometer using CDCI3 (TMS as an internal standard) as the solvent, and 3'P spectra were

recorded using phosphoric acid as an internal reference.

High-resolution mass spectra (HRMS) were recorded on an Agilent Q-TOF LC-MS spectrometer
in positive electrospray ionization (ESI)mode. The variation in particle size in the aggregated state
was recorded by dynamic light scattering (DLS) experiment, using Anton Paar Litesizer 500 at 25
°C temperature. Raman analysis was studied by the HORIBASCI Raman instrument (model no.
LabRAM HR EVO) using excitation lasers with 833 nm wavelength. A microscope version, XT
Platform version, XT UI version, Modal- '"APREO S" FE-SEM were used to investigate the
morphology of the synthesized samples. A JEOL JEM2100 PLUS High-resolution Transmission
Electron Microscope was used for recording HR-TEM analysis. Thermogravimetric analysis
(TGA) was performed by TGA-50, SHIMADZU equipment at 10 °C/min, under a nitrogen
atmosphere. The infrared spectrum was recorded on a Shimadzu FTIR spectrophotometer
(IRAffinity-1S). Cyclic voltammetry (CV) measurements were carried out for the sample using
CH Instruments company’s model CHI601E (220V AC 0.4A) at the Chemistry department, BITS
Pilani, Pilani Campus. Tetrabutylammonium hexafluorophosphate (NBu4PF¢) was used as the
electrolyte in acetonitrile solvent at a scan rate of 100 mVs~!. The working electrode-platinum
disc, Ag/AgCl as a pseudo reference electrode, and Pt as a counter electrode were used for the
experiment. The solutions were prepared in THF, and tetrabutylammonium hexafluorophosphate
(0.1 M) was used as a supporting electrolyte. The grinding force or mechanical stress in
mechanoflorochromism was recorded using the Rheometer instrument, using Anton Paar MCR -
92. Powder X-ray analysis was performed using a Rigaku Mini Flex II diffractometer with incident

radiation of Cu-Ka.

Page | 44



Chapter 2

2.8 References

1.

10.

11.

12.

M.-H. Yang, P. Thirupathi and K.-H. Lee, Organic Letters, 2011, 13, 5028-5031.

L. N. Neupane, J. M. Kim, C. R. Lohani and K.-H. Lee, Journal of Materials Chemistry,
2012, 22, 4003-4008.

S. Kaur, V. Bhalla, V. Vij and M. Kumar, Journal of Materials Chemistry C, 2014, 2,
3936-3941.

N. Hasebe, K. Suzuki, H. Horiuchi, H. Suzuki, T. Yoshihara, T. Okutsu and S. Tobita,
Analytical Chemistry, 2015, 87, 2360-2366.

A. D. Becke, The Journal of Chemical Physics, 1993, 98, 5648-5652.

S. Markovi¢ and J. ToSovi¢, The Journal of Physical Chemistry A,2015,119,9352-9362.

G. M. Morris, R. Huey, W. Lindstrom, M. F. Sanner, R. K. Belew, D. S. Goodsell and
A. J. Olson, Journal of Computational Chemistry, 2009, 30, 2785-2791.

H. Liand J. H. Jensen, Journal of Computational Chemistry, 2004, 25, 1449-1462.

Miclaus, M. O.; Kacso, I. E.; Martin, F. A.; David, L.; Pop, M. M.; Filip, C.; Filip, X.,
Journal of Pharmaceutical Sciences, 2015, 104 (11), 3782-3788.

Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A.; Puschmann, H., Journal
of applied crystallography, 2009, 42 (2), 339-341.

Sheldrick, G. M., Structural Chemistry, 2015, 71 (1), 3-8.

Sheldrick, G. M., Acta Crystallographica Section A: Foundations of Crystallography,
2008, 64 (1), 112-122.

Page | 45



13.

14.

15.

Chapter 2

Macrae, C. F.; Bruno, I.J.; Chisholm, J. A.; Edgington, P. R.; McCabe, P.; Pidcock, E.;
Rodriguez-Monge, L.; Taylor, R.; Streek, J.; Wood, P. A., Journal of Applied
Crystallography, 2008, 41 (2), 466-470.

Das, S.; Rakshit, S.; Datta, A., The Journal of Physical Chemistry C, 2020, 124 (51),
28313-28322.

2. Mosca, L.; Khnayzer, R. S.; Lazorski, M. S.; Danilov, E. O.; Castellano, F. N.;
Anzenbacher Jr, P., Chemistry—A European Journal, 2015, 21 (10), 4056-4064.

Page | 46



PYRENE-BASED AIEE-ACTIVE
VERTICALLY GROWN
LUMINESCENT MATERIAL FOR
SELECTIVE AND SENSITIVE
DETECTION OF TNT VAPOR




Chapter 3

Chapter 3. Pyrene-based AlIEE-active
Vertically Grown Luminescent Material for
Selective and Sensitive Detection of TNT
Vapor

3.1 INTRODUCTION

Real field and reliable detection of explosive substances is critically important. For example, in a
civilian context, fixed monitoring stations in airports are used to prevent explosives-based terrorist
attacks. Explosive detection systems need to be able to detect a large range of explosive materials,
including both traditional high-explosive materials, such as TNT, and chemicals used in IEDs
(Improvised Explosive Devices), such as ammonium nitrate etc.!-? Trinitrotoluene (TNT) is the
most common explosive, also considered a hazardous waste by the U.S. Environmental Protection
Agency (EPA), with a maximum permissible level in drinking water being 2 ppb.*>-* The increased
amount of TNT in water severely affects living organisms. It causes several diseases like headache,
anemia, and skin irritation, and the excess amount of TNT results in serious liver, eye, and
neurological damage. This calls for developing a rapid and reliable sensor for detecting buried

unexploded explosives and locating underwater mines.

Detection of trace amounts of TNT in an aqueous medium and the TNT vapor from the
atmosphere is essential. It is challenging to detect explosives from the vapor phase as the vapor
pressures of nitro-based explosive compounds (e.g., TNT, RDX, PETN, etc) under ambient
conditions are very low (10-3-10-13 torr).> Many techniques are available for detecting explosives,
such as trained canines, metal detectors, ion mobility spectrometry (IMS), Raman mass
spectrometry, gas chromatography, sensors based on electrochemistry, colorimetry etc.5° While
each method has their own advantages, still they are not free from various problems. Many of these
equipment is very costly and bulkier in size. Fluorescent-based methods provide us with many
benefits over conventional detection techniques, such as low cost, good portability, and high

sensitivity.> The source and detector of a fluorescence method could be easily incorporated into a
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handheld device to detect explosives. It would be one of the important methods for onsite detection
of explosive materials. In this context, several research across the world has significant
contributions towards polymeric materials to detect TNT.!%-15 Recentresearch on dual-state TNT
detection using anthracenyl polymeric probes and fluoroarene-based organogelators is inspiring to
detect TNT and other nitro-based explosives.'¢-17 Several explosive sensing materials based on
small molecules, conjugated polymers, self-assembled organic nanomaterials, and metal-organic
frameworks have been studied for both solution and vapor-phase explosives detection up to
detection limits to parts per trillion (ppt).!#-2% Solid state light emitting small organic molecules are
preferred for the on-site detection of TNT. Solid-state emitters are well explored for the detection
of picric acid may be due to its lower LUMO energy (-4.73 eV) favoring electron transfer.
Moreover, the existence of picrate ion in an aqueous medium favours the extent of overlapping of
the absorbance of picrate with the emission of the probe, facilitating the energy transfer.3%-3! On
the other hand, selective and quick response solid state emitting TNT sensing probes are relatively
sparse. 32733 Some of the small molecules containing & -electron rich fluorophore such as pyrene-
based molecules are reported for sensitive detection of nitro-based explosives (TNP and DNP) in

solution phase.34-36,

‘Aggregation-induced Emission’ (AIE) active compounds are an important class of fluorescent
compounds strongly emissive in the solid state as compared to traditional emissive materials.
There are several reports found where AIE active compounds have been used for sensing TNT
from the solution phase.’’3° An important parameter for fluorescent sensors is quenching
efficiency, which is determined by the Stern-Volmer quenching constant (Ksv).*? From the
literature survey, it was observed that designing small molecules for explosive sensing depends on
many factors: the probe should have appropriately aligned LUMO levels with the analyte for the
effective electron transfer from the probe to the analyte, the significant extent of overlapping of
absorption spectra of analyte and emission spectra of probe molecule for efficient energy transfer,
an extended excited state lifetime of the probe to maximize the interaction time with the analyte,
a high quantum yield and large surface contact area of the probe - 4! Additionally, fluorophore
should be m-electron rich and planar in nature, and at the same time to prevent the intermolecular
7 - 7 staking interaction and excimer formation, bulkier substituent must be present at the periphery

of the chromophore.> 42-43
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In one of our previous studies, a push-pull type pyrene substituted with that of nitrogen-containing
heterocycles was used for ultrasensitive detection of picric acid.*® In this work, a pyrene triazine
framework was chosen as an electron-rich D-A (donor-acceptor) system, and further modulation
was done by substituting bulkier phenyl groups. In the present design strategy, electron-rich pyrene
is connected with nitrogen-rich triazine for better electronic interaction with electron-deficient
TNT molecules. Additionally, rotor groups were introduced by replacing Cl of the triazine ring
to make the molecule highly emissive in the solid state. Initially, with the help of computational
calculations, the molecules were optimized, and the LUMO of the probe and the LUMO of the
TNT were found in good alignment for efficient Photo-induced Electron Transfer (PET). The
designed molecule (PyTrDA) was highly sensitive and selective towards TNT. It was used to
recognize the TNT in solution (ppt level) and vapor phase (ppb level) sensing of TNT.
Interestingly, it detected the TNT vapor within 10s from the vapor phase with a visible emission

quenching response.

3.2 EXPERIMENTAL SECTION

Synthesis of 2,4-dichloro-6-(pyren-1-yl)-1,3,5-triazine (PyTr) was performed using a
previously reported procedure.** PyTr is a precursor for synthesizing probe molecules (VinTr
and PyTrDA) shown in Scheme 3.1. To synthesize VinTr, a Suzuki coupling reaction between
PyTr and 4-vinylphenylboronic acid was performed (Scheme 3.1, the procedure given below
(a)). PyTrDA was synthesized using C-N coupling using a strong base (n-BuLi) at low
temperatures (-60 to 0 °C) and an inert atmosphere. The detailed synthetic procedure (Scheme
3.1, the procedure given below (b)). Synthesized compounds VinTr and PyTrDA were
characterized through NMR and HRMS (Fig 3.1 to Fig 3.6).

3.2.1 Synthesis and characterization
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Scheme 3.1 Synthetic route for molecules (PyTr, VinTr and PyTrDA)

(a) Synthesis of 2-(pyren-1-yl)-4,6-bis(4-vinylphenyl)-1,3,5-triazine (VinTr) from PyTr

In a 25 ml round bottom flask, a mixture of 4-vinylphenylboronic acid (88.73 mg,0.60 mmol) and
PyTr (100 mg, 0.23 mmol) in the solvent mixture of toluene/ethanol (2:1, 4ml) stirred with N2 gas
purged for 5 minutes. Then, tetrakis(triphenylphosphine)palladium(0) catalyst (11.5 mg, 0.01
mmol) was added and stirred for 2-3 min, followed by the addition of K2CO3(207.3 mg, 1.5 mmol).
It was refluxed for 10-12 h with intermittent TLC observation and then cooled to room
temperature. The reaction was quenched with the addition of water, then extracted with ethyl
acetate (20ml*2) and washed with brine solution, finally dried with anhydrous Na2SO4, and the
crude solid product was purified by column chromatography, with Hexane: Ethyl acetate (98:2) as
eluent. Yield, 79.4 %. The isolated compound was characterized by NMR and HRMS.
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'H NMR (400 MHz, Chloroform-d) & 9.53 (d, J = 9.4 Hz, 1H), 9.04 (d, J = 8.1 Hz, 1H), 8.88 —
8.73 (m, 4H), 8.35 (d, J = 8.1 Hz, 1H), 8.33 — 8.25 (m, 3H), 8.25 — 8.13 (m, 2H), 8.09 (¢, J = 7.6
Hz, 1H), 7.65 (d, J=8.4 Hz, 4H), 6.88 (dd, J = 17.6, 10.9 Hz, 2H), 5.97 (d, J = 17.6 Hz, 2H), 5.45
(d, J=10.9 Hz, 2H) (Fig 3.1).
13C NMR (101 MHz, Chloroform-d) & 174.60, 171.12, 141.70, 136.42, 135.65, 133.72, 131.26,
130.89, 130.72, 130.47, 129.35, 129.18, 128.78, 127.43, 126.56, 126.18, 126.00, 125.75, 125.43,
125.28, 124.77, 124.64, 116.01 (Fig 3.2). HRMS: m/z: 486.1958 [M + H] *. Calc.: 485.1892 (Fig

3.3).
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Figure 3.1 'H NMR of VinTr
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Figure 3.2 3C NMR of VinTr
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MS Zoomed Spectrum
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0.24
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Counts vs. Mass-to-Charge (m/z)

MS Spectrum Peak List

m/z Calc m/z Diff(ppm) z |Abund Formula Ion
485.1865 485.1886 443] 1 121.86|C35H23N3 M+
486.1958 486.1965 1.33] 1 120937.35|C35H23N3 (M+H)+
487.1988 487.1997 1.83] 1 43706.13|C35H23N3 (M+H)+
488.2053 488.2029 -4.92| 1 12061.92|C35H23N3 (M+H)+

Figure 3.3. HRMS data of VinTr

(b) Synthesis of 4-chloro-N,N-diphenyl-6-(pyren-1-yl)-1,3,5-triazin-2-aminetriazine
(PyTrDA)

The clean and dry round bottom flask (RBF) (25 ml) was purged with a constant nitrogen flow.
Then, the RBF was charged with freshly dried THF. Then diphenyl amine (100 mg, 0.59 mmol)
was added followed by stirring. Then, it was slowly cooled up to the temperature of -60 ° C.
n-BuLi (1.6 M in hexane, 0.5 ml) was slowly added into the reaction mass under N2 atm. Then,
the temperature was maintained from -40 to -60 °C for 2-3 h. PyTr (105 mg, 0.30 dissolved in
fresh THF) was added slowly into the reaction mixture at -40 — -60 °C under N2 atm. The
reaction mixture was kept in stirring for 4-5 h with intermittent TLC observation at -40 to 0
OC. Then, the reaction mass was quenched with a 10% aq. ammonium chloride solution. It was
extracted with ethyl acetate twice, then washed the organic layer with water, evaporated, and
purified by column chromatography (2-3 % ethyl acetate in hexane). A solid product with a 69
% yield was observed. The isolated compound was characterized by NMR and HRMS.
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'HNMR (400 MHz, Chloroform-d) § 9.20 (d, J=9.5 Hz, 1H), 8.94 (d, J = 8.2 Hz, 1H), 8.26

—8.14 (m, 4H), 8.11 — 8.02 (m, 2H), 7.93 (d, J= 9.5 Hz, 1H), 7.58 — 7.45 (m, 8H), 7.41 (d, J
= 7.3 Hz, 2H) (Fig 3.4).

13C NMR (101 MHz, Chloroform-d) § 174.68, 170.73, 166.30, 134.36, 131.12, 130.95, 130.39,
129.57 129.44, 128.59, 128.05, 127.68, 127.35, 127.15, 126.14, 125.91, 125.42, 125.10, 124.36
(Fig 3.5). HRMS: m/z: 483.1345 [M + H] *. Calc.: 482.1298 (Fig 3.6).
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Figure 3.4 'H NMR of PyTrDA
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Figure 3.5 '3C NMR of PyTrDA
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MS Zoomed Spectrum

x10 4 |Cpd 1: C31 H19 CI N4: +ESI| Scan (rt: 0.156-0.322 min, 11 scans) Frag=100.0v RP-35.d

4831345
(IC3TH19EINAT+H)+
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i T S —

500.1736
L ) | ([C31H19CINA}-NHA)+
474 476 478 480 482 484 486 488 490 492 494 496 498 500 502 504 506 508
Counts vs. Mass-to-Charge (m/z)

MS Spectrum Peak List

m/z Calcm/z __|Diff(ppm) z |Abund Formula Ion
483.1345 483.1371 535] 1 78721.01|c31H19CINg (M+H)+
484.1374 484,1402 5.86] 1 24479.66|C31H19CINg (M+H)+
485.1324 485.1356 6.63] 1 25105.58|C31H19CING (M+H)+
486.1394 486.1378 7] 1 7714.12|C31H19CING (M+H)+
487.1367 487.1406 8.04] 1 1245.76|C31H19CING (M+H)+
488.1372 488.1436 13] 1 182.35]|C31H19CING (M+H)+
500.1736 500.1636 -19.81] 1 50.97|C31H19CING (M+NH4)+

Figure 3.6. HRMS data of PyTrDA

3.3 RESULTS AND DISCUSSION

The synthesized compounds (PyTr, VinTr, and PyTrDA) have good solubility in common organic
solvents such as tetrahydrofuran, dichloromethane, etc. The absorption spectra of the synthesized
molecules (VinTr and PyTrDA) were recorded in THF (10-° M) solution (Figure-1), showing a
similar absorption pattern to PyTr with slight variations of absorption wavelength. A set of
transitions corresponds to m-n* locally excited state transitions (~ 250-315 nm) and they were
assigned to local transitions occurring on the pyrene rings.*> However, peaks at 350-450 nm are
due to charge transfer transitions 4® (Figure-3.7 a). Due to the electron-donating abilities of the
diphenyl amine and phenyl vinyl, the absorption bands of VinTr and PyTrDA slightly blue shifted
in comparison with those of PyTr. Although the absorption bands of the three compounds were
similar, the minor differences in the peak shapes indicated different electronic structures. The TD-
DFT and NTO calculations were performed to understand the nature of transitions (vide infra).
PyTr and VinTr shows emission peaks with maximum wavelength (Amax) at 475 nm and 438 nm,
respectively, in a dilute solution of THF, while PyTrDA shows a weakly emissive relatively

broader peak at 472 nm (Amax) in a dilute solution of THF (Figure-3.7 b).
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Figure 3.7. (a) UV-visible absorption spectra (10° M in THF) and (b) Normalized PL spectra
(10-*M in THF) of all the compounds

3.3.1 Computational Study

Computational calculations were performed to validate and understand the photophysical
properties of synthesized compounds using the Gaussian-16 package.*’-*° The DFT level of theory
using B3LYP hybrid exchange-correlation functional was used to get the correct exchange energy.
The 6-311+G (d,p) basis set was employed to consider polarization and diffusion due to
electronegative atoms present in the molecules. Firstly, PyTr is optimized, which has already been
reported to sense the nitro-based explosives.3¢ Then, the rotor phenyl rings were attached without
much disturbing the HOMO and LUMO of the moieties to introduce AIE activity. The

computationally calculated energies of HOMO and LUMO showed similar trends as obtained by
cyclic voltammetry (CV) and UV-VIS study (Table 3.1).

