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illumination (Aex=365nm) of receptor Py-TPE (1 and 2)

(0.5uM) in presence and absence of TFA(2uM) at room

temperature in different solvent system.

Figure 1.26. Emission spectra recorded upon addition of ...... 33
TFA and TEA in 1 (1x10° M) in DMF (ex = 365 nm). B)

A plot of reversibility study performed at 534 nm

(fluorescence intensity vs. number repeated cycles) upon

addition of TFA and TEA. c) Cell imaging application

imaged under Confocal fluorescence microscope of Py-TPE

receptor with(5pgmL-1) for PC-3 cells treated for 2 hours at

different pH condition.

Figure 1.27. Structure of the carbazole styryl fluorescent ...... 34

molecular rotors.

Figure 1.28. Schematic pathway for viscosity sensing by ...... 35
using TPAEQ
Figure 1.29. The chemical structure if different AIE active ...... 36

styryl quinones.

Chapter 2 Figure 2.1. Organic fluorescent molecules for sensing of ~ ***"** 51
Fe3* metal ion labelled as T1, T2 and T3
Figure 2.2. Structure of the synthesized organic charge ...... 52
transfer molecules TPETPy and TPE2TPy
Figure 2.3. Represents 'H NMR spectra of (E)-3-(4- ...... 56
(diphenylamino)phenyl)-1-(furan-2-yl)prop-2-en-1-one 4
Figure 2.4.13C NMR spectra of the intermediate (E)-3-(4- ...... 57
(diphenylamino)phenyl)-1-(furan-2-yl)prop-2-en-1-one 4
Figure 25. 'H NMR spectra of 4-(2,6-di(furan-2- ...... 57
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yl)pyridin-4-y1)-N,N-diphenylaniline (DFPDA) 1

Figure 2.6. 3C NMR spectra of 4-(2,6-di(furan-2- ...... 58
yl)pyridin-4-yl)-N,N-diphenylaniline (DFPDA) 1

Figure 2.7. ESI- mass analysis of 4-(2,6-di(furan-2- ...... 58
yl)pyridin-4-y1)-N,N-diphenylaniline (DFPDA) 1

Figure 2.8. Crystal structure of the (E)-3-(4- ...... 62
(diphenylamino)phenyl)-1-(furan-2-yl)prop-2-en-1-one 4

Figure 2.9. Crystal structure of 4-(2,6-di(furan-2- ...... 63
yl)pyridin-4-y1)-N,N-diphenylaniline (DFPDA) 1

Figure 2. 10. Packing in (E)-3-(4-(diphenylamino)phenyl)- ...... 63

1-(furan-2-yl)prop-2-en-1-one (4) due to C-H- =

intermolecular H-bonding interactions separated by distance

2.718 A.

Figure 2. 11. Packing in 4-(2,6-di(furan-2-yl)pyridin-4-yl)- ...... 64
N,N-diphenylaniline (DFPDA) 1 due to C-H- =-

intermolecular and H-bonding interactions separated by

distance 3.383 A leading to a helical structure.

Figure 2.12. Solvent study performed for the (DFPDA) 1 ...... 65
(a) UV-Vis plot recorded in various organic solvents such

as DMSO, acetonitrile (ACN), Chloroform (CHCls), H20,

hexane, methanol (MeOH), THF. (b) The emission

spectrum recorded for the receptor 1 in organic solvents.

Figure 2. 13. (a) Image shows naked eye detection of Fe3* ...... 66
metal ion in presence over other cations such as Cd?*, Fe®*,

Cu?*, K*, Ba?*, Co?*, Mn?*, Ni?*, Hg?*, AI**, Pb?*, Zn?*,

Ca®*, Fe?*. (b) image shows the fluorescence colour change

with the addition of Fe3* over other cations

Figure 2. 14. (a) UV-Vis absorption spectra of 1 (2.5x10° ...... 67
M) in presence of different cations and (b) absorption

spectra with incremental addition of Fe3* (0-2.5equiv.),

1.37x10"° M) in DMSO

Figure 2. 15. (a) Fluorescence emission spectra of 1 ...... 68
(2.5%x10° M) in presence of different cations (2.5x103 M)
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and (Aex = 350 nm, excitation and emission slit = 5nm) and

(b) Emission spectra with the incremental addition of Fe3*

from (0-2.5 equiv. of 1.37x10° M) in DMSO (tex = 350 nm,

excitation slit = 10 nm, emission slit = 2.5nm)

Figure 2.16. (a) The plot of Job’s plot represents ...... 69
stoichiometry of the complex to be DFPDA 1:Fe3* (2:1) and

(b) Benesi—Hildebrand plot of probe DFPDA 1 with Fe3*

ion in DMSO with the binding constant observed to be

3.75x108M.

Figure 2. 17. (a) The plot representing fluorescence change ...... 70
intensity for the DFPDA 1 as depicted (blank 1, 2 vial

addition of Fe**, 3 vial addition of NaOH to the solution

containing Fe®), (b) The fluorescence color change

observed at 365nm upon addition of Fe3* and NaOH (inset

photograph). (c) represents the number of reversible cycles

with addition of Fe®* ion and NaOH to the solution of the

DFPDA 1.

Figure 2. 18. The graph represents competitive reaction ...... 71
betweeen receptor DFPDA 1 and Fe® (1 equiv.) with

DFPDA 1 in presence of interfering cations (lequiv.) at

357nm. Blue bar represents DFPDA 1 with other cation and

red bar represents DFPDA 1+ other cations + Fe3* ion

Chapter 3  Figure 3.1. Structures of organic fluorescent molecule for ...... 79

sensing of Cu?* ions.

Figure 3. 2. 'H NMR spectra of 4 (E)-3-(4-  ...... 83
(diphenylamino)phenyl)-1-(thiophen-2-yl)prop-2-en-1-one.

Figure 3. 3. °C NMR spectra of 4 (E)-3-(4- ... 84
(diphenylamino)phenyl)-1-(thiophen-2-yl)prop-2-en-1-one

Figure 3. 4. 'H NMR spectra of DTBPA 1 (N,N-diphenyl- ...... 84
4-(6-(thiophen-2-yl)-[2,2’-bipyridin]-4-yl)aniline

Figure 3. 5. °C NMR spectra of DTBPA 1 (N,N- ... 85
diphenyl-4-(6-(thiophen-2-yl)-[2,2 -bipyridin]-4-yl)aniline.

Figure 3. 6. ESI- mass for DTBPA 1 (N,N-diphenyl-4-(6- ...... 85

(thiophen-2-yl)-[2,2"-bipyridin]-4-yl)aniline
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Figure 3. 7. Crystal structure of DTBPA 1 compound. ...... 87
Figure 3. 8. (a) Absorption spectra recorded for DTBPA 1 ...... 90
receptor in different solvents to study the solvatochromic

effect (b) The emission plot for DTBPA 1 receptor in

different solvents

Figure 3. 9. The sensing performance for DTBPA 1 over ...... 91
different cations representing the quenching of fluorescence

upon addition of Cu?*ion

Figure 3. 10. (a) Plot representing the absorption change ...... 92

upon addition of different metal ions Cu?*, Fe%*, Fe?*, Hg?*,

Pb2*, Ni2*, Zn?*, Mn2*, Co2*, AI?*, Ca?*, Ba?*, Cd2*, K*. (b)

UV-Vis absorption titration for the DTBPA 1 with

incremental addition (0 — 2 equivalent)

Figure 3. 11. (a) Plot representing the emission intensity ...... 93
upon addition of different metal ions Cu?*, Fe3*, Fe?*, Hg?*,

Pb2*, Ni2*, Zn?*, Mn?*, Co?*, AI®*, Ca2*, Ba?*, Cd?*, K*. (b)

Fluorescence titration for the DTBPA 1 with incremental

addition (0 — 2 equivalent)

Figure 3. 12. Competitive study performed forthe ~  ...... 95
DTBPA 1 in presence of cations (1+M represents different

cations added to DTBPA 1 while 1+M+ Cu?* indicates the

different cation with addition of Cu?* ion.

Figure 3. 13. (a) Jobs Plot for the DTBPA 1 with copper  ...... 96
complexation in 2:1 ratio. (b) Benesi Hildebrand plot for

DTBPA 1

Figure 3. 14. Mechanistic pathway for binding of Cu?*  ...... 96
with DTBPA 1 receptor

Figure 3. 15. DFT study performed for DTBPA 1 probe on ...... 97

Gaussian 16 ab initio/DFT quantum chemical simulation.

Chapter4 Figure 4. 1. 'H NMR spectrum of 5-(4-(1,2,2- ...... 113
triphenylviny)phenyl) thiophene-2-carbaldehyde (3)
Figure 4.2. 'H NMR spectrum for ethyl-2-cyano-3-(5-(4- ...... 114

(1,2,2-triphenylvinyl)phenyl)thiophen-2-yl)acrylate (1)
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Figure 4.3. 3C NMR spectrum ethyl-2-cyano-3-(5-(4- ...... 115
(1,2,2-triphenylvinyl)phenyl)thiophen-2-yl)acrylate (1)

Figure 4.4. 3C DEPT spectrum ethyl-2-cyano-3-(5-(4- ...... 116
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triphenylvinyl)phenyl)thiophen-2-yl)acrylate (1)
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Figure 4.7 (a). Photograph representing the color changes ...... 119
upon grinding fuming and heating. b) represents the

fluorescence emission recorded for compound upon

grinding fuming and heating.

Figure 4.8. Solvent study performed for the compound 1 in ...... 121
ACN, THF and DMSO (a) Absorption spectra (b) Emission

spectra
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and (b); ACQ phenomenon) Hexaphenylsilole an example

of AIE phenomenon.

Figure 4.10.  Aggregation induced emission study ...... 124
performed for the compound 1 in which (a) represents

formation of aggregate as the water fraction is increased

from 0 to 99%. (b) the solution after addition were place

under UV light illumination.

Figure 4.11. (a) Photograph of solution containing ...... 125
compound 1 with addition of various anions the color

change was observed for solution with the addition of

cyanide. (b) The fluorescence color change from yellow

resulting in to quenching of fluorescence with the addition
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titration performed with the incremental addition of CN-

anion (0-4 equiv.)
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Figure 4.13. (a) Plot representing the quenching of ...... 128
fluorescence with the addition of CN- in presence over other

anions (b) Emission titration performed with incremental

addition of CN- (0-4equiv.)
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stoichiometry (b) Benesi-Hildebrand plot for receptor 1
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Figure 4.17. Represents the optimized geometries of the  ...... 131
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1 in presence various anions (b) Fluorescence titration

performed for receptor 1 in presence of CN (0 to 10

equivalent.).
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Synopsis

SYNTHESIS OF SMALL ORGANIC FLUORESCENT MOLECULES AND USE
THEM FOR FLUOROGENIC AND CHROMOGENIC ION SENSING

ABSTRACT:

Organic fluorescent molecules have shown tremendous application in various fields such as
pharmacology, environmental, biology and physiology. The fluorescent chemo sensor was
developed in 1970 and 1980s and over the last few decades the field has grown and thousands
of research groups all around the world working on the fluorescent molecules and have
developed new modified strategies for various application especially in sensing. Fluorescent
chemo sensor approach has gained lot of attention in sensing of various analytes such as
cations, anions, and neutral molecules. Chemosensors are molecular device/structure (organic
or inorganic) that are used for sensing of particular analyte by producing detectable signal or
color change in the solution. Herein we have developed different organic fluorescent molecules
with aggregation induced emission property for sensing of various cation and anions. However,
the molecules can be also used for detecting various physiological parameters such as
temperature, pH and viscosity. The synthesized molecules were successfully characterized by
nuclear magnetic resonance (NMR), CHN-Elemental analysis, ESI-Mass spectrometry, UV-
Vis Spectroscopy (UV-Vis.), Photoluminescence Spectrometer (PL), Single crystal X-ray
Diffraction (SXRD). The binding constant was calculated by using Benesi-Hildebrand Plot

while stoichiometry was determined by Jobs Plot.
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THESIS OBJECTIVES
Obijective of my thesis is
1. Synthesis and characterization of small organic fluorescent molecule and use them for
sensing of various cations, anions and neutral molecules.
2. Synthesis of diphenyl aniline derivative containing difuran and pyridine as acceptor
for sensing of Fe®* metal ion.
3. Synthesis of organic fluorescent molecule diphenyl aniline derivative containing
dipyridine and thiophene as acceptor for sensing of Cu?* metal ion.
4. Aggregation induced emission molecule for sensing of cyanide anion.

5. Synthesis of 1-(p-tolyl)-4,9-dihydro-3H-pyrido[3,4-b] indole an organic fluorescent

receptor for selective sensing of fluoride anion

Thesis organization: The following thesis entitle on “SYNTHESIS OF SMALL ORGANIC
FLUORESCENT MOLECULES FOR FLUOROGENIC AND CHROMOGENIC ION
SENSING” is divided into VI chapters

Chapter 1

Introduction and literature review

Chapter 2

A receptor based on diphenylaniline donor connected with difuran and pyridine as acceptors:
synthesis, crystal structure and selective detection of iron (Fe3*) ion

Chapter 3

Synthesis, characterization and application of dipyridine based fluorescent sensing a platform
for recognition of Cu?* ion in aqueous medium

Chapter 4

Aggregation induced emission-based material for selective and sensitive recognition of cyanide
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anion in solution and biological assay

Chapter 5

1-(p-tolyl)-4,9-dihydro-3H-pyrido[3,4-b] indole an Organic Fluorescent Receptor for Selective
Sensing of Fluoride and Cyanide anion

Chapter 6. Conclusion and future perspective
Highlights to organized chapters

Chapter 1. INTRODUCTION AND LIETRATURE REVIEW

Fluorescent Chemosensor are the molecular devices which comprises of donor and binding
unit connected via spacer group are called as fluorescent chemosensor. In 1867 F. Goppelsroder
developed the first fluorescent Chemosensors for determination of Al®* forming the strong
chelate with compound morin as shown in Scheme 1. Later the field expanded its application
in sensing for detection of various ions including several neutral molecules. In 1980 de Silva
and Czarnik explored the field of sensing and scope of applicability of the fluorescent
molecules in various fields for sensing of biologically and environmentally important
analytes.>? The detection mechanism of several analyte follows different photophysical
mechanism such as photoinduced electron transfer (PET)3, Chelation induced enhanced
fluorescence (CHEF)*, aggregation induced emission (AIE)®®, intramolecular charge transfer
(ICT)"8.