Table 3.1 Experimental and computationally observed HOMO and LUMO energy values are
shown in the table below
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Experimental energy Theoretical energy
Molecules Vapor phase THF solution
HOMO LUMO

HOMO LUMO HOMO LUMO

PyTr -5.54 eV -2.92¢eV | -6.08eV -2.95eV -6.02eV | -2.92¢eV

Vin'Tr -5.05eV -2.21eV | -5.74¢eV 242 eV -5.83eV | -2.51eV

PyTrDA 498 eV -2.10eV | -5.21eV 2.45eV -5.87eV | -2.52eV
TNT -5.25eV -249eV | -846eV -3.49 eV

The HOMO and LUMO orbitals of all three molecules were mapped, and it was seen that the
HOMO is concentrated mainly on pyrene. At the same time, LUMO is spread throughout the
pyrene and triazine in the case of PyTr and PyTrDA (Figure 3.8), and the dihedral angle between
pyrene (donor) and triazine (acceptor) is 18.10° and 23.97°, respectively (Figure 3.9). In VinTr,
some part of the LUMO is additionally extended to one of the phenyl rings of vinyl as these groups
are almost in plane with pyrene and triazine (Figure 3.9). The dihedral angle between D and A in
the case of VinTris 34.12° while it is 4.27° and 5.29° between triazine and the two phenyls present
in vinyl substituents (Figure 3.9). It was observed that all three compounds sense the TNT, and
this fact can be easily understood from the presence of the same basic framework (pyrene-triazene)
and the marginal difference in LUMO energy levels (Figure 3.8). Additional phenyl groups
attached to the triazine site play a role in making the molecule strongly emissive through AIE
activity in the solid state. Thus, these peripheral phenyl groups of VinTr and PyTrDA are
significant in improving the detection limit for the detection of TNT. PyTr is nearly a planar
molecule, which leads to a close packing in the solid state, where the dihedral angle between D
and A is found to be 2.21° in the case of PyTr (Figure 3.10). This closed packing structure of PyTr
does not accommodate enough TNT molecules thus resulting in a relatively lesser quenching
effect. Meanwhile, in the case of PyTrDA, due to the twisted nature of phenyl rings of
diphenylamine (the dihedral angles between triazine and the two phenyl rings are 56.06° and
55.30°, respectively (Figure 3.9), molecules get restricted to approach each other. This provides
more room for analyte explosive molecules to access the main detection site, thus it is expected to

improve the detection limit.
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Figure 3.8. Computationally optimized HOMO and LUMO energies of the molecules (PyTr,
VinTr, and PyTrDA) by using the Gaussian-16 packages in gas phase
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Figure 3.9. Optimized structure of a series of compounds by using DFT (Gaussian-16)
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Angle between
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and triazine
plane of PyTr
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Figure 3.10. a) Packing of PyTr in a unit cell, (b) dihedral angle between a pyrene plane (red) and
triazine plane (blue), and (c) long-range packing pattern of PyTr

Table 3.2 Three excited states of PyTrDA along with their oscillator strength and nature of
transitions as calculated computationally along with experimental values

Experimental | Theoretical | Oscillator Nature of
State value (nm) | value (nm) | strength (f) transition
Sy 400 403 0.4773 Charge transfer
S, 375 352 0.0507 Charge transfer +
n-n*
S; 290 298 0.0873 Mixed

Time-dependent density functional theory (TD-DFT) was performed to study the nature of excited
states for PyTrDA. The first excited state was found at 403 nm with oscillator strength =0.4773
(Table 3.2). The NTO analysis showed this to be a HOMO-LUMO transition having charge
transfer characteristics with a 96.78% probability of transition (Figure 3.11.a). This transition
corresponds to a 400 nm UV-VIS transition. Two more transitions with relatively good oscillator
strength were found at 352 nm and 298 nm (f= 0.0507 and 0.0873), which were found at 375 nm
and 298 nm, respectively in the experimentally obtained UV-VIS spectra. NTO analysis indicated
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that the second state (352 nm) is a mixed transition, having CT (72.3%) and T — 1" locally excited

(LE, 27.16%) state (Figure 3.11.b). The high energy state was found to be a mixed transition state
with two different NTOs having transition probability 59.28% and 35.96% (Figure 3.11.c).
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Figure 3.11. Natural Transition Orbitals analysis indicating the transition probability a) Si (charge
is shifting from pyrene ring to triazine ring indicating mix of local transitions and CT)b) S2(72.3
% shows mixed CT and LE state while 27.16% shows purely LE transitions) c) S3 (high energy
transitions shows a mixture of LE and CT)
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3.3.2 Explosive Sensing Study

The interest lies in the detection of nitro-based explosives in the vapor phase. So, materials that
show AIE (Aggregation -induced Emission) active characteristics with high quantum yield and
longer excited state lifetime are potential compounds for sensing. The AIE properties of the
synthesized compounds were checked in THF with varying water quantity. It was observed that
by increasing the water ratio in a stock solution of THF, PL intensity gradually decreases in the
case of PyTr and VinTr, on contrast the PL intensity of PyTrDA is gradually increased (Figure
3.12). This observation reflects the ‘Aggregation-induced Enhanced Emission’ (AIEE)
characteristics of PyTrDA. The recorded solid-state absolute quantum yield of the synthesized
compounds VinTr and PyTrDA are 12.17 and 20.89%, respectively. It is clearly observed from
the optimized structure (Figure 3.8) that two phenyl rings attached with nitrogen through a triazine
ring are highly twisted (the dihedral angles are 56.06° and 55.30°), which makes molecule AIEE
active. As observed from the solution phase and AIEE study of all the compounds, it is observed
that PyTr and VinTr are highly emissive in solution state, while PyTrDA shows bright emission

in aggregated state. All these luminescent probes were tested with TNT.
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Figure 3.12. AIEE study of PyTr, VinTr, and PyTrDA in THF/water system, taken 10-4M solution
of probe molecules in THF and changes the water ratio from 0% to 90 % shown in the upper part
of the figure and recorded corresponding PL spectra of probe solution with varying water
percentages shown in the downside of the figure
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Firstly, the testing was performed in contact mode, where the solid TNT (~1.0 mg) were added
into the solutions of probes (PyTr and VinTr) in THF and aggregated solution (90% fwof PyTrDA)
and captured the image under UV light of 365 nm and subsequently, recorded the PL spectra and
calculated the percentage quenching of PL intensity in presence of the analyte (Figure 3.13). On
comparison, it was observed that aggregated solutions of PyTrDA quenches maximum intensity

(97.5%). It concludes that AIEE active PyTrDA is a highly sensitive probe towards TNT analyte.

Added solid TNT
1 mg in each vial

1; 180 2 1se3718 3 i PyYIOA
1.5x10° ——PyTr 1.5x10° = VinTr 6.0x10° —— PyTrDA+TNT
——PyTr+INT VinTrsTNT 0
2
2 1ox10° .
g 70%PL  F1oa 007 %pPL  Zeomtt 97.5 %PL
] uenchin, 8 s § quenching
& q 8z quenching 2
-
5.0x10° 4er8i2 & 5.0x10° & 5 o0t
147198
= 0.0 15900
450 500 550 600 650 " 450 500 550 -~ e . T
Wevslength (nm) Wavelength (vm) Wavelength(nm)

Figure 3.13 Compounds 1- PyTr and 2- VinTr were taken in THF (10-* M), and 3- PyTrDA was
taken in 90% water in THF aggregated solution (considering the maximum PL intensity). The top
left side image (three vials) was taken under UV excitation (Aexc, 365 nm), then 1mg TNT powder
was added into each vial and the emission image was captured under 365 nm UV excitation (top
right image). The above figure shows the PL spectra of all the probes with and without TNT

% PL quenching = (Initial intensity - Intensity after adding TNT)
x 100

Initial intensity

For PyTr case

PL spectra shown above contain initial intensity (in the absence of TNT) and intensity after adding

TNT for the case of PyTr, VinTr, and PyTrDA.
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=[(1561460-467572) / 1561460] x 100=0.7005 x 100

=70.0 %,
Similarly, the % PL quenching for VinTr and PyTrDA are 90.7 and 97.5 %, respectively.

The selectivity of probe towards different analytes is very important for an efficient sensor. Thus,
the selectivity test of probe (PyTrDA) was performed with a wide range of nitro-based explosives
(Figure 3.14). It was observed that PyTrDA is selective towards TNT and interestingly found that
among the high-explosives®? used for testing, such as TNT, RDX, HMX, PETN, and ammonium
nitrate, this probe responds only to TNT explosives. This observation makes PyTrDA superior to

other reported fluorescent sensors.>!
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Figure 3.14. a) 200 ul of different nitro-based explosives (104 M solution in THF) were added
into the probe solution (90% AIE solution, 2ml) and recorded image under UV lamp. b) Bar graph
showing the intensity profile of aggregated solution (AIE, 90% f,) with various nitro-based
explosives (the abbreviated names of the nitro compounds are written in Figure, TNT (2,4,6-
trinitrotoluene), DNP (2,4-dinitrophenol), 4NT (4-nitrotoluene), 4-NBA (4-nitrobenzoic acid), NB
(Nitrobenzene), 3,5 DNB (3,5-dinitro benzene), 4ANP (4-amino nitrophenol), 3NBA (3-
nitrobenzoic acid), PA (Picric acid), DNCIB (1-chloro-2,4-dinitro benzene), A. Nitrate
(Ammonium nitrate), PETN (Pentaerythritol tetranitrate), HMX (High melting explosive), RDX

(Royal demolition explosive)
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The exciting observation of selective quenching of TNT encourages titrating the analyte with the
aggregated solution of the probe molecule. The titration study of AIE solution (fv=90%) of probe
molecule with aqueous TNT (10-> M) was carried out and the limit of detection was found to be
216 ppt (0.22 nM) (Figure 3.15). The Stern—Volmer (SV) plot (Figure 3.16) from this quenching
study showed a linear relationship at a lower concentration and the plot was bent upward with a
higher concentration. Considering the lower concentration plot, the calculated quenching constant
(Ksvin M -1) ) was found to be superior (7.9 x 108 M) as compared to the previous reports.33-32
33 The S-V plot with deviation from linearity was observed and it indicates that the quenching

process is operated through a mixed static/dynamic quenching.34-33

b
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Figure 3.15 (a) Photograph of change in photoluminescence (PL) intensity of AIE solution (10
M THF (0 %) and water (90 %)) with continuous addition of aq. TNT, 0.5 nM at each time; (b)
Stern-Volmer plot for emission quenching, Io represents the initial PL intensity in the absence of
TNT, and I represent the intensity in the presence of TNT. The error bars shown at each data point
represent the standard deviation obtained from three independent measurements = + 0.033
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Figure 3.16 Stern—Volmer plot for the PL quenching of the probe upon the gradual addition of
TNT, where Io represents the PL intensity of the probe (PyTrDA) without TNT, and I indicate the
intensity with the gradual addition of TNT

The fluorescence quenching requires molecular contact between the fluorophore and the quencher.

This contact can result from complex formation in the ground state, which is static quenching, or

from diffusive encounters of the quencher molecules with the excited state fluorophore, which is

dynamic quenching in nature. The two quenching processes can be distinguished by time-resolved

measurements of the fluorescence decays of the fluorophore with or without a quencher.>6 >7
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Figure 3.17 (a) Time-resolved photoluminescence studies of PyTrDA at different
concentrations of TNT and (b) UV-VIS spectra of probe (AIE solution, 10-3 M) with different
amounts of TNT (104 M in water)

Table 3.3 In all the cases, tri-exponential decay fit was observed (components- B1, B2, and B3).
The Excited state lifetime with the fitting parameter is shown in the table given below.

Probe B1 B2 B3 <t > X 2
Aggregate  |27.02  |66.09 |6.79 14.01 1.38
1.0eq. TNT |31.75 56.45 11.81 4.78 1.27

PyTrDA
1.5eq. TNT |[32.12 53.43 13.45 3.56 1.15
2.0eq. TNT |33.69 48.91 17.40 2.92 1.28
2.5eq. TNT |33.57 47.81 18.63 2.67 1.34

In our study, to examine the nature of the interaction between the fluorophore and quencher at
an excited state, time-resolved photoluminescence analysis was performed (Figure 3.17, a).
Fluorescence decay is fitted to triple exponential (see components in table 3.3) and checked
the average lifetime in AIE solution in the absence and presence of analyte (TNT). In the
absence of an analyte, the average lifetime observed for PyTrDA is 14.01 ns. After adding
TNT from 1.0 to 2.5 equivalents, lifetime values decrease from 14.01 ns to 2.67 ns (details in
table 3.3). The huge drop in lifetime (80.8%) in the presence of a quencher indicates the
dynamic quenching between the fluorophore and TNT analyte. The observation of any change
of'absorption spectra of probe and probe with quencher hints the possibility of static quenching.
In our observation, we didn’t find any change in UV-VIS spectra (Figure 3.17, b) in the
presence of TNT analyte. This observation also neglects the fluorophore (donor) interaction
with TNT (acceptor) in the ground state through static quenching. Another quenching
phenomenon such as resonance energy transfer (RET) also be possible, but it is ruled out

because the overlapping of absorption spectra of TNT and photoluminescence spectra of
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probe®> was not observed (Figure 3.18). The absorption spectra of a list of nitro-based
explosives and the emission spectra of the probe molecule were recorded.

It was observed, there is a slight overlapping of UV-VIS absorption spectra of analytes (PA,
DNP and 4-ANP) with emission spectra of probe (PyTrDA) (Figure 3.18), which is favorable
condition for resonance energy transfer (RET) So, in case of PA, DNP and 4-ANP there is a

possibility of fluorescence quenching through RET mechanism.
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Figure 3.18 The left side Y -axis shows the absorbance of explosives, and the right side of this
Y -axis shows the PL intensity of the probe molecule (PyTrDA); the overlapping of absorption
of PA and PL spectra of PyTrDA shows the possibility of energy transfer between the probe
and explosives

To examine the possibility of photo-induced electron transfer (PET) between the electron-rich
(PyTrDA) probe molecule and electron-deficient nitro-based explosive, the alignment of
LUMO levels of the probe (PyTrDA) and nitro-based analytes was determined (Figure 3.19).
In case of PA, DNP and 4-ANP, we could see their LUMO energy (PA=-3.20 eV, DNP= -
2.20 eV and 4ANP= -3.0 eV) are aligned in such a way that photoinduced electron transfer
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(PET) 1s possible with PyTrDA (LUMO=-2.10¢eV). It was observed that alignment of LUMO
levels of TNT (-2.49 eV) and probe (-2.10 eV), which is appropriate for photo-induced electron

transfer from the probe (PyTrDA) to analyte (Figure 3.19). So, PET between the probe and

analyte occurs and PL quenching takes place. To get more evidence for PET between the probe

and TNT, ultrafast transient absorption (TAS) spectroscopy was performed (vide infra).
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Figure 3.19 Here, on the left side, the Y -axis shows energy levels (eV), and the X-axis contains a
probe (PyTrDA) as well as a list of explosives, showing the possibility of electron transfer between

the probe and nitro-based explosives

Experimental evidence for PET process (Ultrafast Transient Absorption):

Ultrafast transient absorption spectroscopy experiments have been performed using pump

wavelength (1,,,,,,,,) of 400 nm (Charge transfer characteristics transition) (Figure 3.20).
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Figure 3.20 (a, b top panels) TA spectra of PyTrDA in (a) absence (orange) and (b) presence
(pink) of TNT (125 uM), at 0.2 ps (solid) and 30 ps (dash) after excitation. (c) PIA transients of
PyTrDA in the absence (orange) and presence (pink) of TNT (125 uM) at probe wavelengths
(A)probe) 0f 552 nm (top) and 485 nm (bottom). Global analysis of the transient absorption spectra
yields principal components with time constants of (a, bottom panel) 0.53 ps and 57 ps for PyTrDA
without TNT and of (b, bottom panel) 0.13 ps, 4 ps and 72 ps with TNT. (d) Time evolution of the
principal components for PyTrDA without (top) and with (bottom) TNT

The TA spectrum of PyTrDA (Figure 5(a) 1) solid line) exhibits a prominent, broad photoinduced
absorption (PIA) feature with maximum at 552 nm. immediately after excitation by the ultrashort
pump pulse. With time, the spectrum decays, with some amount of broadening (Figure 3.21).
However, the spectral maximum does not change (Figure 5(a) i) dashed line). Upon the addition
of TNT (125 uM), however, the early time spectrum comprises two bands, with maxima at 552
nm and 485 nm (Figure 5(b) 1) solid line). Atlater times, the 552 nm band makes way for the blue
shifted spectrum, which evolves over tens of picosecond (Figure 5(b) 1) dashed line). The 552 nm
band is obviously the characteristic photoinduced absorption spectrum of PyTrDA. The 485 nm
feature is attributed to formation of TNT radical anion (TNT- ), formed as a result of PET from
PyTrDA to TNT. This feature matches the spectrum of the radical anion reported earlier by
spectroelectrochemistry.>® The radical anion appears to be longer lived than the excited state of
PyTrDA, as is manifested in the transients of the system in the presence and absence of TNT

(Figure 5c). However, a prominent rise is not observed at A = 485 nm. This, along with the

probe
fact that the 485 nm feature is observed as early as 0.2 ps after excitation, implies that the PET
from PyTrDA to TNT is ultrafast and not resolved very well in the present experiment, with a
FWHM of the instrument function of 200 fs. The considerable spectra width of both the species
involved renders quantitative analysis of the single wavelength transients difficult and necessitates
global analysis ofthe transient absorption spectra. This has been implemented, using the sequential
model.>® Two principal components, with time constants 7,= 0.53 ps and 7,= 57 ps are hence
obtained for PyTrDA in the absence of TNT. The evolution associated spectra (EDS) for these two
components exhibit practically coincident maxima at 552 nm (Figure 5 (a) ii)), but the 57 ps
component exhibits a greater spectral width. Hence, the 0.53 ps component is associated with the
vibrational cooling and intramolecular vibrational redistribution (IVR) processes.®° 7,= 57 ps can

be assigned decay time of excited PyTrDA molecule. In the presence of TNT, three components
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are obtained: One with maximum at 552 nm, with 7,=0.13 ps and the other two with maxima at
485 nm and time constants 7,= 4 ps and 7;= 72 ps (Figure 5 (b i1)). The sub picosecond time
constant associated with the component that resembles the excited state spectrum of PyTrDA
confirms the ultrafast PET from the molecule to TNT. The 4 ps and the 72 ps components resemble
the spectrum of the radical anion of TNT and represent its relaxation, even though the assignment

of each of them to specific processes is not achieved in the present experiment.
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Figure 3.21 TA spectra of (a) PyTtDA, (b) PyTrDA, and TNT in THF solution at different delay

times with 1,,= 400 nm

Surface morphology of the material is one of the important parameters for analyte sensing in
vapor phase.®! PyTr, VinTr, and PyTrDA (10> M in dichloromethane, 200uL each) was
deposited on a glass coverslip, then recorded the FESEM image for all three cases. Aggregated
nano-rod type horizontally aligned morphology was observed for the cases of PyTr and VinTr
(Figure 3.22). Surprisingly, a vertically grown flowery and highly condensed nano-rod based
morphology was observed for PyTrDA (Figure 3.23). Then the same film was exposed to TNT
vapor (2.0 min) followed by recording of the FESEM image (Figure 3.22, bottom side image).
On comparison of FESEM images before and after TNT vapor exposure, for PyTrDA, it is
clearly observed that there is a drastic change of morphology from relatively thinner sized
nano-rod to non-uniform thicker heavily aggregated but vertically aligned morphology, under
exposure to TNT vapor. On comparing the morphology of PyTr and VinTr before and after
exposing them to TNT, there has been a minor change found in morphology, mostly the

original nanostructure is retained. This change in morphology on exposure to TNT vapor is
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clear evidence that TNT vapor interacts strongly with the vertically grown nanorod i.e., with

PyTrDA.

Probe only

Probe+TNT

Figure 3.22 FESEM images of PyTr, VinTr and PyTrDA drop cast on glass coverslip (top), and
bottom-side images represent corresponding FESEM images after exposure to TNT vapor
From the single crystal XRD structure of PyTr, it was observed that pyrene and triazine
fragments in the molecule show co-planarity with an interplanar angle of 2.2°, thus the
molecules are closely packed with the range of intermolecular distance, 2.67A - ~3.50A
(Figure 3.9). This observation hints that the molecules are closely packed and hardly contain
any space to accommodate TNT molecules, only surface molecules interact with TNT. From
the optimized structure of PyTrDA (Figure 3.8), it is clearly observed that two phenyl rings
attached with nitrogen through a triazine ring are highly twisted (the dihedral angles are 58.7°
and 57.7°), which makes molecule AIEE active. It is expected that the twisted structure
contains interstitial space in their crystal lattices which contains enough free spaces
accommodating TNT molecules.?? In this way, there is a possibility of close contact between
the electron-rich probe molecule (Donor) and electron-deficient TNT (acceptor), thus making
the PET favorable. Furthermore, vertically grown nano-rod type morphology provides a large
surface area for analyte interaction. The vertically grown nano-structural morphology of

PyTrDA should properly facilitate the diffusion of TNT molecules and provide a confined
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environment, where possible one-to-one host—guest interactions between probe and analytes

are possible.

R ———

Probe coated
filter paper

Carefully removed the cap of the
glass vial and fitted the rubber

cork with a small opening at the
center.

Recorded PL spectra by
using fluorimeter

TNT crystal

Exposed paper
Strip on the top

Figure 3.23 (a) Placed 100 mg TNT in a clean and dry glass vial with an airtight lid (2.0 ml
capacity) and kept overnight for vapor saturation at 25-30 °C; removed the cap carefully and
immediately placed the rubber stopper instead of the cap, then expose with probe coated filter
paper from the headspace as shown in above figure b. The PL intensity was recorded on the
exposed paper strip

Detecting nitro-based explosives in the vapor phase is a difficult task due to their low vapor
pressure, which ranges from 10-° to 10-'3 torr. The ability to detect these explosives from their
vapor phase requires the use of a highly sensitive probe molecule. The studied probe (PyTrDA)
detects TNT in parts per trillion level from solution. For real time applications, vapor phase
detection is highly desirable. It was performed to sense TNT from the vapor phase by using
paper strip. The detection of TNT was performed by keeping the substrate (probe impregnated
filter paper) horizontally on the top of a glass vial containing TNT vapor (Figure 3.23). The
probe coated filter paper was exposed on the top of a glass vial containing TNT vapor and
recorded the PL spectra for every minute (Figure 3.24, a). Interestingly, it was observed that
the PL intensity continuously decreases with exposure time. The TNT vapor concentration at
25°C (~7.6 ppb) based on reported literature,®> and plotted the Stern-Volmer plot and
calculated LOD in the vapor phase (Figure 3.24, b). The limit of detection observed for TNT
vapor is 7.8 ppb.
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Figure 3.24 (a) Filter paper impregnated with the probe in THF (103 M, PyTrDA in THF); then
the film was exposed to TNT vapors for one minute and recorded the PL spectra; it was repeated
several times; (b) Stern-Volmer plot for emission quenching. Ip represents the initial PL intensity
in the absence of TNT vapor, and I represent the intensity in the presence of TNT vapor. The error
bars shown at each data point represent the standard deviation obtained from three independent

measurements ==+ 0.018

In view of practicality, the response time and the ease of using the technique for sensing TNT
has been estimated. It was observed that synthesized probe can be easily applied on cheaper
cellulose substrate (filter paper) which can be used as a paper strip sensor for contact mode
and non-contact mode (vapor phase) detection. The paper strip sensor was tested for contact
mode by rubbing a crystal of TNT on the paper strip for ~10s and observed the subsequent
change of emission just in 30s later under UV lamp (365 nm) as shown in Figure 3.25. In the
non-contact mode, the paper strip was exposed to TNT vapor for 10, 20, 40, 60, and 120s and
checked the quenching effect on the probe emission under UV excitation (365 nm) as shown
in Figure 3.25. The ultrasensitive response time (~ 10s) enables us to observe the visible

changes of emission quenching under UV excitation (365 nm), making this probe superior for

TNT sensing.
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Figure 3.25 Filter paper impregnated with the probe in THF (103 M, PyTrDA in THF)
followed by the exposure in contact (rubbed with TNT particle) and non-contact modes (with

vapor phase); then checked the quenching of the visible emission of probe under UV excitation
(365 nm)

3.4 CONCLUSION

In this chapter, two pyrene triazine-based probe molecules were synthesized by substituting
phenyl-containing rotary groups. One of the synthesized compounds (PyTrDA) is AIE active
with 20.9% absolute quantum yield and 14.01 ns excited state lifetime. This molecule is highly
sensitive and selective towards TNT explosives. TNT was detected from aqueous solution by
using aggregated PyTrDA (90% water-THF) up to 216 ppt. TNT was also detected directly by
using paper strips. The cheap and easily available paper strip was utilized to recognize TNT
molecules from the vapor phase (7.8 ppb). Among the military explosives (RDX, PETN,
HMX, NH4NO3), PyTrDA detects TNT vapor within 10 seconds and one can clearly see
emission quenching with naked eye. It would be practically a very useful and handy tool for
onsite detection of TNT. The twisted nature of diarylamine introduces the AIEE activity and
the vertically grown nano-rod type morphology provides more surface area for exposure is the

leading cause for the exceptionally sensitive detection of TNT.
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Chapter 4. Enhanced TNT Vapor Sensing
Through PMMA-mediated AIPE-Active
Monocyclometalated Iridium(IIT) Complex:
A Leap Towards Real-Time Monitoring

4.1 INTRODUCTION

In recent years, the convenient way to detect nitro-based explosive compounds with high
selectivity and sensitivity has become an area of significant interest, as these compounds pose
a potential threat to humanity and the environment. Among these compounds, 2,4,6-
trinitrotoluene (TNT) is one of the most extensively utilized in military operations and terrorist
attacks due to its stability under ambient conditions.!-> Being a low-melting solid (81°C), TNT
is widely used to load into an improvised explosive device (IED). These attributes of TNT lead
to its easy handling. Thus, it is becoming a handy work of evil people that triggers a severe
concern for homeland security. Moreover, it is a contaminant in water bodies, with permissible
concentrations in drinking water limited to 2 ppb, beyond which it causes potential risk of liver,
eye, and neurological damage.? Thus, it is kept under the category of priority pollutants by the
United States Environmental Protection Agency (USAEPA).3-¢ So, sensitive detectionof TNT

from the water bodies and in the vapor phase is highly desirable.

In general, nitro-based explosives have a low vapor pressure (107-10713 torr).” For the case of
TNT, the vapor pressure is 5.8 x 107° Torr (~10 ppb) at 25 °C, which makes it challenging to
identify it in the vapor phase.® Many approaches have been used to detect TNT such as
chromatography, mass spectrometry, Raman spectroscopy, X-ray imaging, thermal neutron
analysis, electrochemical assay, and ion mobility spectroscopy.’ The equipment required for
these procedures is expensive, heavy in nature and difficult to monitor in real-time
applications.!?-!! The fluorescent-based technique has a distinct set of advantages, such as
greater sensitivity, low cost, and convenient fabrication with portable devices for onsite and
real-time detection. Many fluorescent-based probe molecules have been developed for the
detection of TNT in the solution phase, with sensitivity so high that even parts per quadrillion
(ppq) level.'2-20 However, vapor phase sensing presents many challenges such as exceptionally

low vapor pressure (107°-107'3 torr)” and demands of detecting hidden explosives in
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transportation hubs and war zones create a complex landscape that is difficult to navigate.”-2!-
24 The scientific community thus finds itself in urgent need of a fluorescent-based probe that
1s highly sensitive and selective for the detection of TNT in the vapor phase. The key attributes,
a robust probe should have appropriately aligned LUMO levels of probe molecule and analyte
for effective electron transfer, significant extent of overlapping of absorption spectra of analyte
and emission spectra of probe molecule for efficient energy transfer, an extended excited state
lifetime of the probe to maximize the interaction time with the analyte, a high quantum yield,
and the integration of a porous medium to trap the elusive vapors of the explosives.” In the
quest to detect nitro-based explosive compounds, various luminescent explosive sensors have
been developed, leveraging small molecules, conjugated polymers, self-assembled organic
nanomaterials, and metal-organic frameworks.!4-13-25-3% These have been evaluated for their
utility in both solution and vapor-phase sensing, but very few reports for fluorescence-based
molecules have been employed to detect TNT vapor.!>-20-25,34-36 Mothika and co-workers
reported films of tetraphenylene ethylene-based conjugated microporous polymers (PTPETCz)
through an electro-polymerization method using tetra(carbazolylphenyl)ethylene monomer,
which can detect TNT vapor even at a very low concentration of 33 ppb. In that work, authors
used a custom-made setup with attached heating coils for the probe as well as the analyte and
maintained a 35 °C temperature for generating TNT vapors. Despite these advancements, the

selective vapor sensing of TNT at atmospheric conditions, particularly at a detection limit that

would be considered satisfactory (lower ppb to ppt), remains an elusive goal.

Phosphorescent transition-metal complexes have been considered to be potential candidate in
various fields such as chemosensors37-4!, optoelectronic materials*?>-##, biological probe*>-4¢ etc.
The role of heavy metals like Osmium(II) (Os), Platinum(II) (Pt), and Iridium(I1I) (Ir) as triplet
emitters in these probes is highly desirable. Among these metals, iridium(I1I) complexes are
highly impactful primarily due to their superior emission properties because of strong spin-
orbit coupling (3909 c¢m™").47-*8 Moreover, the superior photothermal stabilities and color
tuneability as compared to ruthenium(Il) and osmium(II) complexes and their high
coordination number relative to platinum(II) complexes allow the iridium(IIl) complexes a
better platform for the structural modifications. ‘Aggregation-induced Phosphorescent
Emission” (AIPE) active iridium(I1T) complexes have emerged as a promising avenue in this
quest, their desirable photophysical properties, which include a significant Stokes shift, high
emission efficiency, and relatively extended excited state lifetime.#°->! Their versatility has

found applications in diverse fields such as light-emitting diodes, therapy, and sensing.>?-3°
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In 2015, our group (Alam et al.) developed mono-cyclometalated AIPE active iridium(IIT)
complexes and studied their potentiality for picric acid detection.’! Recently, our group
(Agarwal et al.) synthesized a series of AIPE active Ir(III) complexes and used them to sense
different nitro-based explosives successfully.>® It was observed that tuning of electronic
substituent on phenyl pyridine ligand modulated their sensitivity and selectivity towards
different nitro-based explosives. One of the complexes having a moderately electron-
withdrawing substituent, i.e., a carboxyl group (-COOH), was found to be sensitive towards
TNT in contact mode (LOD -3.6 ppb) based on the PET mechanism. In our study, we have
ventured into this exciting terrain to design and synthesize the two new mono cyclometalated
ATPE active iridium(I1T) complexes (M1 and M2) by using electron-donating -methoxy (-OMe)
and highly electron-withdrawing cyano (-CN) substituent on the phenyl ring of phenyl pyridine
ligand, to explore their potential in sensing of TNT explosive. Initially, we tested in contact
mode sensing of TNT and found the limit of detection in the pM (ppt) range. This impressive
sensitivity emboldened us to test our probes for TNT vapor phase sensing. To improve further
the sensitivity and stability of the probe, we made the strategic decision to impregnate the
probes into a porous PMMA polymer. This decision yielded impressive results, i.e., the post-
impregnated probes exhibited a quantum yield and lifetime, which is enhanced as that of the
original probe. Then, the preparation of various films from the polymer-impregnated complex
(CP) and exposure to nitro-based explosive vapors were carried out. The results were
resoundingly positive: the probes demonstrated an uncanny ability to selectively sense TNT
vapors with a high level of sensitivity, achieving a detection limit of 12.8 ppb. These findings

have affirmed the potential of our approach and laid the foundation for further advancements
in the field.

4.2 EXPERIMENTAL SECTION

Br PPh3, IrCls.3H,0 PPh;
I’dl{D) Na;COy \32(_03
=N O+
| - tll.lnulf'lulucru' 2 ethoxyethanol
~ \
B(OH); (1:2), N3, Reflux Reflux Cl
I’I’h;

X=H, OMe
Y = OMe, CN M1 ( X= OMe, ¥ = OMe)
M2 (X=H,Y =CN)

Scheme 4.1 General synthetic route for ligands and their corresponding complexes M1 and M2
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4.2.1 Synthesis of ligands: -

L1 (Scheme 4.2): (2,4-dimethoxyphenyl) boronic acid (1.1 mmol) and 2-bromopyridine (1
mmol) were taken in a clean and dry two-neck round bottom flask. A solvent mixture of toluene
and ethanol (2:1) was added to a round bottom flask, and the mixture was purged with nitrogen
for 5-10 minutes. Tetrakis(triphenylphosphine)palladium(0) (0.0015 mmol) was added in an
inert atmosphere under stirring. Sodium bicarbonate (2.1 mmol) in water was added after 10
minutes of catalyst addition. The reaction mixture was refluxed for 15 hours with intermittent
TLC observation. After completion of the reaction, the reaction mixture was cooled down to
room temperature, water was added, and the compound was extracted in ethyl acetate twice.
The organic layer was collected and purified by column chromatography using silica (mesh
60-120) and hexane and ethyl acetate (9:1) as a solvent system. A brownish solid product was
obtained with an 80% yield (Scheme- 4.2). The ligand was characterized by NMR (spectra

shown in Figure 4.1 and 4.2, respectively).

Pd(0), Na,CO4

Br
e
>y ¢ Ethanol/Toluene
| (1:2) N,, Reflux SN

B(OH); P

Scheme 4.2 Synthesis of ligand L1

'H NMR (400 MHz, Chloroform-d) & 8.68 (dd,J=4.9, 1.9, 1.0 Hz, 1H), 7.86 — 7.75 (m, 2H),
7.69 (dd,J= 8.1, 7.4,1.9 Hz, 1H),7.17 (m, J=7.4, 4.9, 1.2 Hz, 1H), 6.64 (dd, J= 8.5, 2.4 Hz,
1H), 6.58 (d, J = 2.4 Hz, 1H), 3.88 (s, 3H), 3.87 (s, 3H) (Figure 4.1).

I3CNMR (101 MHz, Chloroform-d) 4 161.33, 158.11, 155.90, 149.30, 135.61, 131.98, 124.74,
122.11, 121.14, 105.06, 98.89, 55.59, 55.46 (Figure 4.2).
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were taken in a clean and dry two-neck round bottom flask. A solvent mixture of toluene and
ethanol (2:1) was added to a round bottom flask, and the mixture was purged with nitrogen gas
for 5-10 minutes. Tetrakis(triphenylphosphine)palladium(0) (0.0015 mmol) was added in an
inert atmosphere under stirring. Sodium bicarbonate (2.1 mmol) in water was added after 10
minutes of catalyst addition. The reaction mixture was refluxed for 15 hours with intermittent
TLC observation. After completion of the reaction, isolation of the product was done by
following the same process as for L1, and the solid product was obtained with 85% yield

(Scheme-4.3). The ligand was characterized by NMR (spectra shown in Figure 4.3 and 4.4,

respectively).
CN
CN
Br Pd(0), Na,CO;4
+ £
N Ethanol/Toluene(1:2) N
= B(OH), N, Reflux | P

Scheme 4.3 Synthesis of ligand L2

'HNMR (400 MHz, Chloroform-d) § 8.83 — 8.73 (m, 1H), 8.13 (d, J = 8.3 Hz, 2H), 7.83 (dd,
J=7.4,1.8 Hz, 1H), 7.83 — 7.72 (m, 3H), 7.39 — 7.31 (m, 1H). (Figure 4.3)

I3CNMR (101 MHz, Chloroform-d) § 155.22, 150.06, 143.47,137.16, 132.59, 127.48, 123.39,
121.04, 118.84, 112.45. (Figure 4.4)

il
A M AN

g 3
Rl ~

J_LJLN DU

QQ
N o~

i

115
3,08

90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 0.5 0.0
f1 (ppm)

Figure 4.3 'HNMR spectrum of L2 in Chloroform-d solvent
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Figure 4.4 13C NMR spectrum of L2 in Chloroform-d solvent

4.2.2 Synthesis of Complexes:

M1 (Scheme 4.4): Iridium(IIl) salt (IrCl3.3H20) (1 mmol) and triphenylphosphine (3 mmol)
were taken in a 10 ml round bottom flask and refluxed in 2-ethoxyethanol for 4-5 hours. A
pale-yellow salt was formed. The addition of L1(1 mmol) was done, followed by sodium
bicarbonate (1.1 mmol) as a base, and further refluxed for 1 hour, and the progress of the
reaction was monitored by TLC. The reaction mixture was cooled down to room temperature
(RT), followed by the addition of hexane, then decanting, the solvent part. The crude complex
was washed with hexane and diethyl ether 2-3 times and then dissolved in DCM. The dissolved
complex was filtered and then recrystallized in DCM and hexane solvent system. A blue

emissive product was obtained with 76% yield. The complex was characterized by NMR,

HRMS, and IR (spectra shown in Figures 4.5 to 4.8).

'H NMR (400 MHz, Chloroform-d) & 8.15 (dd,J=8.3, 1.2 Hz, 1H), 7.70 (dd,J= 12.0, 8.2,
1.4 Hz, 1H), 7.61 — 7.53 (m, 1H), 7.49 (dd, J=8.4, 6.8, 3.1 Hz, 1H), 7.39 (dd, J= 7.2, 6.0, 4.3
Hz, 11H),7.26 (d, J= 7.2 Hz, 1H), 7.21 (t, J= 7.3 Hz, 6H), 7.16 — 7.08 (m, 11H), 6.58 (dd, J
=7.1,5.6,1.4 Hz, 1H),5.76 (d,J= 2.3 Hz, 1H), 5.32 (d,J= 2.3 Hz, 1H), 3.83 (s, 3H), 2.92 (s,
3H), -16.45 (t, J= 17.1 Hz, 1H). (Figure 4.5)

I3C NMR (101 MHz, Chloroform-d) 8 164.56, 161.16, 158.52, 154.62, 149.49, 135.20, 134.21
(t,J=5.4Hz),132.17,132.08, 131.98, 131.96, 131.69, 131.43, 128.95, 128.59, 128.47,127.16
(t,/=4.8 Hz), 124.42, 121.46, 118.66, 92.05, 54.86, 54.20. 79.16. (Figure 4.6)
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3P NMR (162 MHz, Chloroform-d) § 10.397 (Figure 4.7), Stretching frequency of Ir-H
bond= 2127 cm -!. (Figure 4.13)
HRMS calculated: [M+H] ": m/z = 967.2087; found: [M+H] *: m/z = 969.2034 (Figure 4.8).

PPhs
PPhg, IrCl3.3H,0 R
N32C03, ""'». r o
—_—
N 2-ethoxyethanol \N/ \CI
| N,, Reflux |
PPhs

Scheme 4.4 Synthesis of metal complex M1
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MS Zoomed Spectrum

x10 4 Cpd 2: C49 H43 Cl Ir N O2 P2: +ESI Scan (rt: 0.167, 0.184, 0.200, 0.217 ... min, 9 scans) Frag=17...
969.2034
3.51 ([CA9H4ZCIMNO2P2]+H)+
34
2.54
2]
1.51
14
0.51 | JL 988. 1820:
e MU _(CAHAICINOZRZi-Nale

" 960 962 964 966 968 970 972 974 976 978 980 982 984 OB6 088 990 992 994 996
Counts vs. Mass-to-Charge (m/z)

MS Spectrum Peak List

m/z Calc m/z Diff(ppm) z |Abund Formula Ion
967.2009 967.217 16.6] 1 17868.39|C49H43CIIrNO2P2 (M+H)+
968.2032 968.2155 12.63] 1 9651.75]|C49H43CIIrNO2P2 (M+H)+
969.2034 969.2186 15.64| 1 40793.96|C49H43CIIrNO2P2 (M+H)+
970.2061 970.2161 10.3] 1 20530.87|C49H43CIIrNO2P2 (M+H)+
971.1999 971.2177 18.37]| 1 15918.78|C49H43CIIrNO2P2 (M+H)+
972.2016 972.2204 19.28] 1 6932.15|C49H43CITrNO2P2 (M+H)+
973.1985 973.2233 25.42] 1 5314.24]|C49H43CIIrNO2P2 (M+H)+

988.182 98B.1956 13.75] 1 1012.83|C49H43CIIrNO2P2 (M+Na)+
985.1926 989.1989 6.36] 1 448.89 | C49H43CIIrNO2P2 (M+Na)+
990.1952 990.1974 2.22] 1 50.32|C49H43CIIrNO2P2 (M-+Na)+

Figure 4.8 Mass spectrum of M1

M2 (Scheme 4.5): Iridium(IIl) salt (IrCl3.3H20) (1 mmol) and triphenylphosphine (3 mmol)
were taken in a 10 ml round bottom flask and refluxed in 2-ethoxyethanol for 4-5 hours. A
pale-yellow salt was formed. L2 (1 mmol) was added, followed by sodium bicarbonate (1.1
mmol) as a base, and refluxed for 1 hour. Then the product was isolated, which followed a
similar procedure as M1. A greenish-yellow emissive product was obtained with 78% yield.
Then, the structure of the compound was characterized by NMR, HRMS, and IR (spectra
shown in Figure 4.9 to 4.13).

'"H NMR (400 MHz, Chloroform-d) & 9.08 (d, /= 5.6 Hz, 1H), 7.54 (d, J= 8.1 Hz, 1H), 7.48
(td,J=7.7,1.6 Hz, 1H), 7.43 — 7.34 (m, 12H), 7.28 — 7.19 (m, 7H), 7.15 (tt, /= 6.9, 1.4 Hz,
12H), 6.86 — 6.76 (m, 2H), 6.40 (d, /= 1.6 Hz, 1H), -16.87 (t, /= 16.7 Hz, 1H). (Figure 4.9)
I3C NMR (101 MHz, Chloroform-d) & 163.70,150.78, 150.38, 146.66, 146.17, 135.99, 133.88
(t, J=5.5Hz), 131.67, 131.41, 131.14, 129.39, 127.45 (t, J=4.9 Hz), 122.13, 121.68, 119.23,
118.37, 112.37 (Figure 4.10).

3P NMR (162 MHz, Chloroform-d) § 7.118 (Figure 4.11), Stretching frequency of Ir-H
bond= 2137 cm -!. (Figure 4.13)

HRMS calculated: [M+H] *: m/z = 932.1828; found: [M+H] ": m/z = 931.1869. (Figure 4.12)
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Scheme 4.5 Synthesis of metal complex M2
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Page | 91



Chapter 4

MS Zoomed Spectrum

w10 4 |Cpd 1: C48 H38 CI Ir N2 P2: +ESI Scan (rt: 0.165, 0.181, 0.198, 0.214 ... min, 10 scans) Frag=175..
a 955 /1859
([C4BHABCIN2P2]+Na)+
5
44
9311869
([C4BH3BCIIINZP2]+H)+
2
o e s i i

924 926 928 930 932 934 936 038 040 942 944 946 948 950 952 054 956 958 960 962
Counts vs. Mass-to-Charge {(m/z)

MS Spectrum Peak List

myz Calc m/z Diff{ppm) z |Abund Formula Ion
931.1869 931.1877 0.88] 1 23324.43|C4BH3BAIN2P2 (M+H)+
932.1894 932.191 1.72] 1 11677.66|C4BH3IBAIMN2P2 (M+H)+
933.1874 933.1896 2.33] 1 B8954.15|C4BH3BOIrN2P2 (M+H)+
953.1836 953.1697 -14.57] 1 41071.75|C4BH3BAIN2P2 (M+Na)+
954.1867 054.173 -14.4] 1 21597.53|C4BH3BAIN2P2 (M+Na)+
955.1859 955.1715 -15.06) 1 91164.81 | C4BH3BAIN2P2 (M+Na)+
956.1884 956.1746 -14.42] 1 43708.67 | C4BH3BAIN2P2 (M+Na)+
957.1869 957.1721 -15.54] 1 32760.49|C4BH3BAIN2P2 [M+Na)+
958.1885 958.1736 -15.58] 1 13658.25|C4BH3BALIMN2P2 (M+Na)+
0959.1941 059.1763 -18.52] 1 4406.58 | C4BH3BOIN2P2 [M+Na)+

Figure 4.12 Mass spectrum of M2
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Figure 4.13 IR spectrum of M1 and M2, Ir-H stretching was indicated in the above spectrum.