\\ /" Binding unit
%( 0 — % Q.
/ | \

Signalling unit Binding unit Guest
Signalling unit

Figure 1. Schematic representation of binding components of fluorescent chemosensor by
host guest interaction.
Fluorescent chemo sensor is not only used in the field of sensing application but are used in

other fields such as biology, environmental science, physiology, medical science and forensic
science. However now a day this field has shown tremendous application in biological cell

imaging. Here in are some examples of fluorescent molecules used for sensing of cations
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anions and neutral analyte.®?
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Scheme 1. Schematic representation for the first fluorescent molecule for sensing of AI®*.
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Figure 2. Fluorescent molecules used for sensing of cation.
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Figure 3. Organic fluorescent molecule for anion sensing.
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Several cations and anions having toxic and harmful effect contaminating the various resources
such as water and food sources leading harmful effect on human health and environment.
Therefore, there is need of developing the methods which can be used for detection of such
harmful pollutants. There are several instrumental techniques available to determine the cations
and other species such as atomic absorption spectroscopy, inductively coupled plasma
spectroscopy but due to their high sophistication, expensive and difficult to handle, time
consuming. Over other instrumental techniques fluorescent chemosensor are more
advantageous as it is easy to handle, cost effective, sensitive, selective and naked eye detection

is possible. 131415

- N----B(OH)2 B(OH)s
HO.__O H
OH 0N © OH
-2H,0 || +2H,0 +2H,0 (] -2H,0
HO OH HO OH
OH OH
LD e CCO0O o
P OH +OH HO, , OH
/N_B\O —  _N =B
~ @)
OH -OH" OH

Scheme 2. Schematic pathway for sensing of neutral molecule for glucose sensing.
From the above literature synthesis of various organic fluorescent molecule for sensing

application was carried out. The synthesized fluorescent molecule was used for cation and
anion sensing by non-covalent coordinate metal interaction and hydrogen bond interaction
between analyte and fluorescent receptor.

Chapter 2:

As per the literature study | have synthesized organic fluorescent molecules for sensing
cations®®. Herein in the molecule was synthesized with the receptor based on diphenylaniline
as donor and heterocyclic core containing dipyridine and thiophene system. This molecule was
successfully synthesized by aldol condensation followed by Michael addition to give the final
product with 57% yield. The molecule was characterized by *HNMR, *C NMR, infrared (IR),
ESI Mass, CHN-analysis and Single Crystal X-ray Diffraction (SXRD). further its

Geeta Zalmi, Ph.D. Thesis, Goa University Page xviii



photophysical studies were studied by UV-Vis absorption spectrophotometry and Emission
study by fluorescence spectrophotometer. Initially the molecule was studied for
solvatochromic effect (solvent study) using different solvent systems such as Dimethyl
sulphoxide (DMSO), Chloroform (CHCls), Acetonitrile (ACN), Water (H20), tetrahydrofuran
(THF). After solvent study the molecule was further utilized for sensing application. It was
observed that the molecule was highly selective and sensitive towards iron (Fe3*) metal ion in
presence over other cations such as Cu?*, K*, Cd?*, Co%*, Mn?*, Ni?*, Ba?*, Hg?*, Al**, Pb?*,
Zn?*, Ca?*, Fe?*. Receptor 1 was characterized for its photophysical changes upon addition of
Fe3* metal ion by UV visible and fluorescence study. Reversibility study was performed using
sodium hydroxide strong base which removes breaks the interaction between the receptor and
Fe3* metal ion precipitating out as Fe(OH)s which suggested that the molecule was reversible
for three cycles. The limit of detection was found to be 52nM. The binding constant was
calculated by Benesi-Hildebrand Plot which was observed to be 3.75X10°M.

@ Q0 o (b) . . i
N 7 2 PN =

. A0 . im QLD e D 2

N\ 2 KOH, EtOH ‘ Lf{ ¥ ! o 8

HLO t, 24 hr [/ 1 5 {/\I Donor  Spacer  Acceptor
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N

1%*«\/ 07O, ~%o =

3’ 4 © Lo o
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1 Fe¥* Cu* K= Cd* Co*™ Mn** Ni** Ba** Hg** AP* Pb* Zn*" Ca®* Fe*”

Figure 4. (a) Synthetic pathway for synthesis of the receptor 1 (DFPDA) used for sensing of
Fe3* metal ion. (b) sensing performance of the receptor 1 performed and observed in naked
eye and at 365 nm and also represent the

Chapter 3:

The second derivative was synthesized by similar synthetic approach but the derivative

comprised of diphenyl as donor and with dipyridine and thiophene heterocore”*81°, This all
derivatives were synthesized with different heterocycle on order to study its selectivity towards
different cations. However, the receptor showed good selectivity towards copper ion (Cu?*) ion
in presence over other cations. The molecule was characterized by tHNMR, *C NMR, infrared
(IR), ESI Mass, CHN-analysis. After characterization the further receptor studies were
performed on UV-Vis and emission studies. The fluorescence and absorption studies showed
that the molecule was highly selective towards Cu?* ion. The receptor interaction with Cu?* ion
was further characterized by density functional theory studies. The receptor 1 was employed
for practical application in water analysis. The calculated limit of detection was 0.78uM and

the binding constant was noted to be 1.13x 108 M. The crystal structure studies were done for
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the receptor 1 by SXRD.
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Figure 5. (a) Synthetic route proposed for synthesis of receptor 1. (b) Sensing performance
study observed under 365 nm with series of various cations which shows good selectivity
towards Cu?* ion.

Chapter 4:

There are several fluorescent molecules which usually follows aggregation caused quenching
phenomenon. Herein | have synthesized fluorescent receptor which is based aggregation
induced emission phenomenon which was developed by Tang and group in 2001 to overcome
the problem of Aggregation caused quenching. Herein by using the AIE phenomenon |
developed tetraphenylethene based molecule for sensing application. The receptor molecule
ethyl(Z)-2-cyano-3-(5-(4-(1,2,2-triphenylvinyl)phenyl)thiophen-2-yl)acrylate 1 was
synthesized via three steps as shown in Figure 6 below. The molecule consists of vinylidene
bond formed by simple Knoevenagel condensation. The receptor molecule composed of TPE
as donor thiophene connected to vinylidene bond acting as receptor. the receptor 1 showed high
selectivity towards CN- anion. The selectivity study was performed in presence over other
anions. The molecule also showed good mechanochromic effect study upon applying
mechanical stress of grinding, fuming with acetone solvent and heating at high temperature.
The interaction of between the cyanide anion and the receptor takes place by nucleophilic
substitution react at vinylic bond which was confirmed by 'H NMR titration study. Further the
molecule was used for test strip and food analysis. For food analysis | focussed on the sample
such as potatoes, almonds and sweet potato. Biological cell imaging is another application

performed for the synthesized molecule which shows that the molecule can also be used as an
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excellent fluorescent marker. The detection limit found to be 67 nM which is much lower than

the provided by environmental protection agency (1.6puM).

(a) 1. nBULi18 M i erane) ' @ (b)

79% H,

Br 2. PTSA, toluene, reflux,
SAS
2 Br
O OH | Pd(PPhs)s DME

o 2M, Na;CO, reflux

s_B
Step I “OH

Step IT
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Nc\)kOEt O O
——
NH4OAc,AcOH
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Step III

(d)

© 4. 1 and 1+F-, CI", Br I, HSO’,
H;PO,‘. OAc, NO;‘ N ClO;‘. H
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Figure 6. (a) Synthetic sequence for synthesis of receptor 1. (b) 'H NMR titration study
performed for the receptor 1 in presence of CN- and absence of CN". (c) UV-Vis absorption
spectra for receptor 1 upon addition of various anions. (d) Represents the biological cell

imaging application.

Chapter 5:

Here | have synthesized another molecule for fluorescent sensing application. The molecule
was synthesized by simple aromatization and oxidation in presence DMSO, HCI and I, to give
1-(p-tolyl)-4,9-dihydro-3H-pyrido[3,4-b] indole. The fluorescent sensing takes place by simple
hydrogen bond interaction between the indole moiety with anion. This receptor was highly
sensitive and selective towards fluoride anion in presence over other anions. The molecule was
successfully synthesized from reported literature, characterized by *H NMR, *C NMR, and by
high resolution mass spectrometry. The receptor shows fluorescence quenching when fluoride

is added this quenching mainly due to deprotonation of the proton present on the indole.
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Figure 7. Structure of receptor 1-(p-tolyl)-4,9-dihydro-3H-pyrido[3,4-b]indole. (b) UV-Vis

spectra recorded for receptor in presence of various anions. (c) sensing performance study
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which shows high selectivity towards F- anion.

Chapter 6: Conclusion and future perspective

In conclusion, the molecule 4-(2,6-difuran-2-yl)pyridine-4-yl)-N,N-diphenyl aniline was
synthesized and characterized by *H NMR, 3C NMR ESI-Mass, SXRD. The receptor was used
for selective and sensitive detection of Fe3* ion sensing. the sensing performance study was
carried out for selectivity towards various cations which was then further characterized by UV-
Vis spectroscopy and fluorescence study. The receptor showed detection limit to be 52nM. the

reversibility study performance exhibited that the receptor was reversible for 3 cycles.

Another similar derivative was synthesized by same synthetic approach via aldol condensation
followed by Michael addition reaction to give N,N-diphenyl-4-(6-(thiophen-2-yl)-[2,2’-
bipyridine]-4-yl)aniline. This derivative consists of two pyridine moieties with one thiophene
forming the heterocyclic core which can be used for sensing application. The molecule is
successfully characterized and was found to be highly selective towards Cu?* ion. The sensing
performance showed that the receptor shows the quenching of fluorescence. The UV-Vis
absorption recorded clearly shows the change in absorption intensity when Cu*? ion is added
while other cation there was no change observed in absorption. This was further confirmed by
fluorescence study which showed clear quenching of fluorescence. The receptor used for
practical application in water analysis. the limit of detection for the receptor was observed to
be 0.78uM.

A receptor molecule was synthesized based on Aggregation induced emission (AIE)
phenomenon. The AIE activity was first introduced in 2001 by Tang and group which abnormal
phenomenon developed to overcome the effect of aggregation caused quenching (ACQ). There
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are several derivatives which shows AIE phenomenon such as hexaphenylsilole (HPS)?,
tetraphenylethylene (TPE)?%22. Herein the molecule was synthesized by using TPE as a donor
moiety which showed excellent aggregation induced emission property in THF/water fraction.
The synthesized molecule consists of vinylic double bond connected via thiophene as a spacer
to TPE donor. Mechanochromic study was performed for the receptor by employing
mechanical stress such as grinding, heating and fuming. In order to study sensing performance
initially solvent study was carried out. Further the molecule was utilized for sensing
performance towards various anions. The receptor showed high selectivity towards CN-anions
over other anions such as F, CI, I, Br, NOz", HPO4%, OAC-, HCO3". The mechanism involved
behind the detection for cyanide anion is nucleophilic substitution reaction taking place at
vinylic bond of the molecule. To conform the selectivity competitive study and H NMR
titration study was performed. Fluorescent molecule showed its applicability in food sample
analysis for qualitative determination of CN- in food sample. While further the molecule was

used for biological cell imaging application. The detection limit was observed to be 67nM.

Synthesized and characterized new indole based fluorescent molecule for fluoride sensing
application. The mechanism of binding is just hydrogen bond interaction between H bond of
indole to give HF," complex. The absorption and fluorescence studies showed clear difference
in absorption and emission properties upon addition of F~anion over other anions.

Thus, | conclude that these organic fluorescent molecules were designed, synthesized and
characterized for selective and sensitive detection of cations and anion. In future these
fluorescent molecules can be further utilized as good fluorescent marker and for drug delivery

system.

Geeta Zalmi, Ph.D. Thesis, Goa University Page xxiii



References:

1)

()

©)

(4)

()

(6)

(7)

(8)

(9)

(10)

1)

De Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A. J. M.; McCoy, C.
P.; Rademacher, J. T.; Rice, T. E. Signaling Recognition Events with Fluorescent
Sensors and  Switches. Chem. Rev. 1997, 97 (5), 1515-1566.
https://doi.org/10.1021/cr960386p.

Czarnik, A. W. Chemical Communication in Water Using Fluorescent Chemosensors.
Acc. Chem. Res. 1994, 27 (10), 302—-308. https://doi.org/10.1021/ar00046a003.

Daly, B.; Ling, J.; De Silva, A. P. Current Developments in Fluorescent PET
(Photoinduced Electron Transfer) Sensors and Switches. Chem. Soc. Rev. 2015, 44 (13),
4203-4211. https://doi.org/10.1039/c4cs00334a.

Hong, Y.; Chen, S.; Wai, C.; Leung, T.; Wing, J.; Lam, Y.; Liu, J.; Tseng, N.; Tsz, R.;
Kwok, K.; Yu, Y.; Wang, Z.; Tang, B. Z. Fluorogenic Zn (11 ) and Chromogenic Fe (Il
) Sensors Based on Terpyridine-Substituted Tetraphenylethenes with Aggregation-
Induced Emission Characteristics. 2011, No. li, 3411-3418.

Hong, Y.; Lam, J. W. Y.; Tang, B. Z. Aggregation-Induced Emission. Chem. Soc. Rev.
2011, 40 (11), 5361-5388. https://doi.org/10.1039/c1cs15113d.

Zhao, Z.; He, B.; Tang, B. Z. Aggregation-Induced Emission of Siloles. Chem. Sci.
2015, 6 (10), 5347-5365. https://doi.org/10.1039/c5sc01946.

Hamasaki, K.; Ikeda, H.; Nakamura, A.; Ueno, A.; Toda, F.; Suzuki, I.; Osa, T.
Fluorescent Sensors of Molecular Recognition. Modified Cyclodextrins Capable of
Exhibiting Guest-Responsive Twisted Intramolecular Charge Transfer Fluorescence. J.
Am. Chem. Soc. 1993, 115 (12), 5035-5040. https://doi.org/10.1021/ja00065a012.
Sauer, M. Single-Molecule-Sensitive Fluorescent Sensors Based on Photoinduced
Intramolecular Charge Transfer. 2003, 1790-1793.
https://doi.org/10.1002/anie.200201611.

Bhosale, S. V.; Bhosale, S. V.; Kalyankar, M. B.; Langford, S. J. A Core-Substituted
Naphthalene Diimide Fluoride Sensor. Org. Lett. 2009, 11 (23), 5418-5421.
https://doi.org/10.1021/019022722.

Yu, Z.; Jiang, N.; Kazarian, S. G.; Tasoglu, S.; Yetisen, A. K. Progress in Biomedical
Engineering Progress in Biomedical Engineering. 2021.

James, T. D.; Sandanayake, K. R. A. S.; Shinkai, S. Saccharide Sensing with Molecular

Geeta Zalmi, Ph.D. Thesis, Goa University Page xxiv



(12)

(13)

(14)
(15)

(16)

(17)

(18)

(19)
(20)

(21)

(22)

Receptors Based on Boronic Acid.

James, T. D.; Sandanayake, K. R. A. S. Novel Photoinduced Electron-Transfer Sensor
for Saccharides Based on the Interaction of Boronic Acid and Amine. 1994, 477-478.
Wu, D.; Sedgwick, A. C.; Gunnlaugsson, T.; Akkaya, E. U.; Yoon, J.; James, T. D.
Fluorescent Chemosensors: The Past, Present and Future. Chem. Soc. Rev. 2017, 46 (23),
7105-7123. https://doi.org/10.1039/c7cs00240h.