4.2.3 Sample preparation for sensing

The “Aggregation-induced Phosphorescent Emission” (AIPE) active solution of both the
complexes were prepared. A stock solution of M1 and M2 (1073 M in THF) was prepared first,
then 0.5 ml of each complex solution was taken in a glass vial of 5 ml volume. For preparing

0% water fraction, 4.5 ml of THF and for making 90% water fraction, 4.5 ml of water was
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added. The total volume was made to 5 ml. Then the 90% water (fw) in the mixed solvent

(THF/Water) was directly used for contact mode detection of TNT.

Both the complexes were dissolved in chloroform (10-3 M solution), and directly applied to the
Whatman filter paper of dimensions 1cm x 2cm by dipping paper strips in complex solution,
then the soaked paper was air dried for 12 hr and used to record the PL spectra. Similarly, to
prepare PMMA embedded iridium(IIl) complex, the mixture of 5 mg iridium(IIl) complex and
95 mg PMMA in 10 ml chloroform was sonicated for 15-20 min, then the filter paper strip was
dipped into the iridium complex-PMMA mixture solution. The paper strips were dried for 12

hr and then used for sensing applications.

For TNT vapor saturation, 200 mg of TNT crystal was placed in an airtight glass vial of 5 ml
capacity overnight at 25°C to obtain saturated vapors of TNT. Filter paper (FP) is one of the
cheaper and easy-to-handle substrates for use as coated probe material. Initially, FP was cut
into (1.0 cm X 2.0 cm) pieces and coated the probe material (M1 and M2) by simply dipping
the filter paper in a solution of complexes (10-3> M solution in chloroform), air dried, and used
to record PL spectra. The probes (M1 and M2) coated filter paper was held on the top of a glass
vial with saturated TNT vapors (Figure 4.14).

(Y

Probe coated
filter paper

Recorded PL spectra by
using fluorimeter

Carefully removed the cap of the
glass vial and fitted the rubber
cork with a small opening at the
center.

TNT crystal

Exposed paper
Strip on the top

Figure 4.14 (a) Placed 100 mg TNT in a clean and dry glass vial with an airtight lid (2.0 ml capacity) and kept
overnight for vapor saturation at 25-30°C; removed the cap carefully and immediately placed the rubber stopper
instead of the cap, then expose with probe coated filter paper from the headspace as shown in above figure b. The
PL intensity was recorded on the exposed paper strip

4.3 RESULTS AND DISCUSSION
Absorption spectra of the complexes were recorded in the THF solvent at room temperature
(Figure 4.15, a). Here, three absorption bands were observed for the cyclometalated complexes

of iridium(IIl) (M1 and M2), which are in line with the previous reports.>>! The intense lowest

Page | 93



Chapter 4

wavelength transition for both the complexes is at 290 nm which is primarily due to !z- *

transitions centred in the cyclometalated ligand as observed in unsubstituted complex (Figure

4.16). The middle-ranged transitions (320-400 nm) are attributed to the mixed 3zn- * transitions

and spin-allowed 'MLCT (metal-to-ligand charge transfer) transitions, which are centred at

~330 and ~380 nm for M1 and M2, respectively. For M1, these transitions were starting at 374
nm which extended up to 404 nm might be due to mixing of 'MLCT and *MLCT.>78
Similarly, for M2, combined 'MLCT and 3MLCT was probably observed at 413 nm which

extended up to 490 nm. The bathochromic shift was observed because of the electron-

withdrawing substituent on the phenyl pyridine ligand of M2. It stabilizes the LUMO of M2,

which in turn shifts the absorption to longer wavelength as compared to the M1 complex.
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Figure 4.15 (a) UV visible spectra (10-° M solution in THF) and (b) PL spectra (103 M solution in THF) of both

the complexes in THF solution
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Figure 4.16 UV-VIS spectrum of the unsubstituted complex in THF (10-° M) solution
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1073 M solution of iridium(IIT) complexes were prepared in THF solvent to record the emission
spectra (Figure 5.16, b). The observed structured emission suggesting the lowest excited state
will have the predominantly ligand centred transition.’®-3° On exciting at 370 nm, Ir 20Me
(M1) results the emission with Amax 0492 nm which is in accordance with its bluish emission
colour under UV lamp. On substitution to the phenyl pyridine with electron-withdrawing group
(-CN), the value of Amax in emission spectra is shifted bathochromically by 47 nm with respect
to M1, which shows a greenish emission (Amax~539nm). Onrecording the excited state lifetime
of both the complexes, these are observed in us range (M1-7.5 ps and M2-8.8), suggesting
them as phosphorescence emitting molecules.

We have been able to grow single crystals of one of the complexes (M2) in a DCM/hexane
(1: 1) mixture through the diffusion technique (M2, CCDC-2314849). ORTEP diagram
for M2, showing distorted octahedral geometry at the Ir(IIl) site. An asymmetric unit contains
two molecules. Crystal packing with crystal voids present in the crystal lattice is shown in
Figure 4.17. The presence of propeller-shaped triphenylphosphine molecules in a crystal
packing leads to the void space in the crystal packing.

Figure 4.17 (a) ORTEP diagram for M2 (left) and asymmetric unit of complex having two molecules of M2
(right), (b) Crystal packing diagram showing crystal voids (filled with yellow colour)
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We have investigated the ‘Aggregation-induced Phosphorescence Emission’ (AIPE) property
of both the complexes in the mixed tetrahydrofuran and water solution. Ina solution of THF,
the complexes show very weak emission. An increase in photoluminescence intensity was
observed when water concentration was gradually increased (Figure 4.18). Photographs of the
AIPE study under a 365 nm UV excitation and a plot of PL intensity at 0% water to 90% water
are shown below (Figure 4.18, inset). Additionally,a PEG and THF experiment was conducted
to verify the restricted intramolecular rotations (RIR) of PPh3 units in the complexes (Figure
4.19). The gradual enhancement of emission with increasing PEG concentration supports the
RIR effect might be responsible for AIPE. The observation of AIPE occurs because of the
limited rotation of phenyls in triphenylphosphines, known as restricted intramolecular rotation

(RIR).

; a 1.2x10° 1 b
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Figure 4.18 Probe in THF (10-*M) and its aggregated solution (90 % water), (a) PL spectra of probe in THF (0%
water, blue line) and its aggregated solution (90% water, red line) in case of M1 complex and (b) PL spectra of
probe in THF (0% water, black line) and its aggregated solution (90% water, red line) in case of M2 complex,
inset image represent the emission of respective probe solutions under UV lamp (Aex =365 nm)

This phenomenon is evidenced by the crystal packing diagram of M2, which clearly displays
C-H:--minteractions and several short contacts with distances ranging from 2.35-2.85 A. The
phenyls in triphenylphosphines participate in these short contacts, which restrict the rotation of
propeller-shaped triphenylphosphines in the solid state. As a result, non-radiative pathwaysare
blocked, leading to AIPE activity in the solid state. DLS study for particle size analysis was
performed for 0% and 90% water of both the complexes (Figure 4.20). For M1, the observed
particle size for 0% is 22.3 nm and 90% is 231.9 nm, whereas for M2, 38.9 nm for 0% and
165.8 nm for 90% solution.
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Figure 4.19 M1 and M2 in THF and different fractions of PEG, (a) (top, left): image of 0, 60 and 90% PEG
fraction under UV excitation (365 nm) for M 1; (bottom, left) corresponding emission spectra of M 1, similarly (b)
(top, right) image shows different PEG fraction under UV excitation of365 nm and (bottom, right) spectra shows
corresponding emission spectra of M2

Table 4.1 It shows phosphorescent lifetime, quantum yield, and limit of detection (LOD), of
sole complexes (M1land M2) and complexes embedded with PMMA polymer (CP)

Complexes | Lifetime, chi-square | Quantum LOD
(ns) o) yield(%) Solution Vapor
M1 7.5 (2-1.20) 27.38 1.09 nM X
CP 9.4 (¥*-1.10) 71.20 X
M2 8.8 (x*- 0.97) 33.60 450 pM | 66.3 ppb
CP 113 (- 1.02) 97.40 12.8 ppb
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Figure 4.20 DLS study of M1 (a) and M2 (b) in THF solution 0% (top) and 90% water fraction (bottom)

The reported iridium(Ill) based mono-cyclometalated complexes showed AIPE active
properties with high quantum yield and phosphorescence lifetime.®® Thus, we have analysed
excited state lifetime and quantum yield (QY) of both the complexes in solid state (Table 4.1).
It was noted that M1 having absolute QY of 23.8% and lifetime of 7.5 ps, while in case of M2,
it was observed QY of 33.6 % and lifetime of 8.8 ps. The observed high QY and lifetime data
also indicate the potentiality of these complexes towards sensing of analytes. The synthesized
complexes M1 and M2 were tested towards the sensing of different nitro-based explosive by
using probe coated filter paper strips (Figure 4.21 a and b) which shows that M1 is selective
towards both TNP and TNT, while M2 is specific towards TNT. Further, the selectivity of M2
in AIPE active solution was tested (Figure S21 c), It showed selectivity towards TNT analyte.
We have also performed the anti-interference study of M2 in the presence of different nitro-
based analytes for TNT sensing experiments and shown in a bar graph (Figure 4.21 d). It was
found that the quenching performance of M2 was not affected in the presence of various

analytes.
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Figure 4.21 Selectivity test of probe M1 (a) and M2 (b) with different nitro-based explosive materials. Each one
of the 10 uL 10-* M aqueous solutions of different nitro-based explosives was added to the probe-coated filter
paper, and the resulting image was obtained through excitation by UV ray (365 nm) as shown in the figure.
Similarly, (¢) from the left side, the first oneis the PL intensity ofthe aggregated solution ofthe probe (THF/90%
water), then different nitro-based analyte was added and taken the image under UV excitation (365 nm). (d)
representations of the quenching performance of M2 with TNT in the presence of different analytes shown in the
bar graph, extreme left represents the AIPE active probe solution, then different analytes as mentioned on the X-
axis and adjacent bar corresponding to each analyte showing quenching after adding TNT

Thus, the synthesized complexes have been used for sensing TNT in aqueous medium. An
aqueous solution of TNT (104 M) was added to the aggregated solution (90% water) of M1
(addition: 1.0 nM each time up to 14 nM). The emission spectrum of each solution was recorded
(Figure 4.22 for M1). Similarly, the initial emission spectrum of the aggregated solution of M2
was recorded, then titrated with aqueous TNT (10> M) by gradually adding 0.5 nM at each
time and recording the change in emission intensity (Figure 4.23 for M2). It is observed that in
case of M1, limit of detection (LOD) is 1091 pM (1.091 ppb) and for the case of M2 LOD is
450 pM (450 ppt). The Stern-Volmer (SV) plot (Figure S22, ESI) showed a linear relationship
at a lower concentration. Moreover, it was bent upward with increasing concentrations of TNT

(Figure 4.24).
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Figure 4.22 (a) PL Spectra shows decrease in photoluminescence (PL) intensity of AIE solution of M1 (103 M
THF (10 %) and water (90 %)) with continuousaddition ofaq. TNT (1.0 nM) at each time); Inset Figure: 15t vial
aggregated (90% water) solution of probe and 2"4 vial shows aggregated solution of probe with TNT (b) Stern-
Volmer plot of emission quenching for M1, error bars represent the standard deviation obtained from three
independent measurements
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Figure 4.23 (a) PL spectra shows the gradual decrease in photoluminescence (PL) intensity of AIE solution of
M2 (103 M THF (10 %) and water (90 %) with continuous addition of aq. TNT (10> M) 0.5 nM at each time;
Inset figure: 15t vial AIE (90% water) solution ofthe probe and 2" vial shows the aggregated solution of the probe
with TNT (b) Stern-Volmer plot for emission quenching in case 0f M2, error bars represent the standard deviation

obtained from three independent measurements

Considering the lower concentration plot, the quenching constant (Ksvin M -!) was calculated
for both the complexes (for M1- 1.49x108 M! and for M2- 2.5x10% M!). The S-V plot with
deviation from linearity was observed and it indicates that the quenching process is operated

through a mixed static/dynamic quenching?3 ¢!, (Figure 4.24).
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Figure 4.24 Stern—Volmer plot for the PL quenching of the probe upon the gradual addition of TNT, where Io

represents the PL intensity ofthe probe in the absence of TNT, and I denote the intensity in the presence of TNT.
S-V plot deviates upward with increasing TNT concentration

Furthermore, to confirm the nature of quenching, we have analysed the excited state lifetime
study of both the complexes in presence and absence of analyte (Figure 4.25). For both the
cases (M1 and M2), the excited state lifetime values decrease in presence of TNT analyte,
which excludes the possibility of static quenching. It was not observed a notable difference in
UV-VIS absorbance spectra of the probe and TNT with the absorbance of the sole probe
molecule (Figure 4.26). This observation also neglects the fluorophore (donor) interaction with

TNT (acceptor) in ground state, hence no static quenching could occur.
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Figure 4.25 Aggregated solution of M1 and M2 in the presence of TNT; the lifetime measurement was done; it
was observed that there is a decrease in excited state lifetime of M1 and M2 in the presence of TNT
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Figure 4.26 UV visible absorption spectraof M1 and M2 in the presence of different amounts of TNT analyte. In
the presence of TNT, there is no significant change in the UV-VIS spectra of complexes indicating ground state
complex formation is not observed

From these LOD values, we conclude that M2 is more sensitive towards TNT as compared to
MI. To investigate the quenching mechanisms, the possibilities of quenching of emission by
inner filter effect (IFE), resonance energy transfer (RET), and photo-induced electron transfer
(PET) have been studied. It is observed that there is no overlapping of excitation and emission
spectra of M1 and M2, which indicates that there is no IFE present in the prepared complexes
(Figure 4.27). To investigate the possibility of RET, in the case of M1, we found that there is
a slight overlap of absorption of TNT and emission spectra of M1 in the same solvent medium
(Figure 4.28, a), indicating a possible quenching mechanism for M1 is RET. The overlapping
integral (J) calculated by using the MATLAB program is 3.94 x 10!4.2 No such overlapping
was found in the case of M2 (Figure 4.28, b). The HOMO and LUMO energies of synthesized
complexes (Figure 4.30) were determined experimentally to check the possibility of an electron
transfer from the electron-rich complexes to the electron-deficient TNT. Further analyzing the
PET possibilities, we could observe that the LUMO levels of TNT (-2.49 eV) and, for M1 and
M2, LUMO levels are -1.50 eV and -1.91 eV, respectively (Figure 4.31). From this LUMO
alignment, it is observed that electron transfer is more favourable from the LUMO of M2 to

the LUMO of TNT (Figure 4.31). which leads to the quenching of emission intensity for M2.%%-
65
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Figure 4.27 (a) Excitation and emission of M1 (b) Excitation and emission of M2 to check the possibility of

inner filter effect in complexes
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Figure 4.28 Absorption spectra of TNT and emission spectra of M1 and M2 in THF solutions to check the
possibilities of spectral overlap between absorption and emission

The vapor phase detection of nitro-based explosives is challenging task as the vapor pressure

of nitro-explosive is very low (10-°-10-13 torr)’. To detect nitro-explosive from their vapor

phase, very sensitive probe molecule is desirable. The solution phase sensing performance of

complexes (M1 and M2) indicates that M2 was relatively much better sensitive towards TNT
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(LOD= 450 ppt). To test the probe molecules with TNT vapors, many aspects need to look

such as, TNT vapor saturation, selection of substrate, and experimental setup for sensing. All

the experimental set-up for TNT vapor sensing is shown in Figure 4.4. On testing the M1 and

M2 complexes towards TNT vapors, there is no observable decrement in PL intensity with

TNT vapor is observed in the case of M1. On the other side, M2 shows observable PL intensity

quenching in the presence of TNT vapor (Figure 4.29). The limit of detection (LOD) was found

to be 66.3 ppb for the case of M2. Although M1 shows a quenching response in contact mode

detection of TNT, it is not responding to vapors of TNT, it might be due to the relatively lower

quantum yield and excited state lifetime of M1 as compared to M2 (Table 4.1).

8.0x10°

u.)

; 6.0x10°

ty (a

4.0x10° 4

PL Intensi

2.0x10° 1

0.0

Exposed 7.6 ppb
of TNT vapor at
each time

500 550 600

Wavelength(nm)

650

I/

1.15 1

1.10 4

1.05 4

1.00 %

= TNT
Linear fitting

Slope = 0.0037
R*=0.964

6

T
12

lls 2'4 3'0
[TNT] vapor ppb

36 42 48

Figure 4.29 (a) PL spectra show change in photoluminescence (PL) intensities of M2 on filter paper upon
continuous exposure with TNT vapors for 2 min each time; (b) Stern-Volmer plot for emission quenching in case
of M2 (error bars represent the standard deviation obtained from three independent measurements)
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Figure 4.30 (a) Cyclic voltammetry (CV) plots of complexesin THF solvent. 10 M solution of complexes was
prepared in THF solvent followed by the addition of supporting electrolyte, tetrabutylammonium
hexafluorophosphate (NBu4PFg), and (b) UV-VIS spectra of M1 and M2 in THF solvent along with calculation
of ELumo) by using oxidation onset potential from CV plot and band edge absorption from UV-VIS absorption

spectra
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Figure 4.31 Here, on the left side, the Y-axis shows energy levels (eV), and the X-axis contains TNT and Ir(IIT)
complexes (M1 and M2), showing the possibility of electron transfer between probe and TNT

Apart from the mechanism (IFE, RET, and PET) mentioned above, many other factors are

responsible for improving the sensitivity for detecting nitro-explosive from vapors such as
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quantum efficiency of probe molecule, excited state lifetime of probe and porous substrate for
trapping vapors of explosive. On keeping these features in mind, we started searching the
literature and found some interesting reports in the years 2007 and 2011, where the utilization
of PMMA polymer as a substrate for improving photostability and optical properties of metal
complexes (quantum yield and excited state lifetime).®0-%® The work inspired us to proceed
further improvement of quantum efficiency of the present probe. Thus, the probe was
embedded with PMMA and tested with TNT vapour to improve trapping of TNT molecules.
Firstly, the composite materials made of complexes (M1 or M2) and PMMA that was coated

on the filter paper (detailed method of preparation described in experimental section).
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Figure 4.32 The PL intensity of filter paper impregnated complexes and complex with PMMA polymer (CPF),
inset figures show image of filter paper after coating complex and complex-PMMA under UV excitation (365
nm)

After fabricating probe-PMMA film on filter paper strips, the emission spectra were recorded.
Interestingly, the photoluminescent intensity of the embedded film is drastically increased as
compared to the filter paper containing only complex (PL intensity increases up to ~ 4-fold in
the case of M1 and ~15-fold in the case of M2 (Figure 4.32). It was recorded the QY and
lifetime of Ir(Ill) complexes with and without incorporating into the PMMA matrix and
observed both parameters are enhanced in the complex embedded polymeric matrix (Table-1).
To explore the insights for the observed enhanced PL intensity in the presence of PMMA, the
study of surface morphology and porosity of the composite material (CP) was determined.
Thus, it was recorded the BET of polymer (PMMA) and CP (Figure 4.33). The obtained
isotherms of CP belong to type IV with an H2(b)- type hysteresis loop at a higher relative
pressure.%°-72 The observed H2(b)- type hysteresis loops indicate that the pores are not uniform
and are made up of an interconnected network of different sizes. The pore size and the surface
area of PMMA and CP were obtained by the Barrett—Joyner—Halenda (BJH) method.!?: 7374
The surface area for PMMA was found to be 2.944 m?g~! with an average pore radius of 2.3407
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nm and a total pore volume of 0.0034 cc/g. For CP, the surface area is found to be 2.029 m?g!

with an average pore radius of 4.259 nm and total pore volume of 0.0043 cc/g.
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Figure 4.33 Nitrogen adsorption-desorption isotherms of PMMA polymer (1) and M2-PMMA composite (CP)
@)

After developing CP with high photo-stability, quantum efficiency, improved excited state
lifetime and porous polymeric network, we tested CP with TNT vapors and observed exciting
results for TNT vapor sensing (Figure 4.34). The CP shows LOD of 12.8 ppb which is ~5 times
better quenching efficiency than the sole M2 (66.3 ppb). The FESEM images of PMMA, M2,
CP, and TNT-exposed CP are shown in Figure 4.35. The FESEM image shows that the TNT
molecules occupy the surfaces as well as the pores of the network in CP. The Ir(Ill) complexes
are, in general highly electron-rich, while trinitrotoluene (TNT) is an electron-deficient
molecule. The porous network of CP assists in trapping the TNT vapor in a polymeric network
containing an electron-rich probe (iridium(Ill) complex, M2), which helps to trap TNT
effectively, thus enhancing better electronic communication. As a result, significant emission
quenching was observed in the case of CP. The essence of the work was to develop a paper

strip-based porous polymeric matrix with AIPE active iridium(Ill) complex which improved

the vapor sensing ability of TNT.
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Figure 4.34 (a) Photograph of lowering in photoluminescence (PL) intensities of M2 -PMMA on filter paper
upon continuous exposure with TNT vapors for 2 min each time; (b) Stern-Volmer plot for emission quenching
(error bars represent the standard deviation obtained from three independent measurements)
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Figure 4.35 FE-SEM images of M2, CP, PMMA, and TNT-exposed CP, we could see that after TNT exposure
surface morphology changes

4.4 CONCLUSION

In this chapter, iridium(Ill)-based monocyclometalated (C”N) phosphorescence sensory
materials have been developed from a substituted phenyl pyridine ligand. It was strategically
planned to impregnate the probes into a porous polymethylmethacrylate (PMMA) polymer.
The M2-impregnated PMMA resulted in a much higher quantum yield and enhanced lifetime
as compared to the sole complex (5 times of QY enhancement). PMMA polymer-based films
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fabricated from Ir(Ill) complex have demonstrated compelling efficiency in the detection of
explosive vapor. The probe molecule with enhanced quantum efficiency and phosphorescence
lifetime are the essential features of fluorescent sensors and the extended porous morphology
provides better interaction of the probe with analyte. These findings affirm the potential of the
present approach which will be promising for detecting explosives having low vapor pressure

in real-time monitoring.
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Chapter 5. Pyrene-thiophene Based Molecules
for Stimuli-responsive Probes

Part A. 5.1 Tunable Emission in Visible Range from a
Single Organic Fluorophore through Time-controlled
Morphological Evolution

5.1.1 Introduction

Inrecent decades, a great deal of research in material sciences has been focused on the preparation
of innovative luminescent materials with colour-tunable emission, high stability, and ease of
preparation. Within the different families of luminescent compounds that have been proposed,
purely organic materials in the nanoscale range increase their potential and applicability in
numerous fields such as chemical sensing, biological sensing, bioimaging, pharmaceuticals, or
organic light-emitting diodes, where the toxicity of other materials including rare earth or heavy
metals might become an issue.!-3 Molecular conformation is a simple but significant property in
organic solid-state chemistry that allows the fine-tuning of the properties of materials. In this
respect, polymorphism refers to a compound's ability to exist in different crystal structures that
differ in the packing arrangements of its constituent molecules.*7 In most cases, the different
conformations adopted by a molecule in the crystalline state are forced by the presence of solvent
molecules, so-called pseudo-polymorphic phases. Although originating from the same compound,
the chemical, physical, and mechanical properties of polymorphic crystals are all different.
Polymorphs present not only different melting temperatures and solubilities but may also show
different vibrational transitions (i.e., different infrared and Raman spectra), electronic transitions,
densities, surface tensions, crystal shapes, kinetic stabilities, crystal hardness, or colours. Because
of these differences, controlling the formation of polymorphs is an important aspect in the
pharmaceutical industry as well as in the obtention of compounds for agrichemical applications,

food additives, pigments, or explosives.?-13
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If we restrict our scope to luminescent materials, the luminescent properties of most organic
crystals are governed mainly by the nature of the emitting states, which depend basically on the
chemical nature of the molecule (its main functional groups) and of the molecular structure (the
relative disposition of the relevant functional groups in space). Aggregation in the condensed
phases may dramatically change this second aspect, and intermolecular interactions resulting in
different packing modes may lead to relevant changes in the observed emission, so all these aspects
are critical in luminescent organic crystals.!41° As an illustration of this situation, we may refer to
a recent report on the properties of organic compounds containing a pyrene unit where the
importance of exploring various crystallization conditions is highlighted, showing that the relative
orientation of the individual molecules plays a crucial role in modulating the excited -state
properties of the pyrene excimer.’> This example shows how obtaining different crystal structures
by varying the solvent system allows colour tuning in a relatively narrow range (from blue to
green). Other ways to induce different emission colours in crystals involve co-crystallization
techniques.?0-22 Although these few examples show that modulating the luminescent properties of
a given compound by forcing it to crystallize in different polymorphs is feasible, experience
demonstrates that it is a complex and unpredictable process and it is desirable to explore other

more simple ways of influencing the structure-properties relations for organic luminescent

materials.

Nanoscale control of the supra-molecular architecture is a very relevant topic in the field of nano-
chemistry, especially in the case of biological systems where usually a network of non-covalent
interactions leads to the formation of a self-assembled system. This approach provides solutions
to the fabrication of ordered aggregates from components with sizes from nanometres to
micrometres, and in the case of luminescent materials, it may be used for emission tuning.?3-27 The
use of thiophene units is well known for the self-assembly of nanostructures and polypyrene has
been recently shown to give aggregates with a nano-flower type morphology.?-28-2% In 2002 Tang
et al., reported the formation of nanostructures of hexaphenylsilole with enhanced colour-tunable
emissions due to the formation of nanoflowers, nano-globules, and micro-globules, depending on
the water fraction added to a THF solution of hexaphenylsilole.3? It has also been shown that alkyl
chain-dependent microstructures and self-assembled aggregates produce various emission colours
in solution.3!-37 The fabrication of luminescent materials with adjustable emission color by self-

assembly of m-conjugated molecules has attracted particular attention. In the literature,’® a
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thiophene-based o-cyanostyrene derivative was observed to form nanoparticles with a bright
fluorescence when self-assembled by adding water to an organic solution (THF or DMSO). With
the increase of the water ratio, a sharp decrease in the fluorescence intensity was observed, together
with a red shift as the morphology of the assemblies changed from nanoparticles to nanofibers. As
illustrated by the examples above, achieving a wide range of tunable emission colours, especially
in the solid state for single-fluorophore materials, remains a significant challenge'®3° and in all

cases, a certain external stimulus is required to fine-tune of excited state property.

Since colour tuning of organic solid-state luminescent materials remains difficult and time-
consuming in the case of organic fluorophores,?’*? many research groups have switched to
luminescent inorganic quantum dots instead.*!? Quantum dots have also been used in a variety of
applications such as bio-imaging, solar cells, or display technologies. In this case, emission colour
is tuned simply by varying size in the nano range.*>-** From the experimental point of view, the
emission from quantum dotsis tuned by doping the material and one of the major challenges of
this method is to fully determine the internal structure of the material.*> Most of the available
quantum dots are metal-based, so their toxicity to cells is a major issue in biological imaging
applications#® For this reason, highly efficient organic solid-state luminescent materials
(OSSLMs) are currently being investigated for use in a variety of applications, including
luminescent sensors, bio-labelling and imaging agents, as well as in organic light-emitting diodes
(OLEDs). The m-conjugated structures, molecular conformations, and intermolecular packing
modes are three key factors that determine the optoelectronic properties of OSSLMs. Thiophene-
based conjugated materials have been used in organic photovoltaics (OPVs), organic field-effect
transistors (OFETs), and OLEDs.*’

In this article, we describe a straightforward method for obtaining the entire visible spectrum from
a single organic molecule without any structural modification. In this new material, pyrene and
thiophene derivatives are reacted through the Suzuki coupling reaction to produce PyS (1-(5-
(Pyren-1-yl) thiazol-2-yl) ethan-1-one). On monitoring the reaction, we found that the gradually
increasing size and evolution of surface morphology with allowing the reaction for a longer time,
leading to significant changes in the emission colour of the aggregates. HRTEM analysis reveals
that as the synthetic time increases, the size of the nanoaggregates increases, together with the

gradual evolution of morphology resulting in the emission tuning from blue to red. Experiments
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such as HRTEM, FESEM, dynamic light scattering, Raman spectroscopy, powder X-ray
diffraction, and computational DFT-based tools have been employed to gain a fundamental
understanding of this phenomenon. To the best of our knowledge, this is the first report of a
material based on a single organic fluorophore that emits the whole visible range in the same

chemical entity.

5.1.2 EXPERIMENTAL SECTION
5.1.2.1 Synthesis and Characterization of PyS

1-(5-(Pyren-1-yl) thiazol-2-yl) ethan-1-one (PyS) was synthesized by Suzuki coupling of 1-bromo
pyrene (0.300 gm, 1.067 mmol) and 5-acetyl thiophene-2-boronic acid (0.199 gm, 1.174mmol)
with ethanol (1ml) and toluene (2 ml) as a solvent, palladium(0) as the catalyst (0.0181 mmol),
and sodium carbonate (0.295 mg 2.134 mmol) as a base. The whole reaction was carried out under
a nitrogen atmosphere. The reaction mixture was heated at reflux temperature (90-100 °C) and
was monitored by TLC for time intervals of 6-8 hr., 12-14 hr., 20-24 hr. and more than 40 hr. After
completion of the reaction within the stipulated time, the reaction mass was cooled down followed
by addition of water, and then extracted with a minimum amount of ethyl acetate (3 ml each time)
for two times. The organic layer was collected and evaporated by rotary evaporator at 40-45°C and
purified by column chromatography by using silica gel (60-120 mesh size) as a stationary phase
and a mixture of ethyl acetate (5%) and hexane as an eluent. As the product was well separated on
TLC plate from the starting material, around 1hr. is enough for isolating the pure product from the
column. After isolating the pure compound through column chromatography, the solvent was
removed by a rotatory evaporator (40-45°C bath temperature). Solid products were isolated, and
then dried the product at vacuum oven for 8-10h at 50°C. We got PyS-B (blue emitting product)
with 60% yield, PyS-G (green emitting product) with 70% yield, PyS-Y (yellow emitting product)
with 86% yield and PyS-R (red emitting product) with 65% yield; One important observation we
noticed during purification is that, in the case of PyS-B we observed the sticky solid and the

remaining cases are crystalline powder. All the isolated products of PyS were characterized by 'H
NMR, 3C NMR and HRMS (Figure 5.1.1 to 5.1.9).
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6-8 hr.

12-14 hr.

Suzuki | |

i [
coupling|
|

/ |20-24 hr.

40-50 hr.

Scheme 5.1.1 Synthesis scheme for 1-(5-(pyren-1-yl) thiophen-2-yl) ethan-1-one (PyS) from 1-

bromo pyrene and 5-acetyl thiophene-2-bronic acid via Suzuki coupling. The enclosed figures

show the daylight colour and the fluorescent image of the isolated product at different time

intervals under UV light excitation (365 nm) together with the corresponding FESEM image.

Table 5.1.1 Synthesis of PyS in the PyS-B, PyS-G, PyS-Y, and PyS-R forms at different reaction

conditions.
Solvents Base Reaction | Temperature Yield Product
time (%) emission
Ethanol, Toluene | 1. Na,CO; 6to 50 hr 90-100°C 60 Blue(6-8 hrs)
(1:2) 2. K,CO4 70 Green(12-16 hrs)
86 Yellow(20-24 hrs)
65 Red(40-50 hrs)
1,4-dioxane 1. Na,CO; 6 to 50 hr 90-100°C 50, 65 Blue, Green,
2. K,CO4 75,57 Yellow, Red
Dimethyl 1. Na,CO, 6to 50 hr 90-100°C 55,70 Blue, Green,
formamide 2. K,CO4 80, 55 Yellow, Red
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Figure 5.1.9 HRMS dataof PyS (PyS-B, PyS-G,PyS-Y and PyS-R), we observed m/z at 327.0837
as a major peak apart from these at same molecular formula two small peaks are observed
corresponding to the isotopic mass of the same compound

1H and '3C NMR and HRMS data of PyS-B

'"HNMR (400 MHz, Chloroform-d) & 8.48 (d, J =9.3 Hz, 1H), 8.30 — 8.20 (m, 3H), 8.20 — 8.09
(m, 4H), 8.08 (t, J= 7.6 Hz, 1H), 7.86 (d, J= 3.8 Hz, 1H), 7.43 (d, J = 3.9 Hz, 1H), 2.69 (s, 3H)
(Fig 5.1.3). 13CNMR(IOI MHz, Chloroform-d) 6 190.74, 151.50, 144.61, 132.84,131.73,131.39,
130.81, 128.94,128.91, 128.53, 128.48, 128.37, 128.09, 127.28, 126.37, 125.78, 125.44,
124.98,124.68, 124.62, 124.35, 26.79. (Fig 5.1.4). LC-HRMS: found m/z: 327.0835 [M + H] 7,
calculated m/z: 326.0765 (see Fig 5.1.9).

1H and '3C NMR and HRMS data of PyS-G

'HNMR (400 MHz, Chloroform-d) & 8.49 (d, J=9.3 Hz, 1H), 8.30 — 8.20 (m, 3H), 8.20 — 8.09
(m, 4H), 8.08 (t,J =7.6 Hz, 1H), 7.86 (d, J= 3.8 Hz, 1H), 7.43 (d, J=3.9 Hz, 1H), 2.69 (s, 3H).
(Fig 5.1.5). BCNMR (101 MHz, Chloroform-d) & 190.74, 151.50, 144.62, 132.84,131.75, 131.41,
130.82, 128.95, 128.92, 128.54, 128.50, 128.39, 128.10, 127.29, 126.38, 125.79, 125.44, 124.99,
124.68, 124.64, 124.36, 26.79. (Fig 5.1.6). LC-HRMS: found m/z: 327.0834 [M +H] ¥, calculated
m/z: 326.0765 (see Fig 5.1.9).
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1H and '3C NMR and HRMS data of PyS-Y

'HNMR (400 MHz, Chloroform-d) & 8.48 (d,J =9.3 Hz, 1H), 8.29 — 8.19 (m, 3H), 8.19 — 8.08
(m, 4H), 8.07 (t,J = 7.6 Hz, 1H), 7.86 (d, J= 3.8 Hz, 1H), 7.43 (d, J = 3.8 Hz, 1H), 2.68 (s, 3H).
(Fig 5.1.1). BCNMR (101 MHz, Chloroform-d) 4 190.79, 151.50, 144.61, 132.84,131.73, 131.39,
130.81, 128.95, 128.91, 128.53, 128.48, 128.37, 128.109, 127.28, 126.37, 125.78, 125.44, 124.98,
124.68, 124.642,124.36,26.79. (Fig 5.1.2). LC-HRMS: found m/z: 327.0835 [M + H] ¥, calculated
m/z: 326.0765 (see Fig 5.1.9).

1H and '3C NMR and HRMS data of PyS-R

'HNMR (400 MHz, Chloroform-d) § 8.49 (d, J = 9.3 Hz, 1H), 8.30 — 8.20 (m, 3H), 8.20 — 8.09
(m, 4H), 8.08 (t, J= 7.6 Hz, 1H), 7.86 (d, J = 3.8 Hz, 1H), 7.43 (d,J = 3.9 Hz, 1H), 2.69 (s, 3H)
(Fig 5.1.7). BCNMR (101 MHz, Chloroform-d) § 190.74, 151.51, 144.62, 132.84, 131.75, 131.40,
130.82, 128.95, 128.92, 128.54, 128.50, 128.39, 128.10, 127.29, 126.38, 125.79, 125.44, 124.99,
124.68, 124.64, 124.36, 26.79 (Fig 5.1.8). LC-HRMS: found m/z: 327.0837 [M + H] *, calculated
m/z: 326.0765 (see Fig 5.1.9).

5.1.2.2 Sample preparation

Glass coverslips were washed three times with methanol and acetone dried and used for making a
thin film of isolated compounds. For UV visible and fluorescence spectra measurement in the solid
state, thin films were prepared on glass coverslips. It was dissolved 2mg of pure samples of PyS
(Blue, Green, Yellow and Red) in 1.0 ml of dichloromethane solution, then drop cast on glass
coverslips. Dried the compounds coated thin film under vacuum at 50°C for 8.0 hr. These dried
films were used to record the UV -vis spectroscopy, photoluminescence spectra measurement, and
FESEM analysis. For HRTEM analysis, the sample was dissolved in ethanol followed by
ultrasonication for 30 mins, and then drop cast on a copper grid. The copper grid was left for 24
hr. to make it dry. Then the sample was analyzed by using JEOL JEM 2100 PLUS High-Resolution
TEM.
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5.1.3 RESULTS AND DISCUSSION

The emission of PyS-Y undera 365 nm UV lamp showed a bright yellow colour. The most of the
reported pyrene-derivatives indicate that these exhibited mechanoflorochromism (MFC) and
polymorphism as a result of changes in molecular packing in the crystal structure.: 18:48-30 So, we
decided to study the effects of mechanical grinding on the newly synthesized derivative of pyrene-
thiophene (PyS-Y). Many MFC materials transform from crystalline to amorphous under
mechanical pressure due to the defects in the crystal packing and revert to their original structure
when heating the ground product or after fuming it with solvents.>!->3 During mechanical grinding
of PyS-Y with a mortar pestle, it was observed that a change in the emission colour from yellow
(PyS-Y) to bright green (PyS-G) (Figure 5.1.10, a). The powder-XRD of PyS before (PyS-Y) and
after (PyS-G) grinding reveals that the peak position of all peaks is identical, with just a few peaks
disappearing in the ground form (PXRD, Figure 5.1.11). But the peak intensity is decreased
noticeably. It was evident from the PXRD pattern that the crystallinity of PyS changes into a
semicrystalline nature during mechanical grinding, but the few peaks that disappeared in ground
form suggest that the molecular packing may alter.>#->® On fuming the green emissive ground form
(PyS-G) with different solvents (methanol, n-hexane, dichloromethane, or ethyl acetate) the
product does not revert to its original form (PyS-Y). When the ground form (PyS-G) was dissolved

in dichloromethane and the solvent was slowly evaporated in a rotavapor, the original yellow PyS-
Y form was recuperated (PXRD, Figure 5.1.11).

' Ground with

Mortar Pestle
(PyS-Y)
Pys-Y Ground
—_— $ 3.862A Twisting
— Grinding/ —
Shearing force
—
— |
ipping of
e e ——

Asymmetric trimers arranged in a unit
cell of PyS-Y

Possible estimated representation of
PyS-Y after grinding with motor pestle
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Figure 5.1.10 Images of products taken undera UV lamp (365 nm). (a) Product of normal Suzuki

coupling obtained after 24 h (PyS-Y) and ground form of PyS-Y by using mortar pestle. (b)
Asymmetric trimers arranged in unit cell and their possible deformation with external grinding.
(¢) Their possible deformation with external grinding force is shown by estimating representation
to show effect of ring slipping and twisting

7 PyS-Y
Ground
Recrystallized

Intensity

5 10 15 20 25 30 35
Angle (20)

Figure 5.1.11 PXRD pattern of PyS-Y(Yellow), Ground form of PyS-Y and recrystallized form
of PyS-Y in DCM, hexane

The single crystal structure of PyS-Y grown in DCM/hexane (9:1) by slow diffusion reveals that
the twelve molecules present in the unit cell are grouped in four symmetry equivalent trimers with
the molecules facing each other (Figure 5.1.12), allowing for effective n---n stacking interactions
between their respective pyrene fragments (distances between pyrene planes ~3.8A). As shown in
the central part of figure 5.1.12, two of these trimers join to form a pair through lateral interactions,
with these hexamers being the basic building block in the crystal structure. The crystal structure is
composed by chains of these hexamers that run along the crystal’s ¢ direction (Figure 5.1.12 lower
right part). The complete crystal structure is formed by multiple C-H...r interactions between
molecules on neighbouring chains in two approximately perpendicular directions of the a-b plane

in such a way that the orientation of the pyrene fragments in a chain is approximately perpendicular
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to that in the four nearest-neighbour chains (Figure 5.1.12 right top part). The thiophene fragments
of the molecules in each trimer are also stacked, but twisted with respect to the pyrene moieties,
with the thiophene rings forming a dihedral angle of 41° — 48° with respect to the plane containing
the pyrene fragment. The geometry of the PyS molecules in the crystal is very similar to that
obtained from electronic structure calculations using Density Functional Theory (DFT) (Figure
5.1.13) where a dihedral angle of 48° between the thiophene and the pyrene fragments is found.
PyS molecules are highly flexible, allowing for four different conformers by rotation around the
C-C bonds joining the thiophene ring with either the pyrene fragment or with the acetyl group.
The conformation found for PyS in the crystals (see Figure 5.1.12) is found to be the most stable
one for the isolated molecule, although all four possible conformers differ in less than 1 kcal/mol.
We have also evaluated the interconversion barriers between the four conformers, finding that it
is extremely easy to rotate around the bond joining the thiophene and the pyrene fragments (1.1
kcal/mol) while rotation of the acetyl fragment is more difficult, with a barrier of 8.5 kcal/mol.
From these data we can infer that in dilute solutions there should be a rapid interconversion
between the two conformers that can be obtained by rotation around the thiophene-pyrene bond,
while the most stable conformer is favoured in the early stages of the crystallization process when

trimers are formed.
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hexamer through stacking of

lateral interactions hexamers /‘ /‘
Three independent molecules - , Inad plane 7
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Figure 5.1.12. (a) Hierarchical analysis of the crystal structure of PyS-Y showing the formation
of discrete trimeric and hexameric clusters, the formation of linear chains of hexamers along the
crystal’s c axis, and the formation of the final crystal structure as a packing of perpendicular chains
in two directions of the ab planes.