H Kara, O. A. M. A. New Trends in Fluorescence Spectroscopy; 2001; Vol. 1.
Basabe-Desmonts, L.; Miiller, T. J. J.; Crego-Calama, M. Design of Fluorescent
Materials for Chemical Sensing. Chem. Soc. Rev. 2007, 36 (6), 993-1017.
https://doi.org/10.1039/b609548h.

Zhou, G.; Zhang, X.; Ni, X. Tuning the Amphiphilicity of Terpyridine-Based FI
Uorescent Probe in Water: Assembly and Disassembly-Controlled Hg?* Sensing ,
Removal , and Adsorption of H 2 S. J. Hazard. Mater. 2019, No. September, 121474,
https://doi.org/10.1016/j.jhazmat.2019.121474.

Wang, H.; Wu, S. Sensors and Actuators B : Chemical A Pyrene-Based Highly Selective
Turn-on Fluorescent Sensor for Copper ( 11') lons and Its Application in Living Cell
Imaging. Sensors Actuators B. Chem. 2013, 181, 743-748.
https://doi.org/10.1016/j.snb.2013.01.054.

Kwok, R. T. K.; Leung, C. W. T.; Lam, J. W. Y.; Tang, B. Z. Biosensing by Luminogens
with Aggregation-Induced Emission Characteristics. Chem. Soc. Rev. 2015, 44 (13),
4228-4238. https://doi.org/10.1039/c4cs00325j.

Edition, 1. Chemie. https://doi.org/10.1002/anie.202000845.

Zhao, Z.; Zhang, H.; Lam, J. W. Y.; Tang, B. Z. Aggregation-Induced Emission: New
Vistas at the Aggregate Level. Angew. Chemie - Int. Ed. 2020, 59 (25), 9888-9907.
https://doi.org/10.1002/anie.201916729.

Gao, M.; Tang, B. Z. Fluorescent Sensors Based on Aggregation-Induced Emission:
Recent Advances and Perspectives. ACS Sensors 2017, 2 (10), 1382-1399.
https://doi.org/10.1021/acssensors.7b00551.

Saha, S.; Ghosh, A.; Mahato, P.; Mishra, S.; Mishra, S. K.; Suresh, E.; Das, S.; Das, A.
Specific Recognition and Sensing of CN- in Sodium Cyanide Solution. Org. Lett. 2010,
12 (15), 3406—3409. https://doi.org/10.1021/01101281x.

Geeta Zalmi, Ph.D. Thesis, Goa University Page xxv



CHAPTER 1

Geeta Zalmi, Ph.D. Thesis, Goa University Page 1



Chapter 1

Chapter 1

1.1. Introduction

Now a days, for the development and betterment of the whole world new strategies and
technologies are being employed. But at present it is observed that in the name of development
and advancement there is lot of destruction and pollution is going on [1,2]. These destructions
have led to loss of various natural habitat, pollution of natural resources such as soil pollution,
water pollution and so on harming the whole environmental resources as well as in turn harmful
for human health. The reason behind the cause is due to destroying the environment,
infrastructure, employing the new methodologies for agricultural development, release of toxic
pollutants in natural water bodies, deforestation, mining and so on. These all activities led to
the toxification of resources available on the earth [3]. Considering these facts there is need of
detecting and remediation to overcome the various problems or challenges faced by mankind.
Therefore, the various fields such as physical analysis, chemical analysis and biological studies
play the major role to overcome the problem and find the solution. Learning from the recent
studies showed tremendous growth in the field of science to overcome the problems.

The Chemistry field has gain lot of attention of many scientists to overcome the pollution
caused by aforementioned sources such as industrialization which is considered as one of the
major causes of pollution of various water bodies [4]. In chemistry now a days “Supramolecular
Chemistry” has drawn attention of many researchers. Supramolecular chemistry is the branch
of chemistry that deals with formation of new structure by non-covalent interactions such as
electrostatic interaction, hydrogen bonding, van der Waals forces, n-t interactions, metal
coordination.[5] The field of supramolecular chemistry was first introduced by Jean Marie
Lehn. He termed the supramolecular chemistry as the “chemistry beyond the molecule” [6]. In
addition, Sir Donald J. Cram (host-guest Chemistry) and Sir Charles Pedersen (synthesis of

crown ether for specific interaction of high selectivity) [7,8]. They received Nobel Prize in
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chemistry in the year 1987 [9]. Supramolecular chemistry usually composed of molecular self-
assembly, molecular folding, molecular recognition, host guest chemistry, mechanically-
interlocked architecture, and dynamic covalent chemistry. Amongst all these fields host guest
chemistry is considered as one of the best approaches for detection and remediation of various
pollutants/analyte. Further in host guest chemistry chemosensor is another field which is used
for sensing of various essential, non-essential, neutral and toxic analyte from the system [10].
Chemosensors is a molecular device consisting of binding site, spacer, and fluorophore unit,
which are also termed are receptor or probe. These chemosensors usually shows the
fluorescence phenomenon accordingly it is also termed as fluorescent chemosensor/
fluorescent probe. Figure 1.1. The fluorescent molecule has wide application in various field
such as biomedical application, biological fluorescent marker, optoelectronics, forensic

sciences, food industry and sensing application [11,12].

\\ / Binding unit

/f\

Signalling unit

Signalling unit ~ Binding unit Guest

Figure 1.1. Components of fluorescent chemosensor

However, we are more interested in application of synthesis of organic fluorescent molecule
and use them for sensing application for various cations, anions and neutral molecules.
Although there are various instrumental techniques being employed for determination of
various analyte species. But fluorescent molecules due to its high sensitivity, high selectivity,
detection limit, hand-held method and naked eye detection is possible. Few fluorescent

molecules can be synthesized by simple synthetic approach using cost effective reagents. There
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is no use of highly sophisticated instrument required for sensing application therefore,
fluorescent sensing is considered as major focus of many scientists and the field has explored
its application in various fields of scientific technology [13].

F. Goppelsroder developed the first fluorescent chemosensor in 1867 which is based on strong
interaction between the morin ligand and aluminium ion (AI®") This resulted into birth and
development of analytical chemistry in the field of sensing application [14,15]. Later de Silva
and Czarnik explored the field of sensing application. Now a days many researchers are
focusing on sensing of various anions, neutral molecules as well as these fluorescent molecules
can be utilized for determination of intracellular pH, temperature and viscosity. Along with the
sensing application the field has shown the rapid advancement in biological imaging
application. The detection of analyte by fluorescent sensor is carried out by various
photophysical phenomenon such as photoinduced electron transfer [16], chelation induced
enhanced fluorescence (CHEF) [17], aggregation induced electron transfer (AIE) [18,19],
intramolecular charge transfer (ICT) [20,21]. The aforementioned photophysical processes
mainly occurs by various when the analyte and fluorescent molecule interaction takes place by
hydrogen bond interaction, metal coordination, van der Waals interaction, nucleophilic
substitution reaction and protection deprotection mechanism [22]. Herein are few examples of
various organic fluorescent molecules that can be used for sensing of cation, anions, neutral
molecules, pH, temperature and viscosity.

Various analytes especially anions and cations are essential as well as measured harmful for
human health, which enters in to the environment by illegal activities or negligence. This led
to contamination of water resources and affects the food chain. All over the countries Europe
India, Africa, South America and China water pollution is the major problem. Different cations
such as AI**, Cr3*, Cd?*, Co?*, Mg?*, Hg?*, Sb**, CN-, F, Br-, CI-, As®*, As®, Cu?* enter in to

the water bodies due to industrialization. Few metal ions play very crucial role in biological
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and physiological processes occurring in nature which includes alkaline metal ion such as
sodium (Na*), Calcium (Ca?*), potassium (K*), copper (Cu?*), Zinc (Zn?*), Magnesium (Mg?*)
however few are toxic which includes lead (Pb?*), Cadmium (Cd?*), mercury (Hg?*), Arsenic
(As®). There are different instrumental techniques such as electro analytical methods, atomic
absorption spectroscopy (AAS) [23], inductively coupled plasma mass spectrometry (ICP-MS)
[24], colorimetric methods that can be used for detection of this toxic pollutants. Due to high
sophistication, expensive, difficult to handle, time consuming analysis hence amongst all those
techniques fluorescent sensing is considered as most convenient method for sensing application
as it is fast, low cost of instrumentation, cost effective, simple and easy to handle, and naked
eye detection. There are number of fluorescent dyes such tetraphenylethylene (TPE) [25],
naphthalene-diimide (NDI) [26], carbon dots (CQ-D) [27,28], Schiff’s bases [29,30,31],
conjugated polymer, various metal organic framework (MOFs) [32], pyrene [33], coumarin

substituted derivatives and so on [34].
1.2. Fluorescent molecules for sensing essential cations (Na*, K*, Ca?*)

The cations are very important and great interest to many scientists in various field such as
chemists, biologist, environmentalist and for clinical biochemist. There are different metal ions
such as that essential and involved in biological processes. Sodium, potassium magnesium and
calcium are considered the essential elements which are involved in muscle contraction, cell
activity regulation, many nerve transmission impulses, enzyme activation, blood pressure
regulation in the body, pH and various ionic concentration are governed by this element. All
these elements in excessive dosage leads to different health disease and hampers various
biological activities. Analytical techniques available for detection of cation includes flame
photometry, atomic absorption spectrometry, neutron activation analysis, ion selective
electrode, electron probe analysis. But these techniques due to high sophistication, expensive

and large amount of sample is requirement instrumental methods is now replaced with another
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method extensively used now a days is the method of fluorescent sensor. Fluorescent sensing
offers more advantages over other instrumental methods in terms of high selectivity, rapid
response time, naked eye detection high sensitivity and lowest limit of detection [35,36].
Crown ethers are the basic scaffold used for capturing the alkali metal ions such as Li*, Na*,
K*, Ca?* and Mg*. Crown ether was first discovered by Charles Pederson in 1967 along with
DuPont [37]. The Crown ether was synthesized while preparing the complexing agent for
divalent cation. His approach was to use catecholate groups with hydroxyl on each molecule
which led to formation of byproduct complex with K* ion. Some common structures of crown
ether Figure 1.2. [38,39].

Muller et al. developed red to near infra-red (NIR)-emitting BODIPY fluorophore for
potassium sensing. Most of the time crown ethers, cryptands have shown wide application in
sensing of K* and Ca?*. Crown ethers shows selectivity depending upon the core/cavity size of
crown ether. In this work BODIPY is functionalized with crown ether which showed high
selectivity towards K* ion. Initially the molecule appears to be non-fluorescent while upon
addition of K* the molecule showed turn ON fluorescence. The binding mechanism is as
represented in Figure 1.3. below [40].

Another core substituted napthalidiimide system functionalized with crown ether was
synthesized by Cox and co-workers. In their work two new NDI functionalized with aza-15-
crown-5 ether (NDI 5) other NDI was functionalized with aza-18-crown-6 ether (NDI 6). The
two functionalized NDI were successfully investigated for sensing of alkali metals, to study its
photophysical properties and binding mechanism. the molecule ND1 5 showed high selectivity
towards Ca?* ion while NDI 6 showed excellent selectivity towards Na* and K* ions. Form this
it concluded that by differing the size of the crown ether the optical properties and selectivity
with different alkali metal ion can be tuned successfully. the structures of the compounds are

as shown in Figure 1.4. below [41].
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Figure 1.2. Common structures of crown ethers

Figure 1.3. Schematic pathway for binding of K* ion by using fluorescent BODIPY receptor

with crown ether.
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Figure 1.4. NDI-core substituted aza-crown ether for sensing of Ca?*, K*, and Na* ion.

Functionalized crown ethers are not only used for Na* and K* ion sensing but the molecules
can be also used for sensing of Li* ion in aqueous environment. It very important to detect the
Li* in aqueous solution as the heavy dosage may led to various neurological disorders such as
depression. Herein Hangarge and group designed aza-12-crown-4 ether substituted to NDI core
that is successfully used for sensing of Li* ion. The structure for the synthesized NDI (NDI-
12-C-4) based sensor as shown in Figure 1.5. with observed spectral and color changes with

the addition of Li* ion Figure 1.5. (b) and (c) [42,43,44].
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Figure 1.5. (a) Organic fluorescent crown ether for Li* and Ca?* sensing (b) absorption spectra
with addition of Li* and (c) Emission spectral changes with Li* addition.
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1.3. Fluorescent molecules for toxic cation sensing

Various biological and physiological processes in body and in all other life forms are governed
by metal ion hence are considered very important topic on interest on many researchers. Metal
ions essentially participate in various biochemical processes such as metal transportations in
the body, energy conversion and metabolic activities. Excess of metal ion in the body may lead
to serious health issue and restrict the various biological metabolism [45]. Hence there is need
of monitoring, study its distribution in the individual system such as various cells and tissues
in living organisms. On the earth crust there are several essential (Na*, K*, Ca®*, Zn?* and Mg?*,
Fe?*) and nonessential metal ions/toxic metal ions (Hg?*, Pd?*, Pb?*, Cu?*, As®*, Cr®) and
anions (F-, ClI, CN-, Br’) [46].

There are several instrumental methods available to detect the metal ions such as atomic
absorption spectroscopy (AAS), atomic emission spectroscopy (AES), ICP-MS etc. But due to
high sophistication, cost and difficult to handle limits its application in sensing. However, over
various instrumental techniques organic fluorescent material has gained greater advantage due
to its high selectivity, sensitivity, high fluorescence quantum yield, easy synthesis methods,
handheld method. From environmental and biological significance perspective detection of
metal ions is very important with lowest detection limit which is successfully achieved by the
using organic fluorescent derivative. Therefore, organic fluorescent molecules found to be
promising platform for sensing of various analytes and other fields. Different fluorescent
molecules for sensing of toxic cations are introduced such as sensing of arsenic, lead, mercury,
cadmium, palladium by using aggregation induced emission phenomenon (AIE) [47]. Herein
are some examples of various fluorescent material for sensing of toxic pollutants.

Arsenic (As) is the most toxic species and found especially in ground water leading to serious
health issue which is responsible for breaking of DNA, induces the increase in cellular level of

nitric oxide and superoxide, and affecting phosphorylation with proteins. The permissible limit
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of arsenic in water is 10ppb as prescribed by World Health Oragnization (WHO) but
contamination level is increasing day by day [48,49]. There are several instrumental methods
for analysis of As®* content in water such as AAS, AES, ICP-MS, and AFS however,
fluorescent method has proved to be excellent approach due to its rapid analysis, low cost, easy
synthesis method, high selectivity and sensitivity [50,51].