LUMO

s, | AE=3.96eV
) f=0.90

HOMO

Figure 5.1.13 Frontier molecular orbitals responsible for the Si excited state of the lowest-
energy conformer of the PyS molecule

As PyS-Y undergoes a hypsochromic shift from yellow to green during mechanical grinding, there
may be a change in the m - 7 stacking between the pyrene rings as a result of thiophene ring
twisting.>* In PyS-Y, within a trimer weak 7...n stacking interactions (3.946 A, 3.862 A) are
observed. After applying shearing force (grinding) there might be two possibilities either slipping
of pyrene-thiophene moiety and displacing from the plane of pyrene-pyrene stacking, thus n...w
stacking interactions may reduce. On the other way, it was observed that pyrene thiophene is highly
flexible so in the presence of shearing force there is a high chance of twisting the thiophene ring
around pyrene thiophene single bond, which might be responsible for making pyrene-pyrene apart
and stacking interaction may decrease (Figure 5.1.10). Conventional MFC materials can be
reversed by fuming or heating, whereas PyS-G (ground form of PyS-Y) can only be reversed by
dissolving in solvent and evaporating slowly, suggesting that both forms are stable. We observed
that the PyS-G sample reverted to the original PyS-Y form by slow evaporation, indicating that
the original PyS-Y form is more stable than the PyS-G one. To understand the structure of the
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ground form, it was compared the Raman spectra of both forms noticed a peak at 1238.3 cm! is
slightly shifted to a higher wavenumber (1239.3 cm'!) in the PyS-G sample indicating a possible
change in intermolecular interactions and short contacts (Figure 5.1.14).57 A change in molecular
packing could, however, not be confirmed since it is not possible to obtain a crystal structure for

the ground PyS-G form.

1238.3 cm'! t
¢ ] | A
3 : | |
© =
= 2x10° =
2 £
-1 = 1%
s 12393 cm £ A 1597 | 1627.5
£ 1x10° |
\ \ 1659
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1220 1230 1240 1250 1 1580 1600 1620 1640 1660 1680
Raman shift(cm™1) Raman shift(em™)

Figure 5.1.14 Raman analysis of PyS-G (ground form of PyS-Y') and PyS-Y. It was observed that
the peak at 1239.3 cm™! belongs to CH in-plane bending of the pyrene ring and that the peaks at
1597 cm™! and 1627.5 cm! correspond to the C-C stretching for pyrene. The Raman frequency at
1659 cm! corresponds to the conjugated carbonyl C=O stretching frequency>®

According to prior research, compounds such as PyS tend to exhibit polymorphism after
recrystallization in various solvents owing to changes in molecular packing.’ In order to explore
the possibility of obtaining crystals for the PyS-G (ground form of PyS-Y), we tried a
recrystallization using a slow diffusion technique in a different solvents (DCM/hexane (9:1),
chloroform, toluene, MeOH). To our surprise, we observed the formation of aggregates of the
crystals with a round shape, different from the needle-shaped crystals found for PyS-Y (Figure
5.1.15) in DCM/hexane (9:1). Under UV -visible light, a red emission was detected (~600 nm) for
the circular aggregates of crystals which is labelled as PyS-R. To get a better understanding of the
process of aggregate formation, we performed multiple reactions under identical conditions in
ethanol/toluene (1:2), only varying the reaction time (checked up to 50 hours) and monitored the
reaction progress using TLC. After 6-8 hrs it was obtained a new product (PyS-B) which was
characterized by a blue emission (excitation by 365nm). A green emissive powder was isolated by

extending the reaction time to 12-14 hrs. On extending the reaction time to 20-24 hrs the formation
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of the original yellow-emitting PyS-Y product was observed. Finally, if the reaction time is
increased above 40 hours, the isolated product corresponds to the orange-red emissive form, PyS-

R.

Figure 5.1.15 Fluorescence microscopic image of different coloured crystals of PyS (PyS-Y and

PyS-R)
a b
1.0 1.0 ﬁ —«—Pys-B
PyS-G
0.8 - - — PyS-B 0.8+ j X
PyS-G -
0.6 PyS-Y & 064
' -.-.-PyS-R P
2 2
2 0.4 1 § 04
1 £
0.2- \ g 0.2
0.0- 0.0
300 350 400 450 500 550 600 400 450 500 550 600 650
Wavelength (nm) Wavelength(nm)

Figure 5.1.16 a) UV-visible spectra of PyS (obtained from blue, green, yellow, and red samples,
respectively) in 10> M solutions of dichloromethane. (b) PL spectra of the same samples in the
same solution

We have recorded 'H and '*C NMR spectra of all four forms of PyS in CDCl3, observing similar
chemical shift values for all of them (see experimental section), further analysed the HRMS
analysis of PyS (PyS-B, PyS-G. PyS-Y and PyS-R) noticed similar m/z value for all cases
(experimental section). To investigate the role of the solvent in the formation of the aggregates,
we studied the same reaction with varying solvents such as 1,4 dioxane, and DMF instead of

ethanol/toluene and found the same trends of forming the products (Table 5.1.1). We have been
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able to grow single crystals of PyS in the green, yellow, and red forms in a DCM / hexane (9:1)
mixture through the diffusion technique (PyS-Y, CCDC-2246684, PyS-G, CCDC-2246681, PyS-
R, CCDC-2246692). We found that the molecular packing in all three crystal structures is
practically the same (Table 5.1.2). If during the crystal growth solvent evaporates slowly, the
product is transformed into the most stable form (PyS-R) as observed during the synthesis, which
neglects a possible solvent effect since slow recrystallization always leads to the red emissive form
irrespective of the solvent used. This fact hints that the change in emission colour should be
associated with change in the aggregated states, as the dilute solution of all the compounds shows
the same absorption and emission spectra (Figure 5.1.16)). We have compared the PXRD patterns
of PyS (PyS-G, PyS-Y and PyS-R) powders (Figure 5.1.17), to similar PXRD patterns. Also, One
of the PyS (PyS-R) powders with the simulated powder pattern (from single crystal data) observed
that all the peaks matched in both forms (Figure 5.1.18). This observation neglects the possibility
of polymorphs. Further, we compared the photophysical properties of PyS-Y, the ground form of
PyS-Y(Ground) and PyS-G. In the case of PyS-Y absorbance peaks Aabs at 336 nm, 380 nm and
additionally, red-shifted absorption band at ~480 nm was observed. The same compound shows
the emission spectrum with Amax, 544nm @excitation 380nm. On grinding of PyS-Y with a mortar
pestle, a green emissive compound was obtained which showed a red-shifted absorption (~380nm)
and an emission maximum (Aem ~500 nm). Although the emission profile and the maxima (Amax,
~500) are almost matching with the green compound prepared from the solution, but a distinct
absorbance difference is observed (Figure 5.1.19) in-ground form of PyS-Y (green) and

synthesized green (PyS-G).
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Figure 5.1.17 PXRD diagrams of PyS-G, PyS-Yand PyS-R samples
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Table 5.1.2 Crystallographic data for PyS-G, PyS-Y and PyS-R

Crystal data of PyS-G

Identification code
Empirical formula
Formula weight
Temperature/K

Space group
a/A
b/A
c/A

o/°

pre

/e
Volume/A3
Z
pcalcg/cm3
wmm'!
F(000)

PyS-G
C22H140S
326.39

298K

P21/n

14.9740(5)
21.4386(6)
15.6550(6)
90
110.492(4)
90
4707.6(3)
12

1.382
0211
2040.0

Crystal data of Red emitting product

Identification
PyS-R
code yS

Empirical formula C22 H14 0 S

Formula weight 326.39
Temperature/K 298K

Space group P21/n
a/A 15.0076(6)
b/A 21.4845(7)
c/A 15.6667(6)
a/° 90

pre 110.541(5)
v/° 90
Volume/A3 4730.3(3)
Z 12
Pealc/em’ 1.375
p/mm! 0.210
F(000) 2040.0

Crystal data of PyS-Y

Identification code PyS-Y
Empirical formula C22HI140 S

Formula weight 326.39
Temperature/K 298K
Space group P21/n
a/A 14.989(2)
b/A 21.458(2)
c/A 15.650(2)
a/° 90

p/e 110.322(16)
v/° 90
Volume/A3 4720.3(3)
V4 12
Peatc/cm’ 1.378
wmm! 0.210
F(000) 2040.0
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Figure 5.1.18 PXRD of PyS-R in powder and simulated form single crystal data
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Figure 5.1.19 a) Absorption spectra of (PyS-Y), PyS-G and ground form of PyS-Y (Ground), (b)
Emission spectra of pristine powder (PyS-Y), ground form of PyS-Y (Ground) and synthesized
green emissive (PyS-G

In order to get a deeper understanding of the nature of the excited states involved in the emission,
we have undertaken a computational study for the PyS molecule, and the trimers found in the

crystal structure using Time-Dependent Density Functional Theory (see Figure 5.1.20). The
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calculations reveal that the most stable conformer of the PyS molecule has a strongly absorbing
first excited singlet state, Si, with a vertical transition energy of 3.96 eV. This electronic state
corresponds to a HOMO-to-LUMO transition with n-n* character centered on the pyrene moiety
and a slight charge transfer character from the pyrene to the thiophene unit (see figure 5.1.13 for
molecular orbitals). According to our results, the S state is responsible for the lowest-energy band
observed in the experimental UV/Vis absorption spectra in solution (Figure 5.1.16). We did not
find any significant differences in the excited states of the remaining three conformers. To gain
further insight into the optical properties in the solid state, we calculated the trimer of the crystal
structure shown in Figure 5.1.12. According to our calculations, the vertical excitation energy of
the brightest lowest-lying transition is 3.98 eV, which is very similar to that of the PyS monomer,
suggesting that the excitation mainly corresponds to a local n-n* transition on each monomer.

Inspection of the molecular orbitals involved in the transition indeed confirms the local nature of

the excitation, with no strong net charge transfer between the neighbouring molecules.
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Figure 5.1.20 Main occupied-to-virtual molecular orbital contributions responsible for the
brightest lowest-energy singlet excited state of the PyS trimer from the experimental crystal
structure
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Figure 5.1.21 (a) UV-visible spectra of PyS (blue, green, yellow, and red) compounds in solid
state. (b) The emission colour of PyS compounds (2mg/ml in DCM of different colour products
deposited on glass coverslip by drop casting) under UV light (365 nm). (c) PL spectra of PyS (PyS-
B, PyS-G, PyS-Y and PyS-R) compounds in solid state

To analyse the absorption and emission properties of all four forms, thin films were prepared in
dichloromethane (2mg/ml) by the drop-casting technique on the surface of a glass coverslip. The
films were dried in a vacuum at 50 °C for 8 h. The images of the dried films were taken under
excitation by a UV lamp (365 nm) (Figure 5.1.21,b). UV absorption and photoluminescence (PL)
spectra of dried films were recorded as shown in Figure 5.1.21. The absorption spectra showed a
gradual and significant, red-shifted band edge absorption observed, their corresponding energy
gap was calculated by using UV—VIS diffuse-reflectance spectroscopy (DRS). It was observed
band gap energy for PyS-B, PyS-G, PyS-Y and PyS-R are 2.80 eV, 22.69 eV, 2.36 ¢V and 2.16
eV respectively (Figure 5.1.22). The bathochromically shifted emission peaks are observed at 450
nm, 498 nm, 543 nm, and 608 nm for PyS-B, PyS-G, PyS-Y and PyS-R, respectively.
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Figure 5.1.22 UV—vis DRS spectra of all forms of PyS (PyS-B, PyS-G, PyS-Y and PyS-R)
samples (inset- determination of the optical band gap)

The measured excited state lifetime is triexponential for all the cases (Table 5.1.3). The average
excited state lifetime is sequentially observed with increasing order with 1.0, 14.0, 16.0 and 18.0
ns for PyS-B, PyS-G, PyS-Y and PyS-R, respectively. The absorption, emission and lifetime data
support the formation of J-aggregation. The crystal packing of PyS-R supports the head-to-tail
arrangement, Figure 5.1.23. It is to be noted that the separation of the consecutive absorption,
emission, and lifetime data (e.g., Aabs (PyS-B) - Aabs (PyS-G) and Aabs (PyS-Y) - Aavs (PyS-G) etc)
is increased sequentially. The four isometric compounds were formed as a function of reaction
time from the same reaction mixture. These facts convince us that the extent of J — aggregation
increases across the sequentially obtained four compounds (PyS-B — PyS-G — PyS-Y — PyS-
R).39-63 Furthermore, we have performed concentration-dependent lifetime experiments for PyS-
Y in an ethanol and toluene mixture (1:2) and observed that the excited state lifetime increases
with increasing concentration (figure 5.1.24, d). The trend for this lifetime shows a similar trend

as found for solid-state samples obtained with different reaction time.
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Figure 5.1.23 Representation of crystal packing of PyS showing the J-aggregation
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Figure 5.1.24 (a) Image of PyS-R solutions at different concentrations (from 10>M to 10" M from
left to right) in toluene and ethanol (2:1) under excitation by a UV lamp (365 nm). (b) Daylight
emission of PyS-R solutions at different concentrations. (c) PL spectra of PyS-R at the same
concentrations as shown in the fluorescence image in (a). (d) Lifetime measurements of PyS-R in
ethanol, toluene (1:2) solution at different concentrations (10> M (5 ns), 104 M (3 ns) and 10 M
(I ns))
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Table 5.1.3 Solid state emission wavelength, quantum yield and excited state lifetime with
components including the relative amplitude (a, b, and ¢ in percentages) for the four different
samples of PyS.

Entry | A, (nm) | @z (%) | t1(ns), a (%) | t2(ns), b(%) | t3(ns), ¢(%) (1) (ms) %2
PyS-B 524 4.01 0.27, 55.87 0.54, 30.81 1.08, 13.32 1.0 1.16
PyS-G 583 7.9 0.48, 45.39 2.07, 35.57 5.63, 19.04 14 1.04
PyS-Y 590 11.8 0.55, 36.67 2.08, 42.93 6.59, 20.40 16 1.08
PyS-R 600 16.0 0.68, 29.54 2.09, 48.04 7.00, 22.42 18 1.18
a b ——6h
12h
——24h
——50h
—6h
12h
——24h
2 ——50h >
E £
75 150 225 300 375 450 50 100 150 200 250
Particle size(nm) Particle size (nm)

Figure 5.1.25 Particle size analysis from DLS measurement for PyS from the direct reaction mass
(RM) collected at 6h, 12h, 24h and 50h time intervals and from theisolated pure products collected
at the same time intervals (isolated pure compounds dissolved in Ethanol/Toluene (1:2) to record
DLS)(average particle sizes found from the RM: @6h, 80 nm, @12h, 150 nm, @24h, 190 nm and
@50h, 250 nm. (b) Average particle sizes from the isolated pure product: @6h, 32 nm, @15h, 82
nm, @24h, 140 nm and @50h product, 195 nm

Solid state emission wavelengths, quantum yields, and the excited state lifetimes of PyS in the four
different forms are gathered in Table 5.1.3). We are eager to know the particle size (aggregates
formed) of the species formed in the reaction mixture (just after preparing the compounds and
before purification) during the course of the reaction at the specified time intervals (reaction time

for the four products, 6 h; 12t h; 24t h and 50™ h). The observed particle sizes with increasing
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the reaction time increases i.e., 80, 150, 190 and 250nm, at 6, 12t 24th and 50 h, respectively.

As all the compounds were isolated by column chromatography, the particle size may be affected
during the purification process. Thus, it is required to check the sizes of these compounds obtained
after purification. The isolated pure solid products were dissolved in the same solvent system used
(during the reaction; ethanol/ toluene mixture) and then recorded the DLS measurement. We
observed that the average particle sizes are 32, 82, 140 and 195 nm, respectively (figure 5.1.25).
On comparing the sizes of these two sets, it is observed that the decrement of sizes about ~50 nm
for the case of pure product, which is expected as de-aggregation might be occurring partly because
of the treatment of the species during purifications. It is also observed that the increasing trend for
the size of the aggregates remained the same with increasing reaction time.

This observation supports that the particles intact their aggregation behaviour even after the
purification process. To understand the stability of the particles in solution, we have arbitrarily
chosen two pure compounds (PyS-G and PyS-R), and these were separately dissolved in an
ethanol/toluene mixture at varying times. On comparing the time-dependent emission spectra of
this solution (up to 9™ h of preparing the solution), it was observed that the maximum emission

wavelength remained the same (figure 5.1.26).
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Figure 5.1.26 Fluorescence spectra of the isolated pure product of PyS-G(a) and PyS-R(c) in
ethanol/toluene (1:2) 10-3 M with time; the recorded emission spectra of the red and green species
at variable time. (b) It shows emission colours in daylight and Under UV excitation of 365 nm for
initial (O min) and after 9 h time (Insect image) for PyS-B and PyS-R

To analyse the morphology of all four isolated products, it was performed FESEM study (Figure
5.1.27) of all the PyS compounds. In the case of PyS-B, the particles are linearly arranged forming

one-dimensional arrays (Figure 5.1.26, PyS-B). At the molecular level, it is observed from the
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crystal packing arrangement (Figure 5.1.12 and Figure 5.1.28), a strong C-H...w interaction (2.82
A) between the hydrogen atom on the thiophene ring with the pyrene fragment of a neighbouring
molecule, and the other side, an interaction between the terminal methyl hydrogen atom of the

acetyl group of one molecule with one of the hydrogen atoms on the pyrene fragment (2.365 A)

of another molecule, leading to the formation of linear chains of PyS parallel to the crystal ¢ axis.

Figure 5.1.28 Crystal packing of PyS in the PyS-Y crystals, highlighting different interactions that
might be involved in the morphological evolution of aggregates. In 1, the formation of chains
through the interaction of a thiophene ring hydrogen with pyrene n-electrons (C-H...w interactions,
2.820 A)in aneighbouring molecule and interaction between the terminal methyl hydrogen of the
acetyl group of one molecule with a hydrogen atom of the pyrene fragment (2.365 A) of another
molecule
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The formation of discrete trimers and hexamers and their arrangement in linear chains through
these interactions seem to be playing a significant role as the driving force towards the formation
of the linear arrangements of particles observed from FESEM at the early stages of product
formation (Figure 5.1.27, PyS-B). Moving towards PyS-G, the product obtained for reaction times
between 12-14 h, the FESEM image (Figure 5.1.27, PyS-G) shows surface particles aligned in a
more uniform two-dimensional sheet-type arrangement formed by gradual growing and
coalescence of the one-dimensional aggregates found for shorter reaction times. In the case of PyS-
Y, the product found for reaction times between 20-24 h, the FESEM image shows a morphology
with discrete 3D flowers (Figure 5.1.27). The morphology for the final product, PyS-R, was found

that of a closely packed, uniform, and well-ordered array of condensed flowers.
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Figure 5.1.29 Average particle size and distribution from HRTEM images of PyS-G, PyS-Y, and
PyS-R samples

To know the size of the particles in all three forms (PyS-G, PyS-Y, and PyS-R), we undertook an
additional HRTEM analysis (Figure 5.1.29). The HRTEM study reveals the presence of spherical
particles with an average particle size of ~12 nm for PyS-G and round particles with an average
particle size of ~22 nm for PyS-Y. A densely packed array of aggregates with an average particle

size of ~128 nm is observed for the PyS-R variety (Figure 5.1.29). From these observations, it is
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concluded that with time, particles approach each other forming a closely packed aggregate.
Further, to check the emission and the size of the aggregates formed in the solution, we have
performed a concentration-dependent emission study and particle size analysis fora PyS-R sample

dissolved in an ethanol/toluene (1:2) mixture.
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Figure 5.1.30 Particle size analysis of PyS-R in ethanol-toluene (1:2) solutions at different
concentrations (10-2 M to 10-¢ M)

This experiment shows that PyS-R exhibits a bathochromic concentration-dependent emission
shift (Fig. 5.1.24, c) and that the particle size increases with increasing concentration (Figure
5.1.30). This study also convinces us that with increasing concentrations, bigger aggregates are

formed in the solution resulting in a bathochromic emission shift.