Tian and coworkers designed and synthesized AIE active molecule by reacting 3,5-
dibromobenzaldehyde with (9-phenyl-9H-carbazol-3-yl)boronic acid via Suzuki coupling
reaction in single step. In this material carbazole acts as molecular rotor which is combined
with cysteine that can be used for sensing of As3* in aqueous medium. The observed binding
mode of arsenic with receptor was via chelation with the thiol group of the cysteine. The
fluorescence response towards various cations such as As®*, Ni?*, Mn?*, Co?*, Pb?*, Cd?*, Cu®*,
AP, Hg?*, Fe®, Cr®* and Fe®* were performed in order to check the selectivity. The
enhancement in fluorescence was observed with addition of As®* over other competing cations
[52]. Figure 1.6.

Another cysteine functionalized AIE active TPE derivative was introduced by Beglan and co-
workers for detection of As®* in aqueous medium. The schematic pathway for synthesis of
derivative as shown in Figure 1.7. The synthesized molecule consists of cysteine with thiol
acting as a binding site for As* (As-S) bond. For this receptor basic binding mode is via three
thiol groups of cysteine that binds with As®* forming triagonal pyramidal geometry (As-(Cys-
TPE)s3). Due to nt-7 stacking interaction of TPE results in to turn on fluorescence with addition

of As®* [53].
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Figure 1.6. Carbazole based fluorescent molecule for arsenic detection.
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Figure 1.7. Schematic pathway for synthesis of TPE-Cy receptor for As3* sensing.
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Cadmium is another toxic pollutant which needs to detected from environmental aspect. From
last 10 decades there are number of sensors deviced for sensing of cadmium herein recently Li
et.al. synthesized Y-shaped AIE active molecule for sensing of Cd?* and Fe*3 metal ion in
aqueous medium. The Y- shaped dimb exhibits turn ON fluorescence response towards Cd?*
while quenching of fluorescence was observed with the addition of Fe3* metal ion [54]. Figure
1.8.

Zhang and co-worker synthesized another AIE active fluorescent material for turn ON sensing
of Cd?*. The molecule consists of triazole bridged cyclodextrin (CD) connected to TPE
molecule with excellent AIE active property exhibited 0.01uM detection limit. Palladium
gained wide importance in petroleum and chemical industry but in addition it has detained
harmful effects on human health, environment and various biological system. With this respect
sensing of Pd?* sensing is very important which can be detected by using non-destructive and
less expensive method i.e by utilizing fluorescent material [55]. Herein Liu et.al synthesized

conjugated polymer a,®- diene by using acylic diene metathesis approach (ADMET).

V-dimb |

X-dimb | ]

Figure 1.8. Representative chemical structures of the fluorescent material for Cd?* sensing.
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The synthesis approach is very simple by linking two diene monomer M1(1,2-diphenyl-1,2-bis
(4-vinylphenyl) ethane) (DBVE) and 4,4-(2,2-diphenylethene-1,1-diyl)bis-(vinylbenzene)
(DDBV) connected to AIE active TPE moiety via two different modes. Further in order to
increase the solubility it was functionalized wither other three comonomer units (M2) such as
1,9-decadiene (C10) linear alkene, 2,7-divinyl-9,9-di-noctylfluorene (Flu) and 1,4-dihexyl-
2,5-divylbenzene (Ben). Dynamic fluorescence quenching was observed with the addition of
Pd?* which thus proved to be effectively used for environmental sensing of Pd?* successfully
[56]. Figure 1.9. In addition, Mukherjee and co-workers developed mono-pyridine substituted

triarylethene derivative for detection of Pd?* [57].

ADMET
MM+ A2 N —— X M2 ~~~
% M1 /\)rr"( \/*);/
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Figure 1.9. Conjugated polymer for sensing of Pd?*.
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Lead (Pb) is another toxic component and detrimental to human health in addition Pb?* and its
derivatives are also considered extremely toxic has cumulative effect especially on children’s
health [58]. Herein turn on and turn off sensing strategy is applied for detecting Pb?* ion one
of the best examples is TPE based fluorescent chemodosimeter synthesized by Khandre et.al
for selective detection of Pb?*. The chemodosimeter consists of tetraphenylethene phosphate
monoester residues that exhibit strong affinity towards Pb?* at 95% water : THF fraction by turn

on strategy with lowest detection limit of 10ppb [59]. Figure 1.10.

Figure 1.10. TPE based phosphate monoester for sensing of Pb?*.

Soils and water are heavily polluted by toxic element such as lead and mercury which have
potential negative and harmful effect on environment and human health. Mercury is widely
spread sin various water bodies due to industrialization new agricultural practices. The mercury
has major impact on immune, endocrine and nervous system. Methyl mercury is the potent
neurotoxin for serious damage to central nervous system and damaging several parts of body
[60,61]. Huang et.al. worked on tetra pyridyl TPE AIE active molecule for selective and
sensitive detection of Hg?* ion. However, same tetra pyridyl probe was used for H* sensing
and for sensing of intracellular pH by fluorescence cell imaging. The molecule showed
excellent AIE activity with turn ON fluorescence towards Hg?*. The compound was weakly

emissive but as the concentration of Hg?* ions there is significant increase in the fluorescence
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intensity. It is interpretated that the 4 pyridyl groups shows coordinate interaction. Further

HSO, addition leads to enhancement of fluorescence as shown in Figure 1.11. below [63].

Aggregation of 1 with Hg?*-HSO,

Figure 1.11. Schematic illustration for coordination of Hg?* to TPE-Py.

Ruan et.al designed a novel AlEgens comprising of two thioketal moieties (p-DTPES and m-
DTPES) for sensing of Hg?* ions which undergoes via deprotection reaction as represented in
Figure 1.12. The luminescence properties change especially the color change was observed
from sky blue to yellow green upon addition of Hg?* ion which was also observed through
naked eye. Further the probe was successfully employed for real practical application in
determining mercury ion in water sample [64].

Shi et al. synthesized three a simple derivative namely M1 with triphenylamine, as donor
moiety and barbituric acid as acceptor species by Knoevenagel reaction exhibited excellent
aggregation induced emission enhancement (AIEE) characteristics in a THF-H20. It was
observed that probe showed excellent selectivity towards Hg?* ions. Herein there is interaction

between Hg?* ion with thymine like groups in M1 leading to enhancement in fluorescence [65].
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Figure 1.12. Schematic illustration for sensing mechanism by deprotection upon addition of
Hg?*.

In another example Kala and colleague developed similar carbazole derivative of barbituric
acid based AIE active derivative found to be highly selective and sensitive towards detection
of Hg?*ion M2 [66]. Wherein Wang and co-workers designed anthracene derivative which acts
as donor and barbituric acid as acceptor by forming mercury (I1) barbiturate coordination
polymer M3. The barbituric acid plays important role in supramolecular chemistry to afford
Hg?* mediated supramolecular self-assemblies. Thus, the fluorescent molecules have wide

application in detecting the toxic ions from environmental system [67] Figure 1.13.
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Figure 1.13. Chemical structures of barbituric acid derivatives namely M1, M2, M3 with

triphenylamine, carbazole, anthracene, respectively used for mercury sensing.

1.4. Fluorescent molecules for sensing of anions

Now a days it very much needed to develop the method for recognizing and sensing of
environmentally and biological analytes and considered important field in chemical sensor.
This is because various biological, chemical and physiological processes are governed by
different analyte/ species such as anions and cations. Anions play very important role in
chemical biological aspect such as F-, CI-, Br, I, HCOs*, HPOs>» OAC", CN", NO3", HSOx".
Amongst various anions F- and CN- are the most commonly recognized and investigated.
Fluoride with highest charge density, small ionic radii, hard Lewis basic nature led to design
of fluorescent receptor which focuses on host/guest chemistry in the field of supramolecular
chemistry. Fluoride sensing can be achieved by protonation and deprotonation mechanism,
deprotection mechanism, hydrogen bond interaction. While the cyanide sensing can be
achieved by hydrogen bond interaction, or via substitution reaction. Herein few examples
discussed for sensing of anion [68].

Chen and co-workers synthesized turn on fluorescent probe based on difluoro boron
dipyrromethene (BODIPY) dye conjugated with hydrazone (BDBH) for selective and
sensitive detection of fluoride anion. The receptor BDBH [S1] consists of N-H group which

act as binding site for Fluoride. When tetra butyl ammonium salt of F~ anion was added to the
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solution containing receptor BDBH the solution shows “turn on” fluorescence. This occurs via
deprotonation of N-H proton with the incremental addition of F- [69].

Another example of fluoride sensing which clearly exhibit the protonation and deprotonation
sequence for sensing of fluoride anion. Herein Nadimetla et.al. synthesized TPE cyclic urea
based fluorescent molecule for sensing of fluoride anion. In their work TPE is used as the donor
moiety with cyclic urea contain NH protons are used as receptor species. [S2] The fluorescent
molecule shows fluorescence guenching with addition of F~ anion [70]. However, our group
recently studied that OH- containing receptors are also susceptible for sensing of fluoride by
deprotonation reaction via proton abstraction from the hydroxyl group. The molecule was
synthesized by using quinoxaline as donor and Schiff’s base as receptor contain OH" group.
[S3] The molecule showed good AIE phenomenon when F- anion was added to the receptor
solution complete quenching of fluorescence was observed. The F anion interacts with
hydrogen of hydroxyl group in receptor by deprotecting and resulting in to formation of HF
complex which was confirmed by *H NMR study. From 'H NMR data it is confirmed that the
hydroxyl hydrogen peak appearing at 13.5 disappear completely with the appearance of triplet
in the region of 15.85 ppm to 16.6 ppm [71]. The structures of the compounds are shown in
Figure 1.14.

In addition to fluoride anion, cyanide is one of the most toxic and caused terrific effect on
human health and environment. Therefore, it is very crucial to detect the F-and CN- ion below
its detection limit. Usually, the mechanism involved for sensing application goes via hydrogen
bonding but other approach that is more prominent for cyanide sensing is via anion induced
reaction finally resulting in to formation of new compound. Based on this criteria Borah and
co-workers developed BODIPY based fluorescent molecule for selective sensing of F-and CN-

ion reaction mechanism as shown in Figure 1.15. below [72].
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Figure 1.14. Structure of fluorescent molecules for sensing of F-ion.

Figure 1.15. BODIPY fluorescent probe for F- and CN- ion sensing
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Kim et.al synthesized naphthaliimide derivative with imidazole receptor moiety for sensing of
CN-and F ion. The fluorescent molecule was synthesized by linking naphthaliimide unit and
benzimidazo le moiety connected through phenyl as a spacer Figure 1.16. The binding with
CN-and F- was successfully examined by UV-Vis absorption, fluorescence emission study and
'H NMR studies. When CN- and F~ anion was added to the solution of the probe changes the
color from yellow to reddish orange. The observed color change as well as photophysical
change was due to deprotonation of N-H of the imidazole moiety which is actually recognition

unit of the synthesized probe [73].

=N O
ROGS
o]
Figure 1.16. Structure of the Naphthaliimide functionalized imidazole.

1.5. Fluorescent molecules for sensing of neutral molecules/ biomolecules

Carbohydrates-fiber, starches and sugars are essential food nutrients that turn into glucose as a
source of energy for body functioning [74]. Glucose and other saccharides are the class of
compounds belonging to carbohydrates which are considered very important for daily life, for
example, glucose, fructose, and other saccharides. Classification of different carbohydrates as
represented in Figure 1.17. [75]. As said carbohydrates are not only essential nutrients but high
levels of the carbohydrate may result in serious health issues. One major health problem is

blood sugar level widely known as “Diabetes” [76,77]. After meals, carbohydrates are broken
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down into glucose causing the blood sugar level to increase resulting in the production of
insulin, a hormone that allows the body to use that as energy or storage. Further the continuous
increase in the blood sugar level resulting to decrease in the production of insulin commonly
known to be insulin resistance. Therefore, there is a need of determining the blood glucose
level and control the level of sugar in the body reducing the health effect. [78,79]

Diabetes or Diabetes Mellitus is a metabolic disorder resulting in to increase in a high level of
blood sugar further creating other health complications such as cardiovascular diseases, chronic
kidney diseases and stroke. It is considered one of the leading causes of death all over the world
[80,81]. According to recent reports from the International Diabetes Federation increase in the
diabetes has resulted in the greatest burden on the individual and government sector all over
the world. Therefore, there is a need of developing efficient methods for diagnosis and further
treatment of the patients. The earliest detection of diabetes helps to improve the life for
individual safety and health and plays crucial role in order to initiate the treatment for the
individual safety and health. Monitoring of blood glucose concentration plays a significant role
that helps in the diagnosis and prevention of diabetes. The commonly employed method for
glucose sensing is the use of an electrochemical sensor. First the enzymatic glucose with
glucose oxidase immobilization works on the catalytic oxidation of glucose in presence of
oxygen as a mediator. Secondly, nonenzymatic glucose sensor which is stable but needs to
overcome the higher overpotential of glucose oxidation [82].

Looking into the significance of glucose sensing, very few reports are available that cover
insight into this concept. Many scientists explored the field such as electrochemical sensors for
glucose determination, fluorescence method, Raman spectroscopy, IR-spectroscopy and so on.
However, this book chapter provides an overview of various sensing methods and different

strategies with the advancement in technologies for glucose monitoring [83].
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Figure 1.17. Classification of carbohydrates

There are many organic fluorescent molecules for the detection of neutral molecules using
boronic acid through covalent interaction as it has excellent hydrogen bond formation capacity
in aqueous media. The Shinkai and coworkers instigated the boronic acid compound for the
effective detection of the glucose for the first time [84]. But few boronic acid functionalized
receptor lacks electronic charges which tend to interact with neutral molecule and an important
factor is pH which plays an important role as the saccharide and boronic acid forms the complex
at high pH by forming the boronate anion therefore to overcome the disadvantage James et al.
modified and synthesized a novel photoinduced electron transfer fluorescent sensor based
functionalized with boronic acid and amine for saccharide detection. In this work, compound
Il doesn’t inhibit the photoinduced electron transfer (PET) quenching process though having
boronic-amine interaction but compound I11 contains the separated amine from boronic acid at
very high pH so fluorescence got quenched. While the interaction of saccharide inhibited the
electron transfer process resulted in high fluorescence in compounds IV and V. The schematic

presentation for binding of D-glucose as shown in Figure 1.18. [85,86].
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Figure 1.18. Schematic representation for binding interaction with glucose.

Yang and co-worker designed another fluorescent molecule that is combined with boronic acid
and a guanidium recognition site onto the anthracene derivative. This molecule shows the
reversible formation of cyclic ester and strong interaction between the guanidium moiety and
carboxylate. Further, the fluorescence experiments were conducted by using simple anthracene
substituted with guanidine and anthracene with boronic acid as the control compound to study
the effect of saccharides on the receptor. It is observed that the control compound substituted
with guanidine did not exhibit any change in fluorescence upon addition of glucarate, upon
addition of the glucarate to anthracene substituted to only boronic acid with glucarate addition
showed a change in fluorescence however the magnitude was smaller. The receptor with two
different binding sites showed a prominent response to spectral change upon the addition of D-
glucarate. As shown in Figure 1.19. different derivatives of anthracene are substituted with
guanidine and boronic acid (1, 2, 3). This change is mainly due to the boronic acid and
guanidium-specific binding site on the anthracene derivative with two binding modes as
appropriate linker length and excellent rigidity. This rigidity is mainly due to the glucarate

binds more strongly with glucuronic acid indicating that both the carboxylates are involved in
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binding via interaction with guanidium chain [87,88].

OH OH
B B
HO” HO~- .
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Figure 1.19. Derivatives of guanidine and boronic acid substituted anthracene derivative

Zhang and group for the first time sucessfully designed the boron doped graphene quantum dot
which operates on the abnormal mechanism known as aggregtaion induced emision process.
Thus by using the concept of aggregate formation and intramolecular rotations giving
reproducible enhancement in fluorescence which was first time observed in graphene quantum
dots which is well explained in this work. A hydrothermal approach was utilized for preparing
the Boron doped graphene quantum dot (BGQDs). The boronic acid funtionalization on the
BGQDs facilitates the use of the gantum dot glucose detection . Since the glucose consists of
the cis diol units which easily get cordinated with boronic acid group. Upon binding of diol to
boronic acid group on the funtionalized graphene quantum dot it forms the rigid BGQD-
glucose aggregate, thus restricting the free rotation resutling in to enhacement of fluorescence
intensity Figure 1.20. From this it is revealed that the boron doped quantum dot is highly
specific and sensitive for dectection of glucose over other sachharides such as fructose,
galactose and mannose. In conlcusion the doped boron atom on to the GQDs which creates the

new platform which has great scientific importance [89,90].
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Figure 1.20. The picture represents the Boron-Doped Graphene Quantum Dots (BGQDs). (b)
shows the aggregration induced emission interaction between the BGQDs and glucose

resulting into enhencement in fluorescence.

1.6. Organic fluorescent molecules for Temperature, pH and Viscosity

sensing

Temperature, pH, and viscosity are the important fundamental physiological parameters and
gained enormous attention due to its wide biomedical application. Recently the molecular
sensor is used extensively for change in behavior for external stimuli such as light, temperature,
pH and viscosity. Broad range of biological activities especially biological reactions which
include enzyme activity, gene expression, energy metabolism and cell division in living cell
organelle [91]. Abnormal changes in pH, temperature results in to various cellular
microenvironment to dysfunction. It is difficult to measure the temperature pH and viscosity
of the small confined individual cell, however there are several conventional methods to detect
the parameters. Therefore, fluorescent molecules have shown promising results and increasing
demand for biological due to its high selectivity, spatial resolution and rapid response time.

However accurate sensing of the pH, temperature and viscosity in individual cells still
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remaining challenging [92].

From last past few years, number of fluorescent materials have been developed for
thermosensitive, pH sensitive and viscosity sensing but still it is difficult to characterize these
parameters and has certain limitations such as lack of hydrophilic nature, leakage of cell, poor
structural stability and biotoxicity. Therefore, to overcome these problems fluorescent material
with polymeric materials were designed and synthesized to employ for monitoring the insight
in to temperature, pH and viscosity measurement intracellular in live cell. The polymeric
fluorescent material comprises of thermo-responsive unit and conventional fluorescent moiety.
Herein few examples for selective and sensitive sensing of intracellular temperature, pH, and
viscosity sensing. The polymeric organic fluorescent material with aggregation induced
emission has gained lot of attention. Herein Chen and co-worker designed and constructed
thermos-responsive elastin like polypeptide (ELPs) connected with TPE used for temperature
sensing. The synthesized derivative consists of val-pro-gly-xaa-gly (VPGXG) pentapeptide the
guest residue X represents any amino acid other than proline. It was noted that with change in
amino acid the ELPs shows tunable change with respect temperature change from between 0°C
to 100°C. Figure 1.21. The photophysical properties of ELPs40-TPE and ELPs40 were studied
by measuring absorption and emission spectra. The ELPs-40 with TPE showed excellent
aggregation induced emission properties. Further the ELPs40-TPE was investigated for
temperature sensing property and it was observed that the molecule showed gradual decrease
in fluorescence intensity as the temperature increases from 5°C from 25°C to 50°C with
excellent linear regression coefficient of 0.9953. The reversible nature of ELPs40-TPE was
observed by decreasing and increasing the temperature. It noted that the molecule shows
decrease in fluorescence intensity while fluorescence slowly reappears as the temperature turns

back to 25°C [93].
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Figure 1.21. Schematic illustration of polymeric elastic ELP-40 derivatized with

tetraphenylethylene molecule for temperature sensing.

Wang et.al synthesized long-term cellular tracing TPE-based AIE active polymer which can
be employed as temperature-sensitive fluorescent organic nanoparticle with aggregation-
induced emission [94]. This temperature-sensitive organic nanoparticle with the AIE effect was
synthesized with tetraphenylethene based poly(N-isopropylacrylamide) (TPE-PNIPAM) via
atom transfer radical polymerization (ATRP). The obtained TPE-PNIPAM shows good AIE
characteristics in water which self-assembles into nanoparticle [95,96].

A donor-rt-acceptor luminogen, 2-([1,1-biphenyl]-4-yl)-3-(4-((E)-4-diphenylamino) styryl)
phenyl) fumaronitrile (TBB) ratiometric organic fluorescent thermometer was synthesized by
Meng et.al based on TICT near-infrared for intracellular temperature sensing. The TBB was
designed by encapsulating NIR fluorophore TBB and Rhodamine 110 dyes into an amphiphilic
polymer matrix F127 to yield TBB&R110@F127 nanoparticle (TRF NPs) which showed
excellent temperature response in the temperature range of 25°C to 65°C and good aggregation

induced emission.
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Since the TRF NPs has reversible temperature sensing nature and therefore it is employed for
intracellular temperature sensing application with temperature change from 25°C to 53°C. It is
observed that the emission decrease as the temperature increases at 680 nm while emission
intensity remains unchanged at 520 nm. The stability and reversibility studies were performed
for TRF NPs with heating and cooling cycles from 25°C to 65°C which remained constant

throughout the analysis indicating the excellent stability [97]. Figure 1.22.
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Figure 1.22. A) A diagrammatic representation of the self-assembly and fabrication for TRP
NPs. B) A photoluminescence emission spectrum of the TRF NPs at temperature range from
25 °C to 65 °C. C) A plot represents ratio reversibility by successive heating and cooling of
TRF NPs.

pH is another physiological parameter that is important for maintaining various biological,
chemical and environmental process. Therefore, it is very important for accurately measuring
the pH. The pH of blood and intracellular fluid is 7.35-7.45. Most of the time frequently pH

electrode is used for pH determination due to certain drawbacks such as rigid design,
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mechanical fragility and temperature dependent response. However, the pH electrode has
limited applications, therefore to overcome the problem optical pH sensing has explored wide
application in various field. Optical properties can be well performed with absorption and
fluorescence study which shows distinct changes upon protonation and deprotonation at
different pH values. Many organic florescent molecules have been employed so far for
intracellular pH determination but these fluorescent molecules usually exhibit single
fluorescence intensity variation as the pH changes however, sometimes it shows toxicity with
non-specific binding site and requires other source to transfer in the cell for intracellular
determination of pH [98].

An AIE active hemi cyanine fluorogen red/emissive fluorescent molecule was designed by
Chen and co-workers deigned with sensing range by switch + knob effect. The red emissive
zwitterionic dye hemi cyanine dye composed of TPE and N-alkylated indolium moiety (TPE-
Cy). The molecule showed excellent photophysical property along with high sensitivity
towards H*/OH". TPE-Cy can sense the pH in the wide range of pH by exhibiting different
color change and emission intensity. It was observed that as the pH range changes for pH 5-7
moderate red emission was observed while at pH 7-10 weak emission in addition as the pH
increases form 10-14 strong blue emission was observed. This present study on the
fluorescence molecule helps to design various fluorescent material for pH sensing. the
synthesized dye exhibited excellent biocompatible and cell permeability making the dye
promising for intracellular detection of pH in wide range of physiological pH from acidic to
basic with intense red to blue emission. Thus, the use of the TPE-Cy for intracellular pH sensing
was monitored by confocal microscopy, radiometric analysis and flow cytometry Figure 1.23.

[99, 100].

Geeta Zalmi, Ph.D. Thesis, Goa University Page 29



Chapter 1

TPE-Cy-OH
10

F
8.07 _I
e
3 8.07 -
gm :
.F' 785 642 1 -5
£ o
g 8 73 3
s
TINEANN
6.42 459 4.59
NZ _6.22/—"“‘"*\::».4 e 04
405 485 565 645 7254550556.06570758085
Wavelength (nm) pH

Figure 1.23. Schematic illustration showing mechanism of pH change response of TPE-Cy.
(A) A confocal images of TPE-Cy on Hela cells at 405 nm and B) confocal image at 488 nm
C) merged confocal image of panel A and B, D) a confocal image merged from field image the
(bright C). (E) Represents the emission spectra for TPE-Cy at various pH and buffer ranges in
the presence of 1,2-dioleoyl-glycero-3-phosphocholine (DOPC). (F) A plot PL intensity versus
pH of solution at 489 and 615 nm respectively.

An aggregation-induced emission luminogen of 2-(5-(4-carboxyphenyl)-2-hydroxyphenyl)
benzothiazole was designed and synthesized Li and co-workers. The luminescence properties
in different solvents were investigated for compound. Variation in emission properties arises
from the prototropic equilibrium in various solvents and this tunability is based on the excited
state intramolecular proton transfer and restriction of intramolecular rotations in addition this

also resulted in to reversible acid/base switched yellow cyan emission. The proposed
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mechanism states that the photophysical luminescence properties are influenced by protonation
and deprotonation reaction. The synthesized benzothiazole compound was used for
fluorescence imaging and for studying the intracellular pH sensing using Hela cells. Figure

1.24. [101].
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Figure 1.24. A) Absorption spectra of the compound at three different pH. (Inset represents
the protonation and deprotonation sensing mechanism for compound 3 at 50umol/L and B)
The representation of confocal images at different pH buffers on incubation of HelLa cells at

50pmol/L compound.

A series of 4-N,N-dimethylaminoaniline salicylaldehyde Schiff base AIE active derivative
(DAS) was synthesized Qi feng and group. the compound showed good aggregation induced
emission property along with high fluorescence quantum yield in aggregated state. The pH
dependent properties indicates that the series of compound prepped has potential application
in pH sensing. Fluorescence changes were observed at different pH ranging from 2.0 to 10.0.
it is observed that the compound exhibited strong fluorescence in alkaline condition and
different fluorescence in acidic condition [102].

A pyridyl functionalized tetraphenylethene ratiometric fluorescent (Py-TPE) was developed by
Bhosale et.al for intracellular pH sensing. The synthesized probe was used as reversible probe
for sensing acid/ base in solution as well as in live cells. Its photophysical properties such as

absorption, emission and naked eye detection was performed in different solvent such as
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(MeOH, DMF, CHCIz). Upon protonation and deprotonation distinct color change was
observed under naked eye using Py-TPE probe. the observe color change was from light yellow
to green in acidic condition trifluoroacetic acid (TFA) but when triethylamine (TEA) was added
the colour of the solution reverse back to yellow in DMF, Methanol and chloroform Figure
1.25. In addition, the molecule was successfully employed for detection of intracellular pH in
live cell which was performed by recording the confocal images under confocal laser

microscopy at different pH (at pH 3, pH 7, and pH 9). Figure 1.26. [62].

CHCl, MeOH DMF
Figure 1.25. Mechanism of protonation-deprotonation for Py-TPE receptor (1 &2). B)

Photographs under UV light illumination (Aex=365nm) of receptor Py-TPE (1 and 2) (0.5uM)
in presence and absence of TFA(2uM) at room temperature in different solvent system.
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Figure 1.26. Emission spectra recorded upon addition of TFA and TEA in 1 (1x10° M) in
DMF (Aex = 365 nm). B) A plot of reversibility study performed at 534 nm (fluorescence
intensity vs. number repeated cycles) upon addition of TFA and TEA. c¢) Cell imaging
application imaged under Confocal fluorescence microscope of Py-TPE receptor with(5ugmL-

1) for PC-3 cells treated for 2 hours at different pH condition.

Beside the temperature and pH another parameter that is considered as an important factor in
intercellular processes is viscosity which can be monitored by using fluorescent material. The
viscosity of cell membrane and cytoplasmic viscosity can be monitored from cellular level to
organism level which helps to detect various diseases. There are number of conventional
methods for determining the viscosity but at cellular level it is very difficult to employ the
capillary viscometer or rotational viscometer for intracellular viscosity measurement.
Therefore, one of the best approaches is the use of molecular rotors and fluorescent material
such as AIE active materials and dyes [103,104,105]. A viscosity dependent fluorescent
emission and quantum yield can be used for better characterization which is described by

Forster Hoffmann Equation [106].
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Ot =Zn*
Where Z and o are constants
1 = viscosity
Fluorescence quantum ®f and life time Tr can be solved for molecular rotors by using
Hoffmann Forster equation [107].
Herein the carbazole styryl based fluorescent molecular rotors (FMR) was developed by
Kumbhar and coworkers which are functionalized with different functional groups at C=C
bond. Depending upon change in the chemical functionality the fluorescent properties of the
molecular rotor’s changes. These derivatives are highly responsive to viscous medium in which
low viscous medium shows free rotation of C=C bond but as the viscosity of the solution
increases there is restriction of free rotation along the C=C bonds. The chemical structures are

as represented below in Figure 1.27. [108].
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Figure 1.27. Structure of the carbazole styryl fluorescent molecular rotors.