5.1.4 CONCLUSION

Pyrene-thiophene containing simple organic compound was synthesized from a Suzuki coupling
reaction. The initially blue emitting compound in a reaction mixture is sequentially transformed
into three other emissive compounds (green, yellow, red), just simply allowing the reaction for a
longer time. The observed colour tunability resulted from the growth of aggregates (nano to micro)
with different morphologies and sizes, which were supported by FESEM and HRTEM analysis. It
was found that the initially formed 1D particles slowly converted into a 2D sheet. This is further
transformed into 3D hierarchical self-assembled flower-based architecture. On allowing the same

reaction for a longer time (~40h), the morphology finally evolves into an array of condensed
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flowery structures. It is well known that the inorganic quantum dots (e.g., Au, CdSe etc), contrary
to the organic fluorophores exhibit size-dependent tunable emission. A similar property i,e, the
size (and morphology) dependent tunable emission has also been observed by the organic
fluorophore. This finding will open a new direction for obtaining controlled tunable emission in

the visible range from a single organic fluorophore.
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Chapter 5. Pyrene-thiophene Based
Molecules for Stimuli-responsive Probes

Part B. 5.2 Precise Molecular Design for Twisted
Pyrene-Thiophene Based Mechanofluorochromic
Probes with Large Stokes’ Shift and Feasibility Study
Towards Security Ink and Re-writable Papers

5.2.1 INTRODUCTION

Mechanofluorochromic (MFC) materials are a class of smart stimuli-responsive materials in
which the emission properties of the material change or respond upon the application of
force/pressure, etc.! Organic mechanofluorochromic (MFC) materials (that change their
emission under anisotropic and isotropic pressure) have attracted a great attention in recent
years due to their promising applications in sensing pressure, storage devices, security inks,
three-dimensional (3D) printing, etc.?-> Stimuli responsive materials with tunable emission and
reversible switching are highly demanding for different applications, such as security
encryption devices, deformation detectors, fluorescent probes, switches, and optoelectronic ©
The process of protein folding and unfolding, as well as the movement of cells, can be
influenced by pressure in biology.” Due to the influence of the aggregation-caused quenching
(ACQ) effect, most conventional organic chromophores exhibit weakened or even totally

quenched emission in the aggregated state, which limits the development and application of

mechanochromic luminescent materials to a greater extent.3-

A new opportunity to overcome the ACQ problem and develop durable solid-state
luminescent materials is presented through the generation of aggregation-induced emission
(AIE) compounds.!® Compounds possessing AIE properties are usually observed that the
molecules having twisted geometry. This attribute allows for efficient emission in the
aggregated state by preventing the close stacking of molecules. Moreover, the strongly twisted

structure often results in a loose packing arrangement of molecules in the crystals, which makes
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them sensitive to pressure stimulation. Stimuli-responsive organic materials with aggregation-
induced emission (AIE) characteristics would be an interesting platform to explore the
structure-property relationship for future designing MFC compounds. In several reports, it was
observed that AIE active organic compounds exhibit distinct responses in emission properties
upon mechanical grinding (anisotropic) and hydrostatic pressure (isotropic).! The isotropic
force is applied uniformly by the diamond anvil cell (DAC). The mechanochromic
luminescence performance of AIEgens can be explained as a synergetic processes associated
with changing of molecular conformations, molecular packing forms, and intermolecular
interactions.!! In general, the photophysical properties of AIEgens will be affected by weak
intermolecular interactions (such as C-H...nm, C-H...O, and C-H...N hydrogen bonds),
molecular packing and conformational change in the solid state.%!> The majority of
mechanochromic luminescent materials have loose and metastable packing, which are believed
to be critical factors in achieving structural transformation and pressure-dependent multicolor
emissions. After grinding or compressing physically, these weak intermolecular interactions
are altered, resulting in the variation of the stacking mode and the molecular conformation, and

finally causing the emission color change.!3-13

In 2012, Tian et al. '¢ first reported mechanochromic luminescence of a 9,10-
distyrylanthracene (DSA) derivative 9,10-bis[(E)-2-(pyridin-2-yl)vinyl]anthracene(BP2V A).
This molecule showed extraordinary luminescence properties: grinding and applying external
pressure changing the photoluminescence (PL) of BP2VA powder from green to red color.
With the external pressure increasing from 0 to 8 GPa, the emission of BP2V A powder showed
a gradual redshift from green (with a maximum at 528 nm) to red (with a maximum at 652 nm)
distinctly, which is the greatest shift in mechanofluorochromic effect. In 2016, Zou et al.'’
reported the polymorphs, B-phase and G-phase, prepared from a cyano-substituted
distyrylbenzene (CN-DSB), the molecular conformation changes under the hydrostatic
pressure of 0.75 GPa from a highly twisted shape to a flat shape under external stimulation
(color changes from blue to green). In 2019, Liu ef al.'® reported the mechanofluorochromism
of the powder and single crystal of two compounds, photoacid-spiropyran(PASP) and
tetraphenylethene-decorated photoacid-spiropyran(PASPTPE), under grinding and hydrostatic
pressure. Both PASP and PASPTPE exhibited the mechanofluorochromic property under
anisotropic grinding and isotropic atmospheric pressure color change from orange to red.
Further contribution to MFC materials, including carbon nanodots, metal organic framework

(MOF), covalent organic framework (COF), etc.!%-22
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Majority of high contrast solid-state MFC materials have tetraphenyl ethylene(TPE),23-25
triphenylamine (TPA),26-28 anthracene,?°-3! carbazole, phenothiazine, stilbene, spiropyrans etc.
as their core structural unit.32-37 Pyrene is a highly planar and conjugated molecule. Hence, it
is prone to form a dimer structure due to strong 7t- © stacking at the aggregated state.38-3° In
2020, Xiong et al.'? synthesized (4-(phenothiazin-10-yl)phenyl)(pyren-1-yl)-methanone (Py—
BP-PTZ), which exhibits AIEE, polymorphism, and mechanochromic properties. It shows
gradual red-shifted emission under high pressure by DAC, the planar pyrene derivative changes
emission mainly due to planarization under high pressure and change of molecular packing
mode with changing intermolecular interactions. Very recently (2024), Eldhose et al.*° reported
MFC property of AIE active pyrene-based compounds and investigated the molecular packing
and luminescence behaviour. Careful investigation of the crystal structures demonstrated
abundant and intense intermolecular interactions, such as C-H...m and C-H...N hydrogen
bonds, contributing to the remarkable mechanochromic luminescence performance of these
compounds. Pyrene based molecules are enriched in optical properties because of a highly
electron rich polyaromatic system. Some of the pyrene based materials with high contrast solid
state emission are reported, still there are several challenges such as, poor yield pyrene based
twisted compounds,*!-*? to control morphological modulation for changing emission, unclear

chemical structure-MFC property relationships etc.43-44

In 2017, our group (Pasha ef al.) reported an AIE active salicylaldehyde-based Schiff
base which exhibited a reversible change of emission color gradually with applying pressure

slowly.*3 The reported molecule (shown below) has twisted D-A-type features with ICT

e
o (U

After analyzing the packing of the crystal structure, it was found that two molecules form a

characteristics.

pair aligned in an opposite manner with a definite weak interaction across the two molecules.
Each of the pairs are connected axially forming a long linear chain, and these chains are
connected horizontally through intermolecular interactions resulting in a molecular sheet type

of pattern. To determine the molecular structure which is responsible for demonstrating a
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particular way of molecular arrangement described above, more study is required with
consideration of appropriate molecular structure. Recently, the pyrene and acyl-thiophene
connected a D-A type molecule [1-(5-(pyren-1-yl) thiophen-2-yl) ethan-1-one (PySY)] has
been synthesized #° and the observed dihedral angle is ~48° (pyrene and thiophene plane). The
compound was found to be sensitive to shearing force (by grinding) with hypsochromic
emission shifting (yellow to green). But it does not respond to mechanofluorochrism with
applying pressure. To make the present compound sensitive towards pressure imposed
mechanofluorochrism to mimic our previous work,*¢ a four unit conjugated spacer attached to
the thiophene side (of pyridine-acyl substituted thiophene) along with a photoactive species
connected terminally. Here, two compounds (PySS and PySP) have been synthesized, studied
their MFC property, and checked the feasibility in the data encryption-decryption and security
ink.

5.2.2 EXPERIMENTAL SECTION

5.2.2.1 Synthesis of PySS and PySP and characterization

The synthetic scheme of pyrene thiophene-based compounds is summarized in scheme 5.2.1.
Initially, 1-(5-(Pyren-1-yl)thiazol-2-yl)ethan-1-one (PyS) was synthesized by using an earlier
method reported by our group.*® For the second step, compound (PySS), PyS (0.3 gm, 0.92
mmol) in ethanol (4 ml) was stirred for 30 min at 50 °C and cooled to (10-15) °C, then to a
clear solution of reaction mass NaOH (10% aq. solution, 1ml) was added slowly and further
stirred the reaction mass for 10-15 min then added thiophene-2-aldehyde (0.155 gm, 1.38
mmol). Then the reaction mass was stirred for 10-12 hr at 40-50 °C. Slowly cooled the reaction
mass temperature to RT, then water (3 ml) was added which resulted in precipitate formation,
filtered the reaction mass, washed with chilled ethanol, and dried the obtained product for 12
hr. under vacuum. A dried product (350 mg, 90 % yield) was obtained. A similar process was

followed to synthesize PySP. The synthesized compound was characterized by NMR and
HRMS (Figure 5.2.1 t0 5.2.9)
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Scheme 5.2.1. Synthetic scheme for the compounds (PySS and PySP)

PyS (1-(5-(Pyren-1-yl) thiazol-2-yl) ethan-1-one)

'H NMR (400 MHz, Chloroform-d) & 8.48 (d, J = 9.3 Hz, 1H), 8.29 — 8.19 (m, 3H), 8.19 —
8.08 (m, 4H), 8.07 (t, J=7.6 Hz, 1H), 7.86 (d, / = 3.8 Hz, 1H), 7.43 (d, J= 3.8 Hz, 1H), 2.68
(s, 3H). (see Fig 5.2.1).

I3CNMR (100 MHz, Chloroform-d) &/ppm: 190.72,151.54, 132.72, 131.77, 131.43, 130.85,

128.97,128.91, 128.52, 128.37, 128.08, 127.28, 126.35, 125.76, 125.43, 124.65, 124.36,26.74
(see Fig 5.2.2).

LC-HRMS (ESI): found m/z: 327.0837 [M + H] *. calculated m/z: 326.0835 (see Fig 5.2.7).
PySS ((E)-1-(5-(pyren-1-yl) thiophen-2-yl)-3-(thiophen-2-yl) prop-2-en-1-one)

'HNMR (400 MHz, Chloroform-d) & 8.52 (d,J =9.3 Hz, 1H), 8.25 (td, J= 7.9, 2.7 Hz, 3H),
8.15(dd,J=9.7,7.2,2.9 Hz, 4H), 8.12 — 8.03 (m, 2H), 8.01 (d, /J=3.9 Hz, 1H), 7.48 (dd, J =
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4.4,2.1 Hz, 2H), 7.43 (d, J=3.6 Hz, 1H), 7.34 (d, J=15.3 Hz, 1H), 7.15 (dd, /= 5.0, 3.6 Hz,
1H). (see Fig 5.2.3).

I3CNMR (101 MHz, Chloroform-d) 8/ppm: 181.46, 151.62, 145.68, 140.29, 136.43, 132.21,
132.09, 131.76, 131.42, 130.85, 129.11, 128.93, 128.90, 128.60, 128.56, 128.44, 128.38,
128.15,127.31,126.36, 125.78, 125.45,125.02, 124.71, 124.66, 124.43, 120.35 (see Fig 5.2.4).

LC-HRMS: found m/z: 421.0715 [M + H] ¥, calculated m/z: 420.0643 (see Fig 5.2.8).

PySP (E)-1-(5-(pyren-1-yl)thiophen-2-yl)-3-(pyridin-2-yl)prop-2-en-1-one

'"HNMR (400 MHz, Chloroform-d) & 8.75 (dt, J=4.6, 1.5 Hz, 1H), 8.54 (d, J = 9.3 Hz, 1H),
8.29 —8.21 (m, 3H), 8.20 — 8.10 (m, 5H), 8.13 — 8.03 (m, 2H), 7.90 (d, /= 15.1 Hz, 1H), 7.79
(td, J=7.7, 1.8 Hz, 1H), 7.57 - 7.51 (m, 1H), 7.50 (d, /= 3.8 Hz, 1H), 7.35 (ddd, J = 7.6, 4.7,
1.2 Hz, 1H), (see Fig 5.2.5).

I3CNMR (101 MHz, Chloroform-d) & 182.13, 153.12, 152.26, 150.24, 145.72, 142.02, 136.98,

132.98, 131.79, 131.42, 130.85, 129.21, 128.91, 128.59, 128.57, 128.41, 128.16, 127.31,
126.38,125.80, 125.76, 125.48, 125.16, 125.03, 124.73, 124.66, 124.52, 124.44 (see Fig 5.2.6).

LC-HRMS: found m/z: 416.1131 [M + H] 7, calculated m/z: 415.1031 (see Fig 5.2.9).

— 2.6836|

%(

2.88x

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1 (ppm)

Figure 5.2.1 'H NMR spectra of PyS
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5.2.3 RESULTS AND DISCUSSION

The UV-VIS absorption spectra of synthesized compounds (PySS and PySP) were recorded in
THF (10 p M) solution. It shows absorption peaks at two major regions, intense and sharp peaks
observed at ~230-260 nm and broad vibronic peaks at ~300-400 nm (Figure 5.2.10). The
intense absorption peak at 242 nm corresponds to the m — m* transition of pyrene moieties in
both compounds.*® Absorption band in the long-wavelength region can be attributed to a n—
n* transition with a charge transfer (CT) character that belongs to the push-pull chalcone n-
system.*7-39 Solid state absorption of PySS and PySP were recorded; PySS shows a broad
absorption tailing up to 600 nm and PySP case absorption tail up to 560 nm. (Figure 5.2.11).

Emission spectra of the powder sample of both the compounds were recorded at excitation,
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(Amax =400 nm), and the corresponding emission peak were observed at 510 nm for PySS and
531 nm for PySP (Figure 5.2.10). In the dilute solution of THF (10-* M), emission maxima
were observed at 509 nm and 520 nm for PySS and PySP, respectively (Figure 5.2.10).
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Figure 5.2.10. Absorption spectra (black line) with 10 pM concentration and emission (red
line) with a concentration of 100 uM of (a) PySS (b) PySP in THF
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Figure 5.2.11 (a) Absorption spectra (black line) and emission (red line) in solid state of (a)
PySS (b) PySP, respectively.

The solvatochromic properties of PySS and PySP were investigated with UV-VIS absorption
and photoluminescence (PL) spectroscopy in different solvents with varying polarities (Figure
5.2.12 and 5.2.13), and the corresponding data are summarized in Table 5.2.1 and 5.2.2. It was

observed in both cases (PySS and PySP) with increasing polarity of the solvent, and continuous

shifting of emission bands.
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Figure 5.2.12 (a) Image of PySS in different solvents taken under 365 nm UV light excitation.
(b) UV-visible spectrum of PySS in different solvents in wide ranges of polarities. (c) PL

spectra of PySS in the same solvents used in absorption spectra.
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Figure 5.2.13 (a) Image of PySP in different solvents taken under 365 nm UV light excitation,
(b) UV-visible spectrum of PySP in different solvents in wide ranges of polarities. (c) PL

spectra of PySP in the same solvents used in absorption spectra.

Page | 163



Chapter 5

Table 5.2.1 Photophysical properties (absorption and emission) in different solvents (PySS)

S.NO. Solvents Absorption | Emission Stokes shift
Apax (NM) | Ay (nm) | (cm™)
1 Hexane 379 474 5288
2 Carbon 389 486 5132
tetrachloride
3 Toluene 389 490 5299
4 Chloroform 386 557 7953
5 Dichloromethane | 385 571 8461
6 Tetrahydrofuran 384 522 6885
7 Ethyl acetate 381 521 7053
8 1,4-dioxan 383 521 6916
9 Acetone 382 556 8192
10 Methanol 383 621 10007
11 Ethanol 382 605 9649
12 Acetonitrile 383 588 9103
13 N,N’-dimethyl 386 586 8842
formamide
14 Dimethyl sulfoxide | 388 602 9162

Table 5.2.2 Photophysical properties (absorption and emission) in different solvents (PySP)

S.NO. | Solvents Absorption | Emission | Stokes shift
Mnax, (NM) | Ay (nm) | (cm?)

| Hexane 358 446 5511

2 Toluene 366 470 6046

3 Tetrahydrofuran 363 476 6540

4 Dichloromethane | 364 537 8850

5 Methanol 364 502 7552

6 Acetonitrile 363 570 10004
Dimethyl 369 576 9739
sulfoxide
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To better understand the solvatochromic behavior, the relationship between the solvent polarity
parameter (Af) and the Stokes’ shift (Av) based on the Lippert-Mataga equation was
investigated. As shown in Figure 5.2.14 a, PySS displays a linear dependence of Av on Af,
which suggests that solvents with strong polarity are able to stabilize the excited state via the
reorientation of the solvent molecules,’! resulting in a lowered energy of the system and the
bathochromically shifted emission maximum. In the case of PySP (Figure 5.2.14 b), relatively
more deviation was observed from the linearity. The protic polar solvent (MeOH) deviates
more because of the presence of a pyridine ring, the nitrogen possibly forms a hydrogen bond

with MeOH.
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Orientation polarizability (Af)

Orientation polarizability (Af)
Figure 5.2.14 Lippert—-Mataga representation of orientation polarizability of PySS (a) and
PySP (b) dissolved in different solvents

From the literature, we found that solvatochromic properties were observed mainly because of
ICT (Intramolecular charge transfer) and TICT (twisted intramolecular charge transfer)
character of molecules.*®. Here, we observed PySS and PySP are highly sensitive towards the
solvent polarity (for PySS ~ 147 nm shifting from hexane to methanol and in case of PySP
~130 nm red shift from hexane to DMSO (Figure5.2.12, and 5.2.13)). The mechanism for the
blue to orange-red emission of this pyrene—thiophene dyes were studied. The formation of
excimer and intramolecular charge transfer (ICT) are two possibilities that can account for the
emission changes. Pyrene has a rigid planar system; it tends to form an excimer at high
concentrations.’2->3, The packing diagram of PySS (Figure 5.2.35) clearly shows the absence
of any pyrene-pyrene interaction, thus excluding the possibility of formation of any excimer.
However, the packing diagram of PySP (Figure 5.2.36) shows the weak pyrene-pyrene

interaction which indicates the possibility of formation of excimer. To examine whether an
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excimer was formed in this system, the PL spectra of PySP in DCM solution with increasing

concentrations (1072 to 10-° M) were recorded (Figure 5.2.15). However, no clear peak shifting

was observed, indicating that no excimer was formed.

— 10 M
—_10°"M
104 M

1.0 +

&
=
1

0.6

0.4 4

0.2 4

Normalized PL intensity

550 600 650 700 750

Wavelength (nm)

450 500

Figure 5.2.15 The normalized PL spectra of PySP in DCM solution with concentration from
1x10¢ M to 1x102 M

Therefore, it is speculated that the lowest emitting state consists of ICT characters for PySS
and PySP. To verify this fact, theoretical calculations of pyrene thiophene in its optimized
lowest energy gas phase were performed using the Gaussian 16 package. The frontier orbital
plots of HOMO and LUMO are shown in Figure 5.2.16. The HOMO of PySS was mainly
distributed on pyrene and immediately connected to thiophene moiety, whereas the LUMO of
PySS was majorly shifted towards the second thiophene through n-electron bridge. In the case
of PySP, it was observed that the HOMO is entirely located on the pyridine side and LUMO is
distributed throughout the molecule. Since the distribution of HOMO and LUMO were located

in the donor-acceptor system, this emission will be more consistent with that of the ICT

character.
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Figure 5.2.16 The spatial electron distributions of HOMOs and LUMOs of PySS (left) and
PySP (right) which were calculated using the ®B97X-D/6-311++G (d, P) by Gaussian 16

package

It was observed from the optimized structures that the dihedral angle between the pyrene and
attached thiophene for both molecules was in the range of 50-52°. The observed twisted
structure hints the possibility of the ‘Aggregation-induced Enhanced Emission’ (AIEE)
behaviour of PySS and PySP. To check the AIEE behavior, it was prepared a 100 uM
tetrahydrofuran solution of PySS and PySP as a stock solution. Prepared the AIEE solution by
varying different water fractions (v/v %) from 0% to 90% (details given in the experimental
section). In the case of PySS (Figure 5.2.17), the PL intensity slightly decreases with redshifted
emission observed till 60% water fraction (fw), and then a sudden rise of PL intensity was
observed. In the case of PySP (Figure 5.2.18), PL intensity decreases up to 40% water then
slightly increments up to 70% water fraction, and then a sharp increment is observed. The
extended molecular conjugations for exciton movements typically elucidate the redshifted
emission upon aggregation.’*>3 From the single crystal analysis (Figure 5.2.19), From the
single crystal analysis (Figure 5.2.31 and 5.2.32), PySS and PySP have many intermolecular
interactions and short contacts (Table 5.2.4) between the neighbouring molecules. Those

contacts will restrict the rotational motion of molecules, facilitating the excited state molecules

to be relaxed in a radiative pathway.

Page | 167



0/

/0

5x10°
s
4x10°

3x10° 4

PL intensity (a.u.)
Bl
S

1x10°

Chapter 5

- > 4 » 4 4 * s ’ 3 y
.0 10% £20* 30+ %407 “50° " 60 70° "80 " '90
i
. .\ e
_ — :5 ! 5 ! N
—o0%
—10% —s=—PySS
—_—20% C
—30%|  4s0x10°
—40%
50%|
—B0% =
- 70%| <
——80%| & 3.00x10°
—90%( £
3
Y
1.50x10°
l\lhn—._.—--ﬂ-"
0 20 0 60 80 100

T T T T
500 550 600 650 ‘Water fraction (vol %)
Wavelength (nm)

700

Figure 5.2.17. Aggregation-induced Emission study of PySS. (a) The image was taken at water
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90 %) for PySS under a 365 nm UV excitation. (b) Emission

spectra of PySS, (Aex = 400 nm) at different fw in 100 uM in THF. (c) Line plot of PL intensity
versus volume of water fraction
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Figure 5.2.18 Aggregation-induced Emission study of PySP. (a) The image was taken at water

percentage (fw

0 % to fw = 90 %) for PySP under a 365 nm UV excitation. (b) Emission

spectra of PySP, (Aex = 400 nm), at different fw in 100 pM in THF. (c) Line plot of intensity
versus volume of water fraction
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PySP

Figure 5.2.19 (a) The asymmetric unit of PySS and PySP with dihedral angles. (b) The angle
between the thiophene plane and the pyrene plane is more than 55° in both cases. The unit cell
contains two molecules lying in antiparallel orientation. Two molecules are interacted through
C-H...m interactions (PySS-2.914 A, and for PySP two identical short contacts of 2.843 A)

Single-crystal X-ray structures were investigated to comprehend solid-state AIEE, and MFC
behavior for these fluorophores. Single crystal structure of PySS and PySP were grown in
DCM/Hexane system by slow diffusion process (CCDC- for PySS- 2349027 and for PySP-
2349045). In the crystal structure of PySS, pyrene, and thiophene are in different planes having
a dihedral angle of 59.36°, and the unit cell consists of two molecules facing opposite to each
other (see left side of Figure 5.2.19). Similarly, in the case of PySP, pyrene, and thiophene
planes are different with a dihedral angle 0f56.93°, and unit cell molecules are facing opposite
to each other (right side of Figure 5.2.19). The angle between the plane of two thiophene rings

in the case of PySS are at 23.54° and the plane of thiophene and pyridine rings in the case of
PySP are at 20.45°.

5.2.3.1 Mechanofluorochromic properties of PySS and PySP

Initially, the solid-state emission properties of both compounds were recorded in powder form.

Interestingly, both molecules were emissive in the solid state with a reasonably high quantum
yield: compound {Amax, absolute quantum yield (% @y)}: PySS (510 nm, 24.13); PySP (531
nm, 19.01). The MFC features of these molecules were studied by grinding (using a mortar
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pestle) and by applying a hydraulic press (using a hydraulic pallet press). After grinding, PySS
and PySP show a large bathochromic emission shift of 50 nm for the case of PySS (Figure
5.2.20, a) and 54 nm for the case of PySP (Figure 2.2.21, a). The reversibility of the after phase
of PySS and PySP, without putting any stimuli at ambient temperature. The original emission
of both the compounds is returned within 1 hr (Figure 5.2.20 and 5.2.22). As no external stimuli
were required to bring them to their original state, the compounds can be used as self-reversible
MFC materials.’® Interestingly, the MFC behavior of PySS and PySP were reversible on
fumigation with methanol vapor/heating at 70-80°C for 1-2 min, and the same platform can be
reused more than five times (Figure. 5.2.21 and 5.2.23). These compounds are highly sensitive
to a shearing force, a clear change of emission could be observed by simply rubbing with a
metal spatula. Another efficient feature of PySS and PySP is their responsiveness towards
hydraulic pressure (compressive pressure). Pristine sample of PySS and PySP, after applying
hydraulic pressure of 12.5 tons showed bathochromically shifted emission with 68 nm emission

shifting (PySS case Figure 5.2.20, b) and 64 nm (PySP case, Figure 5.2.22, b), respectively.
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Figure 5.2.20 (a) PL spectra of PySS in pristine form and after grinding with the help of mortar
pestle; 1hr (RT) indicates ground sample kept for 1 hr at rt and then recorded the emission. (b)
PL spectra of PySS after applying a hydraulic press (HP) of 12.5 tons and heating at 70-80 °C
for 1-2 minutes (annealed sample)
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Figure 5.2.21 (a) PL spectra of PySS in pristine form and after grinding. (b) Recoverability of
emission property of a ground sample of PySS after solvent (methanol fuming for 2 min)
fumigation and heating (70-80 °C for 2 min), (inset figure shows the emission color of pristine

and ground sample under UV (365 nm) excitation)
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Figure 5.2.22 (a) PL spectra of PySP in pristine form and after grinding with the help of mortar
pestle. Thr (RT) indicates ground sample kept for 1 hr at rt and recorded the emission. (b) PL
spectra of PySP after applying a hydraulic press (HP) of 12.5 tons and heating at 70-80 °C for

1-2 min (annealed sample)
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Figure 5.2.23 (a) PL spectra of PySP in pristine form and ground form. (b) Recoverability of
emission property of a ground sample of PySP after solvent (methanol fuming for 2 min)
fumigation and heating (70-80 °C for 2 min). (The inset figure shows the emission color of

pristine and ground samples under UV (365 nm) excitation)
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Figure 5.2.24 PL properties of PySS under different hydraulic pressure. (a) Emission images
of PySS were taken under UV excitation (365 nm) with increasing pressure and after releasing
pressure. (b) Normalized PL spectra of PySS at different amounts of pressure. (c) Plotted
change in wavelength at different amounts of pressure
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It was interestingly observed that slowly increasing compressive force (by hydraulic press)
from 0 to 12.5 tons, the original green emission of PySSis gradually transformed through
variable intermediate emission colors (yellow, yellow-orange, orange) and finally changed to
orange-red (A max =510 nm— 578 nm). It slowly reverts into the pristine form after releasing
pressure within 24 hr at ambient conditions and returns within 2-3 mins with heating at 60-70
°C. (Figure 5.2.24). We have shown the images to describe the recovery process with heating
(Figure 5.2.25 a) and without any external trigger (Figure 5.2.25 b). It was observed that with
gradually increasing pressure (0 to 12.5 tons applied for 2 min each), emission wavelength
increases uniformly and continuously (Figure 5.2.24, c). It was recorded the solid-state UV-
VIS absorption spectra at different pressures (0 to 12.5 tons) and observed that by increasing
pressure the absorption at ~445 nm gradually decreased and a new red-shifted peak observed
at ~505 nm (Figure 5.2.26), indicating molecules become coplanar followed by increasing

intermolecular interactions during the compression process.>’

12.5ton

Figure 5.2.25. Emission images of PySS were taken under UV excitation (365 nm) with
increasing amounts of hydraulic pressure and after releasing pressure with time. (a) shows
images of the recovery process with heating (70-80 °C) at different times and (b) images of'the
recovery process with time without applying any external triggers up to 24 hr
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Figure 5.2.26 Solid state absorbance of PySS in pristine form and with gradually increasing
hydraulic pressure and the absorbance spectrum after releasing pressure and after annealing at
70-80 °C for 2 min

Table 5.2.3 Quantum yields (®), and fluorescence lifetime (t) of PySS and PySP samples
before and after external stimuli.

Important Quantum yield (&) ,% | Lifetime <t >, ns
parameers PySS PySP PySS PySP
Pristine 24.13 19.01 0.29 0.28
Ground 28.5 22.31 0.57 0.58
Press (12.5ton) |13.03 9.45 0.93 0.94

Table 5.2.4 non-covalent interactions present in crystal packing of PySS and PySP

S.NO. Type of PySS PySP
interaction
1 H-bonding H26..01=2.685A, | Ol1..H6=2.579A
H5..01=2.597 A, Ol1..H4=2.645A
2 Inequivalent | C7..H27=2.883 A | H3..H20=2.329A
short C27..H1=2.796 A | C26.. H11=2.843 A
contacts C23..H15=3367A
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The lifetime study and absolute quantum yield measurement of the pristine sample, ground
sample, and compressed (12.5 tons) sample were recorded for PySS and PySP (Table 5.2.3). It
was found that the excited state lifetime increases after mechanical grinding and compressive
force for both compounds (Figure 5.2.27). The quantum efficiency (QY) of both compounds
is increased after grinding, while QY decreases after compressive (12.5 tons) force (Table
5.2.3). The powder XRD diffractograms of pristine powder of PySS and PySP exhibited many
sharp and strong scattered peaks, supporting good crystallinity with ordered molecular packing
(Figure 5.2.28). However, the ground powder showed less intensity with some of the peaks
disappearing implying it the less crystalline or semi-crystalline in nature. From the DSC, the
PySS shows the melting point at 190.5 °C and 191.5 °C for the pristine and ground phases,
respectively (Figure 5.2.29). Similarly, PySP shows a melting temperature at 207.9 °C and
208.7 °C (Figure 5.2.30), for pristine and ground samples, respectively. After having DSC data
of the ground form of both compounds, we did not observe any phase transition which might
be because of the highly reversible nature of the ground form of compounds. It was recorded
the melting point of both compounds, melting range (188 - 192 °C) for PySS and (207 - 210
°C) for PySP. The compounds (PySS and PySP) were filled in melting capillaries and captured
the emission before and after melting under UV (365 nm) excitation (Figure 5.2.31). After
melting the bathochromic emission shifting for both compounds was observed, which supports
the phase transition results in bathochromic emission shifting.!” TGA analysis of PySS and
PySP showed both compounds are thermally stable up to ~320 °C (Figure 5.2.32). As already
discussed in photophysical properties, synthesized molecules show ICT characteristics. The
new emission band which is gradually red-shifted with pressure originated from the ICT state.’®
This is also evident from the change in UV-VIS spectra of PySS with increasing pressure
(Figure 5.2.26). We also performed the Raman spectra of PySS with different amounts of
hydraulic press (Figure 5.2.33), there is no significant change found in the spectra, only it was
observed that the peak intensity reduced at higher pressure. It means that there might be a
possibility that, at high pressure intermolecular distance decreases, thus the molecules approach
closer upon compression leading to the m — & stacking interactions.>® It was recorded the
FESEM image of both samples (Figure 5.2.34). The pristine form shows a rod and sheet type
morphology, and after applying shearing force (ground form) shows non-uniform micro-

ranged particles formed.
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Figure 5.2.27 Lifetime plot of PySS in pristine and ground form (a), PySP in pristine and
ground form (b), and after applying compressive force (12.5 ton) for PySS and PySP (c), inset

table shows the average lifetime with fitting parameter.
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Figure 5.2.28 PXRD data of PySS and PySP in pristine and ground form
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Figure 5.2.29 DSC analysis of PySS in pristine form and ground form, melting point observed
at 190.5 °C for pristine sample and 191.5 °C for ground sample
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Figure 5.2.30 DSC of PySP in pristine form and ground form, melting point observed at
207.9 °C for pristine sample and 208.7 °C for ground sample
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Figure 5.2.31 Filled the compounds (PySS and PySP) in melting capillaries and captured the
emission at RT and after melting under UV (365 nm) excitation. a and c represent the image
of compound filled in capillary at room temperature (RT) and b and d represent the capillary
image at melting temperature (MT)
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Figure 5.2.32 TGA analysis, a) thermogravimetric analysis of PySS, and b) thermogravimetric
analysis of PySP
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Figure 5.2.33 Raman analysis of PySS with increasing hydraulic pressure from 0 to 10 tons. It
was observed that the peak at 1240 and 1282 cm! belongs to CH in-plane bending of the pyrene
ring and that the peaks at 1423 cm™! and 1448 cm’! correspond to the C-C stretching for pyrene.
The Raman frequency at 1572 cm! corresponds to the conjugated carbonyl (C=0) stretching

frequency®?
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Figure 5.2.34 FESEM analysis of pristine phase and ground phase of PySS (left) and PySP

(right)
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It was investigated the mechanism behind the different luminescent behaviors of PySS and
PySP by applying different external triggers (axial force using a hydraulic press and shearing
force). The packing diagram shows that two molecules are arranged in an anti-parallel
orientation, forming a molecular pair with two symmetrical interactions (Figure 5.2.19). This
molecular pair further extended to a long-range one-dimensional chain-type arrangement. In
the case of PySS, two molecules connected through m -electrons of pyrene ring with H of
thiophene (C27...H1 = 2.796 A) forming a molecular pair, and it is further extended through
H-bonded interaction (H26...01 =2.685 A) to another molecular pair in a one-dimensional
fashion. These molecular pairs are extended to one direction linearly and form a one-
dimensional chain (Figure 5.2.30, a). Each of these one-dimensional chains is interacting
sidewise to the neighbouring parallel chain held with a total of four different interactions
(Figure 5.2.35, b, and Table 5.2.4). Similarly, for the case of PySP (Figure 5.2.31, a) two
molecules connected through C-H...minteraction (C26...H11=2.843 A) and further extended
linearly through the hydrogen of pyrene with pyridine ring hydrogen (H3...H20=2.329 A) and
forming a one-dimensional chain. This one-dimensional chain is further connected sidewise to
neighbouring parallel chains through a total of three different interactions (Figure 5.2.36,b and
Table 5.2.4). From the crystal packing, it was observed that planar pyrene rings are separated
with twisted thiophene and pyridine; it is speculated that with applying high pressure, the
twisted form is gradually planarized, thus the separated molecules approaching each other
leading to the =m-m interactions across the pyrene units and thiophene units of different
molecules. A similar kind of molecular packing was observed for AIE active salicylaldehyde-

based Schiff base reported by our group®?, that was also giving reversible MFC properties under

compressive force (hydraulic press).

It is noted that in both the cases (PySS and PySP), MFC properties were reversible under the
application of shearing force, which is in contradictory to the earlier report of our group,*
where emission change by shearing force is not reversible. It was observed that in the case of
shearing force emission properties are reversible within 1.0 hr at ambient conditions.
Surprisingly, in the case of compressive force reversibility process takes longer time (more
than 24 hr. in ambident condition). As pyrene is rigid polyaromatic system, in case of shearing
force there is less possibilities that planarization of pyrene molecules. From the crystal packing,
it is speculated that molecular pairs which help to form a regular arrangement of crystal will
be intact under shearing force. So, after releasing pressure the ground sample recovers its

original emission. On the other hand, it was observed from the crystal packing that flat pyrene
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rings are arranged in such a way that with the application of axial force (hydraulic press),
planarization of the molecule increases, which enhances the n—r stacking interactions between
pyrene molecules, ultimately resulting in a decrease in emission intensity with red-shift.*3 The
reason behind the slow returning the emission of the compressed sample (orange-red) towards
the original emission (green) might be under the application of high pressure (axial force)

pyrene molecules are stabilized by strong n—r stacking interactions.

Figure 5.2.35 (a) Crystal packing of PySS showing molecules faces opposite to each other and
extended in one direction. (b) Crystal packing of PySS with intermolecular interactions

between molecules
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Figure 5.2.36 (a) Crystal packing of PySS showing interactions and short contacts between
molecules and (b) Crystal packing of PySP with intermolecular interactions between molecules

5.2.3.2 Feasibility study for the application of PySS for reversible data storage and VOCs

The reversible color-switching features of PySS and PySP offer a promising reusable secured
platform for anticounterfeiting applications. An economical paper strip-based device is
fabricated by dispersing green emitting solid (PySS) on a Whatman filter paper, demonstrated
in security writing and piezo patterning applications.’* A needle spatula was used to write on
the paper, after writing the emission color changes from green to yellow (Figure 5.2.37) which
happens because of the stress airing from the MFC property. This phenomenon is reversible,
after heating/fuming with MeOH its emission color returned to the original form (green
emission). It may be useful in security data storage applications. Interestingly, if we expose the
DCM vapor into the paper film of PySS, it converts its emission color from green to bright
yellow. Onthe compound-coated filter paper it was written R with DCM and exposed to MeOH
vapor; its emission color returns to its original emission (figure 5.2.37, b). This way reversible
MEFC properties of the probe could be useful for a rewritable paper and sensing of volatile

organic compounds.
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Figure 5.2.37 PySS used for stress sensing and VOC sensors. (a) Images of PySS taken under
excitation of UV light (375nm), initially green emission after written with spatula (written S I
E) convert it to yellow then heating (70-80°C) /fuming with methanol return to original state
and repeated the process. (b) Images of PySS under UV (365 nm) excitation (green emission)
and after exposed with DCM yellow emission) then after methanol fumigation return to original
(green) emission. (¢) Normalized PL spectra of PySS, black line initial emission, red line after

DCM vapor exposer and blue line is return with MeOH vapor

5.2.4 CONCLUSION

It has been strategically designed and synthesized pyrene-thiophene based high-contrast MFC
materials (PySS and PySP) which are sensitive to both grinding and compressive force. Further,
PySS and PySP were found to be responsive towards solvent polarity with a large stoke shift
(147 nm and 130 nm). Interestingly, PySS gives tunable color change by slowly increasing the
hydraulic force (compressive) which is reversible in nature. By solvent fumigation or heating
it could be reconverted into the original emission within 2 min for grinding and compressive

force. The sensitive MFC properties have been employed to demonstrate for security ink and
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data storage devices. The shape and the electronic properties of the present compounds showed
head-tail pair followed by linear chain that leading to sheet and layer-based structure that is
supported from the SCXRD study. The present study and the earlier studies* support the
following arrangement of the molecules in the crystal would be responsible for the resulting
the highly sensitive and tunable emission by compressive force. Certainly, this work will
inspire further designing of compounds that will result in more precise and controllable

reversible tunable emission color.
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Chapter 6. Conclusion and Future Scope

6.1 Primary focus of the thesis:

I. Development of Aggregation-induced Emission (AIE) active fluorescent organic molecules and
Aggregation-induced Phosphorescent Emission (AIPE) active Ir(III) for sensitive and selective

detection of TNT explosive.

II. The development of pyrene-thiophene-based AIE active stimuli-responsive probes for
mechanofluorochromic (MFC) materials with tunable emission color and its application towards

rewritable papers, security ink, VOC sensors, etc.

The following things are proposed as future scope-

6.2 Design and synthesis of new AIE-active pyrene-triazine based compounds for improved

TNT vapor sensing applications

In the field of explosive sensing (particularly for TNT), it was developed a pyrene triazine
containing efficient molecules. Synthesized probe molecules could be able to detect TNT from
water bodies at lower ppt levels, and it is also able to detect TNT vapor at ppb level (<10 ppb).
The surface morphology of the material is one of the important parameters for analyte sensing in
the vapor phase. The film morphology by FESEM images reported that the aggregated nano-rod
type horizontally aligned morphology observed for the cases of PyTr and VinTr, while a vertically
grown flowery and highly condensed nano-rod based morphology observed for PyTrDA would be
responsible for the excellent results obtained for TNT detection. Further, to improve the quantum
efficiency, the probe molecules can be modified by incorporating more twisted rings to improve
sensitivity. Introducing more twisted rotors could also help to improve surface morphology for
TNT vapor adsorption. Addingactive functionality in basic pyrene-triazine core molecules (Figure

6.1- P1, P2, P3, and P4) will further improve the sensitivity of TNT vapor detection.
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Figure 6.1 Chemical structure of modified PyTr series for TNT sensing

6.3 Design and synthesis of new AIE-active pyrene-thiophene based compounds for

mechanofluorochromism (MFC)

In mechanofluorochromic (MFC) materials, it was developed a certain design strategy to get the
reversible MFC property of pyrene-thiophene containing molecules. To make the present
compound sensitive towards pressure-imposed mechanofluorochrism to mimic our previous work,
a four-unit conjugated spacer attached to the thiophene side (of pyridine-acyl substituted
thiophene) along with some photoactive species connected terminally. In the same direction to
make molecules more sensitive and reversible to imposed pressure (Figure 6.2), terminal

substituents can be altered with TPA, TPE, naphthalene, anthracene, and pyrene (structure P5).
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Additionally, in the same molecule (PySP), alkylation with varying chain lengths along with
Incorporating hetero atoms (N, O, carbonyl, S, etc) optimally to create weak interactions could

be one of the ways to improve reversibility under compressive force. (structure P6)

R- Alkyl group with variable
chain length

Re HyC F) ™ 1,2,3..
n

X=0,S, N etc.

Figure 6.2 Chemical structure of modified pyrene-thiophene series for MCF materials
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