Derivatives of Binol are considered an important fluorescent material for viscosity sensing
herein Yang et.al. synthesized Binol derivative by using axially chiral 1,1-binaphthol (BINOL)
and 1,4-dihydropyridine and axially chiral 1,4-dihydropyridine derivative [(R)-/(S)-2] with
AIE was designed. This fluorescent material shows excellent application in chiral recognition
and very useful in fluorescence imaging. Viscosity dependent behavior was investigated for

the [(R)-/(S)-2] by adding glycerol to the solution. It is observed that as the fraction of glycerol
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increases from 0% to 80% emission intensity gradually increases for [(R)-/(S)-2] [109]. In
addition, Chen and coworkers developed TPE-Cy fluorescent material that has excellent AIE
active property and used foe mapping viscosity in live cell. In this study the fluorescence
intensity increases as the viscosity increases which was performed by using the glycerol and
ethylene glycol. Viscosity measurement is not only important for living cell measurement but
also an important quality parameter in fluid drinks. Food spoilage in most of the cases are
indicated by the viscosity of that liquid [110]. Herein Xu et.al. developed new infrared

fluorophore based on tetranitrile anthracene (TPAEQ) to determine the viscosity.

viscosity increased P

Restricted rotation

Free rotation

Strong fluorescence (AIE)

Figure 1.28. Schematic pathway for viscosity sensing by using TPAEQ

This fluorescent molecule consists of triphenylamine ether as donor while anthraquinone
diamino nitrile as acceptor moiety. Figure 1.28. The dialkyl ether and triphenylamine exhibit
free rotation in low viscous medium while as the viscosity increases intramolecular rotations
of the molecule is restricted which results in to enhancement in fluorescence intensity. This
fluorescent probe was utilized for monitoring the spoilage of fluid drinks my measuring the
viscosity. In this study various fluid drinks were selected such as fruit juice, Kaman juice,
jasmine tea juice, pear juice, sea buckthorn juice, Jam, liquor and milk. To all these fluids food
thickeners such as sodium carboxymethylcellulose pectin and Xanthan gum was added and
emission properties were studied. It was observed that as the concentration of food thickeners

increases fluorescence intensity increases [111]. An AIE active styryl quinone fluorophores
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were designed by Dou and coworkers. This styryl quinone molecule display strong
fluorescence in solid state while exhibit poor fluorescence in organic solvents. The chemical
structures of the molecules are shown below in Figure 1.29. this molecule showed excellent
AIE active property hence these derivatives are used for biological application for viscosity

and pH sensing [112].
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Figure 1.29. The chemical structure of different AIE active styryl quinones.
1.7. Conclusion and Future outlook

In this, chapter | have introduced to the field of supramolecular chemistry and how
supramolecular chemistry can be used for chemical sensing application in order to sense
various essential, non-essential as well at the toxic ions. In this | have also introduced briefly
about the aggregation induced emission phenomenon and how the phenomenon drives towards
the sensing application. The various organic fluorescent molecule consists of donor acceptor
moiety that can be utilized not only for sensing application but can be utilized for various other

application in different field of science and technology. The fluorescent molecule shows wide
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application for biological cell imaging application, in drug delivery system, forensic science,
food industry for detection of toxic contaminants, for determination of pesticides and so on.
Different organic fluorescent molecules have been described such as TPE based, pyrene, NDI,
organic dyes and AIE active metal organic frameworks (MOFs) etc. for detection of
environmental toxic pollutants such as CN-, Hg?*, Cu?*, Pb?*, Sh3*, Pd?*, Cd?*, F-, NO3", As®*,
hydrazine. These organic fluorescent molecules are not only used for sensing of toxic pollutants
but can be successfully utilized for sensing of intracellular pH, temperature, and viscosity
measurement. In addition, the fluorescent molecule has shown extended application in the field
of theranostic application for drug delivery system.

This chapter also explores about the various fluorescent molecules for biomolecules (neutral)
sensing. Different optical methods were developed for glucose sensing most common methods
are by using boronic acid, concanavalin A-based molecules, enzyme-based glucose sensor
carbon dot functionalized glucose sensor, polymer-based glucose sensor and other
spectroscopic methods are also available for glucose sensing such as Infrared Raman and
Photoacoustic spectroscopy. In this | have briefly described various organic fluorescent
molcules for glucose sensing with the most possible binding mode of glucose to the receptor
moiety that is used for sensing application.

From thorough literature we designed different fluorescent molecule for sensing of various
analyte using the host guest chemistry in the field of supramolecular chemistry. Thus, from
theses it can be concluded that in future if we modify theses fluorescent molecules by
functionalizing its application can be extended further in various other field of scientific
technology and development. There is still need of developing various optical methods for
sensing of analytes by employing simple and easy methods for synthesis and detection over
wide range of instrumental methods. This will help many researchers to develop new strategies

and new scope in the development of research in sensing.
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2.1. Introduction

Many biochemical and physiological processes are governed by various transition metal ions
in which iron (Fe®*) plays very crucial role maintaining the life organism. Iron acts as an
important catalyst and helps in electron transfer in various oxidoreductase catalysis, oxygen
metabolism [1]. Although the iron has several advantages but overdose as well as deficiency
may result into health problems such as hypoferremia and hyperferremia. Iron deficiency may
also lead to various disorder such as diabetes, anaemia, and kidney failure. In human body
spleen and liver are richest source of Fe®* ion [2]. Nearly 4gm of iron is present in the well-
nourished body with 70% in haemoglobin (Hgb) and 25% as the storage protein. Due to severe
diseases, there is need of maintaining the level of Fe* ion in body. Many vegetables such as
spinach, fruits are rich source of Fe3* ion, therefore person with the deficiency doctors
recommends maintaining the diet by providing the natural sources or by giving iron rich
supplements [3].

In environment iron (Fe®") enters by various events such as weathering, industrial waste or
corrosion of metals which results in change in taste of water as well as subsequent bacterial
proliferation. Detection of iron is not only important with respect to environmental monitoring
but also important for biomedical application. There are different instrumental methods that
are employed for determination of Fe3* metal ion in the system such as atomic absorption
spectrometry, various spectrophotometric methods, and electrochemical methods. Since the
instrumental methods are time consuming, expensive, and highly sophisticated, simple
methods are more preferred [4,5,6,7].

Fluorescent Chemosensors with donor acceptor system has extended application. Many

research groups have developed different fluorescent material for sensing of Fe3* metal ions.
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Various organic fluorescent molecules such as rhodamine [8,9], pyrene [10], TPE [11,12],
coumarin [13], napthalenediimide (NDI) [14], triphenylamine derivative [15], carbazole [16],
anthracene, naphthalene [17,18], terpyridine appended polymers etc. [19]. Zhang and co-
workers developed novel organic charge transfer fluorescent molecule with donor and acceptor
for sensing of Fe3* ion. A series of new charge transfer organic molecules T1, T2, and T3 were
synthesized that are highly specific and selective to Fe** metal ion undergoes quenching
phenomenon in presence of Fe3* by the formation of complex between charge transfer molecule
and metal ion [20]. as shown in Figure 2.1 Herein another terpyridine based molecule was
synthesized by Hong et.al for sensing application and it was noted that the molecules showed
excellent selectivity towards Zn?* ion. It consists of donor tetraphenylethylene (TPE)
connected to three pyridine moieties TPETPy and TPE2TPy. The molecules effectively
demonstrate a good example for sensing of Zn?* ions leading to metal to ligand charge transfer

experiencing the quenching of fluorescence [21]. The structures are as given in Figure 2.2

A0 .0 .
® %

G O M0 >
—N \ /)
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Figure 2.1. Organic fluorescent molecules for sensing of Fe3* metal ion labelled as T1, T2

and T3.
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TPE2TPy

Figure 2.2. Structure of the synthesized organic charge transfer molecules TPETPy and
TPE2TPy.

From the thorough literature and present scenario, the metal ion detection mainly occurs by a
co-ordinate interaction between the receptor and the metal ion [22,23,24]. Herein our group
developed donor acceptor receptor based on diphenylamine donor and heterocyclic core as
receptor with nitrogen(N), and dithiophene moiety. The synthesis of this heterocyclic core 4-
(2,6-di(thiophen-2-yl)-N,N-diphenylaniline (DTPDA 1) involves simple aldol condensation in
presence of potassium hydroxide (KOH) in ethanol solvent at room temperature to give a,f-
unsaturated ketone. Further undergoes Michael addition reaction with pyridinium salt in
presence of ammonium hydroxide and acetic acid for 12 hours in refluxing condition to yield
the receptor DTPDA 1. Nandre and group used these fluorescent molecules for sensing of iron
(Fe**) and lead (Pb?*) metal ion [25]. Recently Nadimetla developed another molecule by
replacing the diphenyl donor moiety with AIE active tetraphenylethylene molecule and it was
observed that the molecule was highly selective to Cu?* ion [26]. The molecule was synthesized

by using the above mentioned synthetic procedure. These molecules consists of TPE as a donor
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and acceptor as heterocyclic core consisting of thiophene and dipyridine moiety. However, it
was observed that the molecule showed excellent selectivity towards Cu?* ion in presence over
other metal ion such as Fe®*, Fe?*, Hg?*, Pb?*, Ni?*, AI3*, Mn?*, Co?*, Zn?*, Ca?*. Thus, from
this deeper understanding it is observed that mechanistic coordination of metal ion differs as
the heterocyclic core moiety changes. Therefore, we decided to further design more derivative
and investigate its selectivity towards different metal ions. Herein we have synthesized another
diphenyl derivative by employing the procedure given in the literature [27,28,29,30] via
Krohnke pyridine synthesis method. Certainly the synthesized derivative 4-(2,6-di(furan-2-yl)
pyridin-4-yl)-N,N-diphenylaniline (DFPDA 1) containing difuran and pyridine moiety with
diphenyl aniline as donor moiety. The study of molecule was focuses more on its selectivity
towards various cations. From the thorough investigation it was observed that this derivative
was highly selective towards Fe3* metal ion. Detailed selectivity study of the receptor (DFPDA

1) is discussed in this chapter.
2.2 Experimental

2.2.1. Materials and chemicals

The receptor was synthesized using following chemical such as diphenylaniline aldehyde was
purchased from TCI chemical, ammonium acetate, acetic acid, potassium hydroxide, ethanol
and ammonium hydroxide. Further various cations (Fe3*, Cu?*, K*, Cd?*, Co?*, Mn?*, Ni%*,
Ba?*, Hg?*, AI¥*, Pb?*, Zn?*, Ca?*, Fe?* salt, dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich and TCI. After successful synthesis the compound was purified by column
chromatography using 10% ethyl acetate and pet ether solvent. The purified compound was
further characterized by recording *H NMR spectrum on 400 MHz and 3C NMR using 100
MHz Bruker spectrometer using Tetramethylsilane (TMS) as an internal standard and CDCls-
d and DMSO-ds as a deuterated solvent. Mass spectrometric data were obtained by positive

electron spray ionization (ESI-MS) technique on an Agilent Technologies 1100 Series (Agilent
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Chemistation Software) mass spectrometer. IR spectra were recorded on a Perkin Elmer FT-
IR 400 spectrometer. UV-vis absorption spectra were recorded by UV-vis-1800 Shimadzu
spectrophotometer and fluorescence emission measured on RF-6000 (Shimadzu, Japan)

Spectro-fluorophotometer.

2.2.2. Synthetic route for synthesis of receptor 1 4-(2,6-di(furan-2-yl)pyridin-4-yl)-N,N-

diphenylaniline (DFPDA) 1

A3 @NQ A
D—< N
NH,OH
—» —_—
KOH, EtOH, AcOH, reflux,
H ~O rt, 24 hr 12 hr
~N 0 —
X \_0 00z
- 6 - DFPDA

Scheme 2.1. Schematic pathway for synthesis of receptor 1 4-(2,6-di(furan-2-yl)pyridin-4-

yl)-N,N-diphenylaniline (DFPDA) 1.

2.2.3. Synthesis of (E)-3-(4-(diphenylamino)phenyl)-1-(furan-2-yl)prop-2-en-1-one 4

2-acetyl furan 3 (0.20 gm, 0.002 mol) was added to 4-(diphenylamino) benzaldehyde 2 (0.5
gm, 0.002 mol) in 15ml ethanol. To the above reaction mixture 5% potassium hydroxide (0.5
gm in 10ml) was added slowly. The reaction mixture was allowed to stir at room temperature
for 24 hours. Yellow precipitate formed was filtered and washed with cold water, and
recrystallized from ethanol gives 4 (0.36 gm, 51.64%). Melting point 162°C. Elemental
analysis: C2sH19NO- Calculated. (%): C, 82.17; H, 5.24; N, 3.83. Found (%): C, 82.24; H, 5.28;
N, 3.90. IR (cm™): 3152, 3055, 3027, 2631, 1658, 1578, 1503, 1485, 1324, 1048, 753, 704. 'H
NMR (400 MHz, CDCl3) § ppm: 6.60 (m, J=1.6 Hz, 1H), 7.05 (d, J=8.4 Hz, 2H), 7.17 (m, 6H),

7.36 (M, 6H), 7.52 (d, J=8.4 Hz, 2H), 7.65(s, 1H), 7.88 (d, J=1.6 Hz, 1H): 3C NMR (100 MHz,
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CDCls) & ppm: 178.1, 154.0, 150.3, 146.8, 146.3, 143.8, 129.9, 129.5, 127.7, 125.5, 124.2,

121.5, 118.5, 117.0, 112.5. ESI-MS calculated. 365.14 (M)*, obs. 366.3 (M+1)*.

2.2.4. Synthesis of 1-(2-(furan-2-yl)-2-oxoethyl)pyridin-1-ium (5) iodide

To a mixture of 2-acetyl furan (2.2 gm, 0.02 mol) and lodine (5.05 gm, 0.02 mol) 25ml of
pyridine was added and reaction mixture was refluxed for 3 hours. After completion of reaction
allow the reaction mixture to cool at 20° C. The precipitate formed was filtered and washed
thoroughly with cold pyridine which was then used for next reaction without purification

(Yield: 1.168 gm, 73%).

2.2.5. Synthesis of 4-(2,6-di(furan-2-yl) pyridin-4-yl)-N,N-diphenylaniline (DFPDA) 1

A mixture of (4) (0.300 gm, 0.001 mol) and (5) (2.1 gm, 0.007 mol) was heated under reflux.
To these 4 ml of ammonium hydroxide and 10 ml of acetic acid was added slowly. The reaction
mixture was kept under reflux at 90°C for 12 hours. The reaction mixture was allowed to come
to room temperature and after cooling 30 ml of cold distilled water was added. The precipitate
formed was washed thoroughly with cold methanol dried and purified by column
chromatography. The final product obtained was brown solid 1.3 gm (57% yield). Elemental
analysis: Cz1H22N20> Calculated (%): C, 81.92; H, 4.88; N, 6.16; Found (%): C, 81.38; H, 4.96;
N, 6.23. IR (cm™): 3441, 3063, 2961, 2849, 1583, 1484, 1427, 1322, 1269, 1175, 1090, 1025,
803, 755, 695, 619. 'H NMR (400 MHz, CDClIs) & (ppm): 6.48-6.49 (dd, J=4 Hz, 2H), 7.03 (t,
J=7.4 Hz, 2H), 7.10 (m, 3H), 7.14 (m, 2H), 7.25-7.19 (t, J=8.4 Hz, 4H), 7.4 (m, 2H), 7.57 (d,
J=8.4 Hz, 2H), 7.70 (s, 2H,).23C NMR (100 MHz, CDCls) & ppm: 153.2,149.5, 149.1, 147.6,
147.2,147.0,143.4, 138.5, 138.4, 130.9, 129.7, 129.4, 129.0, 127.8, 126.3, 125.1, 125, 124 .4,
123.9, 123.6, 122.8, 119.3, 119, 114.2, 112.1, 109.74. ESI-MS: Calculated. 454.168 (M)*, obs.

455.100 (M+1)*.
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2.3. Characterization

After the successful synthesis and purification, the structural characterization of the molecule
was done by different techniques such as *H NMR, 3C NMR, elemental analysis, Single crystal
X-ray Diffraction, ESI-Mass, and Infra-red spectroscopy. Further its photophysical properties
were investigated by using UV-Vis and Spectrofluorometer. From above analysis the molecule
was successfully characterized, and the final product formed has the molecular structure as
synthesized by the applied synthetic procedure. The characterization data is represented as

follows:

2.3.1. 'H NMR spectra of (E)-3-(4-(diphenylamino)phenyl)-1-(furan-2-yl)prop-2-en-1-one 4
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Figure 2.3. Represents *H NMR spectrum of (E)-3-(4-(diphenylamino)phenyl)-1-(furan-2-
yl)prop-2-en-1-one 4
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2.3.2. 13C NMR spectrum of (E)-3-(4-(diphenylamino)phenyl)-1-(furan-2-yl)prop-2-en-1-one
4,

—178.13

_ ol !.1n| |
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200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure 2.4.13C NMR spectrum of the intermediate (E)-3-(4-(diphenylamino)phenyl)-1-(furan-
2-yl)prop-2-en-1-one 4.

2.3.3. 'H NMR spectrum of 4-(2,6-di(furan-2-yl)pyridin-4-yl)-N,N-diphenylaniline (DFPDA)
1
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Figure 2.5. 'H NMR spectrum of 4-(2,6-di(furan-2-yl)pyridin-4-yl)-N,N-diphenylaniline
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(DFPDA) 1
2.3.4. 13C NMR spectrum of 4-(2,6-di(furan-2-yl)pyridin-4-yl)-N,N-diphenylaniline (DFPDA)

1
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Figure 2.6. 13C NMR spectrum of 4-(2,6-di(furan-2-yl)pyridin-4-yl)-N,N-diphenylaniline
(DFPDA) 1

2.3.4. ESI- mass analysis of 4-(2,6-di(furan-2-yl)pyridin-4-yl)-N,N-diphenylaniline (DFPDA)
1
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Figure 2.7. ESI-Mass analysis of 4-(2,6-di(furan-2-yl)pyridin-4-yl)-N,N-diphenylaniline
(DFPDA) 1
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2.4. Crystal study

2.4.1. Crystal study of intermediate 4
(E)-3-(4-(diphenylamino)phenyl)-1-(furan-2-yl)prop-2-en-1-one 4: The crystal of intermediate
and final product was sucessfully grown in chloroform:methanol solution by diffusion process
for 8 days. The compound intermediate (E)-3-(4-(diphenylamino)phenyl)-1-(furan-2-yl)prop-
2-en-1-one crystalizes in monoclinic space group P2:/c Z=4. The following technical details
are discussed as below The crystal was analyzed using Bruker D8 Quest Eco X-ray
diffractometer. The analysis was performed at room temperature using monochromator
(MoKa=0.7107 A). For integrating frames, the program suit APEX3 (Version 2018.1), to
perform absorption correction and determine the unit cell. The non-hydrogen atoms are refined
anisotropically. The H atoms attached to the aromatic ring were introduced in the calculated
positions and included in the refinement by riding on their respective parent C atoms. The
compound forms one dimensional structure forming intermolecular hydrogen C-H-n
interaction with 2.718 A° separation. Figure 2.10.

2.4.2. Crystal study of the compound 4-(2,6-di(furan-2-yl)pyridin-4-yl)-N,N-diphenylaniline
DFPDA 1

The receptor DFPDA 1 compound was crystalized in chloroform: methanol by diffusion
method. The prepared crystal was found to monoclinic space group P2i/c Z=4. The crystal
sturuture of the compound was chracterized by using Bruker D8 Quest Eco X-ray
difrcatometer. the technicla data ws collected at room tempertaure using (MoKa=0.7107 A)
monochromatic radiations. In order to determine the absorption and correction and unit cell
program suite APEX3 (Version 2018.1) was used. Thus, by using SHELXS the consequent
structures were solved. Herein all non-hydrogen atoms are anisotropically refined. The
aromatic hydrogens are introduced on the calculated positions and riding on the respective

carbon atoms. From the packing interactions as shown in Figure 2.11. it is very clear that the
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crystal represents 1 dimensional network resulting in to C-H-n interaction with 3.383 A helical
structure. The crystallographic data for compound (E)-3-(4-(diphenylamino)phenyl)-1-(furan-
2-yl)prop-2-en-1-one 4 and 4-(2,6-di(furan-2-yl)pyridin-4-yl)-N,N-diphenylaniline (DFPDA)
1 are reported. Figure 2.8. and Figure 2.9 The data have been submitted in the Cambridge
crystallographic data centre with CCDC numbers 2149520 and 2149521, respectively.

Table 2.1. Crystal data and details of refinements for 4

Empirical formula C2sH19NO2
Formula weight 365.43
Crystal system Monoclinic
Space group P2i/c

a (A) 11.2990(5)
b (A) 10.2751(5)
c(A) 16.5433(7)
a(°) 90°

B(°) 98.4830(1)
v(°) 90°

Volume (A3) 1899.64(15)
Temperature 293 (2)K
F(000) 768

0 rang(deg) 2.851028.14
i (mm-1) 0.081
Collected reflections 23205
Indpendent reflections 4700

Final R indices R1 0.0618

[I >2 sigma (1)] wR2 0.1501
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R indices (all data)

Goodness of fit

CCDC number

R1 =0.0826
WR2 =0.1612
1.073

2149520

Crystal study of 4-(2,6-di(furan-2-yl)pyridin-4-yl)-N,N-diphenylaniline (DFPDA) 1

Table 2.2. Crystal data and details of refinements for DFPDA 1

Empirical formula
Formula weight
Crystal system
Space group

a(A)

b (A)

¢ (A)

v(°)

Volume (A3)
Temperature

F(000)

0 rang(deg)

p(mm-1)

Collected reflections
Indpendent reflections

Final R indices R1

Cs1H22N202
454.53
Monoclinic
P2i/c
15.2782(6)
8.4305(3)
18.5467(7)
90°
101.928°
90°
2337.29(15)
293 (2) K
952

2.77 t0 26.69
0.081
33674

5806

0.0580

Geeta Zalmi, Ph.D. Thesis, Goa University

Page 61



Chapter 2

[I >2 sigma ()] wR2 0.1099

R indices (all data) R1=0.1265
WR2 = 0.1406

Goodness of fit 1.038

CCDC number 2149521

Crystal Structure of intermediate (E)-3-(4-(diphenylamino)phenyl)-1-(furan-2-yl)prop-2-en-1-

one 4

Figure 2. 8. Crystal structure of the (E)-3-(4-(diphenylamino)phenyl)-1-(furan-2-yl)prop-2-en-
1l-one 4

Geeta Zalmi, Ph.D. Thesis, Goa University Page 62



Chapter 2

Crystal structure of 4-(2,6-di(furan-2-yl)pyridin-4-yl)-N,N-diphenylaniline (DFPDA) 1

Figure 2.9. Crystal structure of 4-(2,6-di(furan-2-yl)pyridin-4-yl)-N,N-diphenylaniline
(DFPDA) 1

Figure 2. 10. Packing in (E)-3-(4-(diphenylamino)phenyl)-1-(furan-2-yl)prop-2-en-1-one (4)
due to C-H- = intermolecular H-bonding interactions separated by distance 2.718 A.
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Figure 2. 11. Packing in 4-(2,6-di(furan-2-yl)pyridin-4-yl)-N,N-diphenylaniline (DFPDA) 1
due to C-H- n-intermolecular and H-bonding interactions separated by distance 3.383 A leading

to a helical structure.

2.5. Results and discussion

2.5.1 Absorption and emission study in different solvent

The molecule 4-(2,6-di(furan-2-yl)pyridin-4-yl)-N,N-diphenylaniline (DFPDA) 1 was
successfully synthesized and structure was characterized by various techniques as discussed
above in the chapter. Further we investigated receptor 1 to study its photophysical properties
and its application in sensing of various analytes. Before sensing application, we performed
the solvent study to study its solvatochromic effect or to study the effect of various organic

solvents. It was observed that our molecule was soluble in various organic solvent and insoluble

Geeta Zalmi, Ph.D. Thesis, Goa University Page 64



Chapter 2

in water. Therefore, we performed the solvent analysis in different organic solvents such as
DMSO, acetonitrile (ACN), Chloroform (CHCI3), water (H20), hexane, methanol (MeOH)

tetrahydrofuran (THF). The absorption spectrum was recorded for each solvent as shown in

Figure 2.12.
()45 (b) 7901
0.4 600 - —DMSO
0.35 ,E:
A 2 500 -
=] &z
3 025 5 400 4
2 0.2 bt
2015 £ 300
o
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Figure 2.12. Solvent study performed for the (DFPDA) 1 (a) UV-Vis plot recorded in various
organic solvents such as DMSO, acetonitrile (ACN), Chloroform (CHCIs), H20, hexane,
methanol (MeOH), THF. (b) The emission spectrum recorded for the receptor 1 in organic

solvents.

From solvent study we observed that DMSO is good solvent for further analysis as it shows
appreciable shift in absorption as well as in the emission. Hence for further analysis of sensing
application we have chosen DMSO as solvent. In solvent study investigation it is observed that
as shown in Figure 2.12. (a) THF and CHCIs shows blue shift in emission while DMSO and
ACN showed red shift in emission. We also observed that when receptor 1 was studied in
hexane there was no emission band observed, in plot Figure 2.12. (b) there was quenching in
fluorescence observed. From this it is noted that good absorption and emission band was
observed for DMSO solvent compared to other solvent. Hence the reason for using DMSO as

solvent for further analysis.
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2.5.2. Sensing performance of receptor 1

After the solvent study we performed the selectivity study of the receptor DFPDA 1 towards
various cations such as Cd?*, Fe3*, Cu?*, K*, Ba%*, Co?*, Mn?*, Ni?*, Hg?*, Al**, Pb%*, Zn?*,
Ca?*, Fe** by a naked eye detection as well as under UV light illumination at 365 nm. The
solution of receptor 1 was prepared (50uL 2.5x10°M) in DMSO solvent . To this solution a
series of cations in its chloride and sulphate salts of were added (1.5 equiv). Upon addition of
various cations the change in color under day light Figure 2.13. (a) as well as under UV-Vis
(365 nm) light were monitored as illustarted in Figure 2.13. (b) respectively. The obtained
results shows that under day light receptor 1 in DMSO is colorless but with the addition of
diffrerent cations only Fe3*ion shows the remarkable color change in the solutions in presensce
over other cations. Therfore the receptor DFPDA 1 can be used as fluorimetric and for naked

eye detection of Fe3* metal ion.

a)

B  Fe¥ Cu?* Kt Cd?* Co** Mn?* Ni** Ba?* Hg?* AP+ Pb?* Zn?* Ca?* Fe?*

B Fe3* Cu?* + Cd?* Co** Mn2+ Ni2* B2+ H02+ AT Pb?* Zn?" Ca?t Fe?*

Figure 2. 13. (a) Image shows naked eye detection of Fe3* metal ion in presence over other
cations such as Cd?*, Fe®*, Cu?*, K*, Ba?*, Co%*, Mn?*, Ni?*, Hg?*, AI®*, Pb?*, Zn?*, Ca®*, Fe?*.

(b) Image shows the fluorescence colour change with the addition of Fe3* over other cations.

2.5.3. UV-Vis absorption study
Furthermore, the UV-vis absorption spectra of receptor DFPDA 1 was recorded with the

addition of cations such as Cd?*, Fe3*, Cu?*, K*, Ba?*, Co?*, Mn?*, Ni?*, Hg?*, AI®*, Pb?*, Zn?*,
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Ca?*, Fe?* as illustrated in Figure 2.14 a. The UV-Vis absorption spectra exhibited absorption
maxima at 357 nm. The absorption at 357nm may be due to intramolecular charge transfer
(ICT) effect which ultimately affect the optical and photophysical properties. There was no
significant absorption change experienced with different cations but observed increase in
absorption by the addition of Fe3* metal ion. Thus, receptor DFPDA 1 can be efficiently
utilized for detection of Fe3* with high selectivity. To get the insightful details further the UV-
Vis titration was performed with incremental addition of Fe3* ions as shown in Figure 14 b.
The UV-Vis absorption changes were monitored with incremental addition of Fe3* ion (0-2.5
equiv.) to DFPDA 1 in DMSO (1.25 x10°M). It was observed that the upon incremental
addition of Fe3* ions to the receptor DFPDA 1 absorption goes on increasing at 357 nm from
(0-2.5 equiv.). This increase in absorption intensity is mainly due to metal to ligand charge

transfer.

p—
-

(b)

-
~

2.5 equiv. Fe?'

|

-

S 54
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Figure 2. 14. (a) UV-Vis absorption spectra of 1 (2.5x10"° M) in presence of different cations
and (b) Absorption spectra with incremental addition of Fe3* (0-2.5equiv.), 1.37x10° M) in
DMSO.

2.5.4. Fluorescence emission study
Fluoresence emission spectral study was performed to investigate the selectivity of DFPDA 1

towards Fe3* ion in DMSO solvent. The obtained results are illustarted in Figure 15. As the
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DFPDA 1 was excited at 350 nm exhibited the fluoresence emission band at 495 nm. Upon
addition of Fe** fluorescence colour change was observed from but as incremental addition of
Fe3* ion there is complete quenching of fluorescence. Further to study the sensing ability of the
probe DFPDA 1 fluorescence titration was performed which showed that upon incremental
addition of Fe3* ion there is quenching of fluorescence observed. The fluorescence quenching
is described by the donating nature of diphenyl rings which results in to participation of the
electron pair present on nitrogen and difuran moeity to coordinate with Fe3*. The coordination
of Fe3* metal ion to receptor led to quenching of fluorescence of fluorescnce due to
photoinduced electron transfer (PET) process. The fluorescence quenching constant was

observed to be Ksv=4.96x10%.
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a
( ) . 1, 1+K*, Cu?*, Cd*, Co**, Mn*, (b) 900 o
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Figure 2. 15. (a) Fluorescence emission spectra of 1 (2.5x10° M) in presence of different
cations (2.5x10-° M) and (Aex = 350 nm, excitation and emission slit = 5nm) and (b) Emission
spectra with the incremental addition of Fe3* from (0-2.5 equiv. of 1.37x10° M) in DMSO (Aex
= 350 nm, excitation slit = 10 nm, emission slit = 2.5nm).

Wavelength (nm)

2.5.5. Stoichiometry analysis and binding constant

The stoichiometry between the metal ion and receptor was investigated by Jobs method while
the binding constant was determined by Benesi Hildebrand plot. The Jobs plot was determined
as a function of fluorescence intensity against mole fraction [1]/[1+Fe3*]. The stoichiometry of

the complex formed between DFPDA 1 is 2:1 complex (1: Fe®*) as shown in Figure 2.16. a
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the binding constant between the receptor DFPDA 1 and metal was calculated by Benesi

Hildebrand plot Figure 2.16. b and was found to be 3.75x108 M.
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Figure 2.16. (a) The plot of Job’s plot represents stoichiometry of the complex to be DFPDA
1:Fe® (2:1) and (b) Benesi—Hildebrand plot of probe DFPDA 1 with Fe3* ion in DMSO with
the binding constant observed to be 3.75x10¢M.

2.5.6. Reversibility and reusability

The reversibility one of the most important characteristics that is to be analysed. A reversibility
study determines for how many times/cycles one can use the same species for determination
of analytical application. Therefore, there is need of studying the reversibility and reusability
of the fluorescent molecule of sensing of analyte. The receptor DFPDA 1 was further employed
for reversibility and how we can reuse the following molecule for sensing of Fe3*. Herein we
employed simple basic chemistry. Many researchers utilized ethylenediamine for studying the

reversibility. But when EDTA is used there is need of maintaining the pH of the solution. Hence
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applied simple chemistry of base. We know that Fe3* in basic condition precipitate as Fe (OH)3
therefore for reversibility we used NaOH base to break this interaction between Fe3* metal and
receptor and it was observed that the DFPDA 1 showed reversible nature. After observing it
under 365 nm light we recorded its absorption and fluorescence spectra at room temperature
with addition of NaOH. Initially DFPDA 1 (2.5x10° M) was taken in the cuvette in 2ml
DMSO and to that 50uL of Fe** was added and to the same solution NaOH was added. It was
observed that upon addition of NaOH the fluorescence reappears where in ferric hydroxide
Fe(OH)s precipitates out. The solution was centrifuged, and its absorbance and fluorescence
spectra were recorded. See Figure 2.17. thus, reversibility studies revealed that the molecule

was reversible for 3 cycles.
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Figure 2. 17. (a) The plot representing fluorescence change intensity for the DFPDA 1 as
depicted (blank 1, 2 vial addition of Fe3*, 3 vial addition of NaOH to the solution containing
Fe3*), (b) The fluorescence color change observed at 365 nm upon addition of Fe3* and NaOH
(inset photograph). (c) Represents the number of reversible cycles with addition of Fe3* ion
and NaOH to the solution of the DFPDA 1.

2.5.7. Competitive study
The competitive study was performed to study the selectivity towards various cations in

presence over other competing cations. In this study we added different cations and Fe3* ion to
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the solution of receptor DFPDA 1. When cations such as Cd?*, Cu?*, K*, Ba%*, Co?*, Mn?*,
Ni%*, Hg?*, AI®*, Pb?*, Zn?*, Ca?*, Fe?* was added there was no change in absorption intensity
observed but to the same solution when we added Fe®" metal ion there was increase in
absorption intensity while the fluorescence intensity showed the quenching of fluorescence.
Thus, it proves that in presence over other competing metal ions only Fe3* shows the change

in its photophysical properties as shown in Figure 2.18.

0.8
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=04
203
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blank Cu2+ K+ Cd2+ Co2+ Mn2+ Ni2+ Ba2+ Hg2+ A3+ Pb2+ Zn2+ Ca2+ Fel+

Metal ions

W 1+Metalion ®1+M+Fe3+

Figure 2. 18. The graph represents competitive reaction betweeen receptor DFPDA 1 and Fe3*
(1 equiv.) with DFPDA 1 in presence of interfering cations (lequiv.) at 357 nm. Blue bar
represents DFPDA 1 with other cation and red bar represents DFPDA 1+ other cations + Fe3*

ion.

2.6. Conclusion

The fluorescent molecule 4-(2,6-di(furan-2-yl) pyridin-4-yl)-N,N-diphenylaniline (DFPDA) 1
was synthesized by simple aldol condensation and further undergoes Krohnke pyridine
synthesis to form the final receptor DFPDA 1. The synthesized probe was successfully
characterized by various characterization techniques such as 'H NMR, *C NMR, ESI-MS,

elemental analysis and by single crystal XRD. The probe DFPDA was further studied for its
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photophysical studies which is investigated by using UV-Vis and Fluorescence emission. The
compound was utilized for fluorescent sensing application while the compound DFPDA 1
showed excellent selectivity and sensitivity towards Fe3* metal ion in presence over other
cations such as Fe3*, Fe?*, Hg?*, Pb?*, Ni?*, AI¥*, Mn?*, Co?*, Zn?*, Ca?*, Cu?*. The reversibility
study was performed for the receptor towards Fe3* by using simple base that is sodium
hydroxide. It showed reversible nature with 3 number of cycles. While the LOD and binding
constant was found to be 52 nM and 3.75x10% M respectively. Therefore, it can be concluded

that the probe was successfully utilized for sensing application of Fe3*,
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3.1. Introduction

The fluorescent chemosensors which can detect the environmentally and biologically important
metal ions such as Zn?*, Fe3*, Cu?*, Cd?*, Pb?*, Hg?*and As®* is an important area of research
interest [1]. In human body copper (Cu?*) is considered as the third most essential transition
metal [2]. In biological systems copper plays very important role in different physiological
processes such as a cofactor in electron transfer system, catalyst in various oxidoreductase
reactions and signal transduction. Due to cellular toxicity controlling the copper content in the
body is extremely necessary. In case if the level of Cu?* content increases in body may result
in to formation of reactive oxygen species (ROS), that can harm lipids, proteins and nucleic
acids. Excess amount of Cu?* may result in to severe diseases such as Alzheimer, prion disease,
Menkes and Wilson disease due to cellular toxicity [3,4,5]. Copper is considered most common
metal pollutant due to its extensive usage. According to United State Environmental Protection
Agency (EPA) permissible level of copper is 1.3 ppm [6].

Over the last few years there are several instrumental techniques have been developed for
detection of copper such as atomic absorption spectroscopy, surface enhanced Raman
spectroscopy, and inductively coupled plasma mass spectrometry. Since these methods are
expensive, operation of the instrument is tedious and more time consuming. Thus, the
fluorescent chemosensor for Cu?* has gained lot of attention and its detection is of primary
importance [7]. Most of the fluorescent chemosensor detect the Cu?* by a fluorescence
quenching process via charge transfer or energy transfer mechanism.

There are various organic fluorescent materials have been developed for selective and sensitive
detection of Cu?* such as coumarin derivative [8,9,10,11], rhodamine derivatives [12],
triarylamine derivative [13], pyrene [14], 1,8-naphthalenediimide [15], carbazole derivative

[16]. There are many more derivatives which are utilized for detection of Cu?*. Thus,
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introducing to few fluorescent probes that are used for detection of copper such as various
functionalized organic dyes [17,18], quantum dots [19], fluorescent metal organic framework
[20], Binol based derivative [21]. All this material has high photostability, biocompatibility,
low photobleaching, large stokes shift and low toxicity.

Generally, the fluorescent chemical sensor for detection of Cu?* and Fe3* ions are designed
according to their interactions usually by reaction mode which results in to formation of new
product or by chelation mode which has linkers between the receptor site and fluorophore [22].
Thus, for metal cation sensing usually fluorophore can be constructed by using heteroatoms
such as N, O, and S [23]. The metal cation binding to the heteroatom detection takes place via
coordination which produces luminescence changes and absorption changes by various
photophysical phenomenon such as photoinduced electron transfer (PET) [24,25]
intramolecular charge transfer (ICT) [26,27] and energy transfer, however upon coordination
there is no structural changes observed but there are spectral intensity changes [28]. Usually,
this kind of response is observed with the fluorescent molecule undergoing chelation mode
upon binding with metal ion. Few examples are discussed below [29,30].

Liu and co-workers derived the molecule by using naphthaliimide as chromophore for copper
sensing. In this work the molecule was prepared by condensing 2-(thiophen-2-
ylmethylene)hydrazine with naphthaliimide to give a simple Schiff base structure [S1]. The
molecule showed excellent and promising result for sensing of Cu?* ion [31]. To add on Wang
et al. developed two photon turn on-off-on fluorescent probe for selective sensing of Cu?* ion
in biological cell line. The molecule is simple Schiff base synthesized by reacting 4-
(diethylamino)-2-hydroxybenzaldehyde with 2,2’-((4-aminophenyl)azanediyl)bis(ethan-1-ol)
in presence of catalytic amount of glacial acetic acid and ethanol refluxed for 12 hours. The
molecule showed excellent application in determination of Cu?* ion biological cell lines [32].

Another similar Schiffs base was designed by Hu and co-workers by using 4-N, N -dihydroxy
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ethyl salicylaldehyde and aniline to give m conjugated system. The Schiff base shows
interaction with metal ion via hydroxy and CH=N bond in the receptor [S2] [33]. Wang et al.
derived quinoline based fluorescent material for Cu?* ion with high selectivity and sensitivity.

Cu?* ion probes show quenching of fluorescence due to paramagnetic behaviour [S3] [34].

Figure 3.1.
el
HO
N, - 2PFg
Nx
HO
~oN- > '
S1 S2 S3

Figure 3.1. Structures of organic fluorescent molecule reported for sensing of Cu?* ions.

In chapter two we have already discussed about 4-(2,6-di(furan-2-yl)pyridin-4-yl)-N,N-
diphenylaniline [DFPDA 1] derivative which is highly selective and sensitive towards Fe3*
metal ion. In this regards we wanted to study the selectivity of the molecule towards various
cations therefore we have derivatized the molecule by changing the difuran moiety with
thiophene and dipyridine acceptor core. The molecule was successfully synthesized and
characterized by *H NMR, °C NMR, elemental analysis, Single crystal X-ray Diffraction, and
ESI-Mass. On the part of current ongoing research herein we have synthesized N,N-diphenyl-
4-(6-thiophene-2-yl)-[2,2’-bipyridin]-4-yDaniline [DTBPA 1] fluorescent probe which
exhibits turn off fluorescence response towards Cu?* metal ion. The probe [DTBPA 1] was
synthesized by reacting 4-(diphenylamino)benzaldehyde with Michael salt of pyridine in
presence of ammonium hydroxide and catalytic amount of acetic acid. The probe [DTBPA 1]

consists of dipyridine and thiophene unit. Form the earlier reported work we synthesized
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another derivative using diphenylamine as donor [35]. The probe [DTBPA 1] comprising of
the two pyridine and thiophene unit showed good selectivity towards the Cu?* ion in presence
over other ions. The recognition moiety binds with Cu?* ion by sharing of lone pair of the
electrons present on the two nitrogens of pyridine present in the core. In addition, its optical
and photophysical properties were studied by UV-Vis and fluorescence spectrofluorometer.
The molecule was also used for sensing of copper in water sample. DFT study was performed

to study its interaction with Cu®* ion.

3.2. Experimental

3.2.1 Materials and chemicals:

The chemical requirements for synthesis of probe DTBPA 1 are diphenyl aniline aldehyde
was purchased from TCI chemical, acetyl thiophene, ammonium acetate, acetyl pyridine, acetic
acid, potassium hydroxide, ethanol, and ammonium hydroxide. For sensing application various
cations such as (Fe®*, Cu?*, K*, Cd?*, Co?*, Mn?*, Ni?*, Ba*, Hg?*, AI®*, Pb?*, Zn?*, Ca?*, Fe?*
salt. Acetonitrile was used for sensing application which was purchased from Sigma-Aldrich
and TCI. The synthesized compound was purified by column chromatography by using 10%
ethyl acetate and pet ether solvent. After purification the compound was characterized by
recording *H NMR 400 MHz and *C NMR using 100 MHz Bruker spectrometer using
Tetramethylsilane (TMS) as an internal standard and CDCl3 as a deuterated solvent. Mass
spectrometric data were obtained by positive electron spray ionization (ESI-MS) technique on
an Agilent Technologies 1100 Series (Agilent Chemistation Software) mass spectrometer. UV-
Vis absorption spectra was recorded by UV-vis-1800 Shimadzu spectrophotometer.
Fluorescence was measured on Cary Eclipse software on Agilent technologies

spectrofluorometer.
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3.2.2. Synthetic route for synthesis of (N,N-diphenyl-4-(6-(thiophen-2-yl)-[2,2-bipyridin]-4-

ylaniline DTBPA 1

A

@\/@ NSI;\H_

S,
[/)_,( NH,OH
4 AcOH, reflux,
KOH, EtOH, 12 hr
rt, 24 hr NS
H 0 . N =
(o} ~N S
2 \ /
4
6 DTBPA1

Scheme 3.1. Synthetic route of receptor (N,N-diphenyl-4-(6-(thiophen-2-yl)-[2,2 -bipyridin]-4-
yhaniline (DTBPA) 1.

3.2.3. Synthesis of (E)-3-(4-(diphenylamino)phenyl)-1-(thiophene-2-yl)prop-2-en-1-one (4)

To the reaction mixture of 4-(diphenylamino) benzaldehyde 2 (0.20 gm, 0.002 mol) and 2-
acetyl thiophene 3 (0.5 gm, 0.002 mol) in 15 ml ethanol 5% potassium hydroxide (0.5 gm
dissolved in 10ml ethanol) was added dropwise over 10 min. The reaction mixture was allowed
to stir at room temperature for 24 hours [36]. The orange solid product formed was filtered and
washed with water which was further recrystallized using ethanol to give compound 4 (0.51
gm, 64. 4%). *H NMR (CDCls, 400 MHz): 814 7.81 (2H, t, J = 10.3 Hz), 7.63 (1H, d, J = 3.5
Hz), 7.48 (2H, d, J = 8.4 Hz), 7.12 (9H, m, J = 7.5, 18.8 Hz), 7.02 (9H, d, J = 8.8 Hz) 13C NMR
(100 MHz, CDClz3) 6 ppm: 182.057, 150.262, 146.829, 145.984, 143.904, 133.415, 131.375,
129.822, 129.557, 128.197, 127.650, 125.532, 124.202, 121.540, 118.925, 77.413, 77.095,
76.777., Elemental analysis: Calculated. (%): C, 78.71; H, 5.02; N, 3.67; Found (%): C, 78.12;

H, 5.13; N, 3.45.
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3.2.4. Synthesis of 1-(2-(furan-2-yl)-2-oxoethyl)pyridin-1-ium (5)

The reaction mixture containing 2-acetyl thiophene 3 (2.2 gm, 0.02 mol) and iodine (5.1 gm,
0.02 mol) mixed in 25 ml of pyridine was refluxed for 3hrs. The intermediate 5 was prepared
by following reported literature [37]. Allow the reaction mixture to cool after completion the
precipitate formed was filtered. The solid product formed was washed thoroughly with cold
pyridine. The product formed was directly used for next step reaction without any purification.

(yield: 6.02gm, 80%).

3.2.5. Synthesis of probe (N,N-diphenyl-4-(6-(thiophen-2-yl)-[2,2"-bipyridin]-4-yl)aniline
DTBPA 1l

The intermediate 6 was formed by refluxing the mixture of 4 (0.3 gm, 0.001 mol) and 5 (2.1
gm,0.007 mol) in presence of ammonium hydroxide and 10ml acetic acid at 90°C for 12 hrs.
The reaction completion was monitored by thin layer chromatography (TLC). After completion
the reaction was allowed to cool to room temperature and add 30 ml of cold water. The solid
compound formed was washed with cold methanol dried and impurities were removed by
eluting on column chromatography with ethyl acetate and PET ether solvent. Greenish yellow
solid was obtained. Yield (1.4gm, 58 %). *H NMR (CDCl3, 400 MHz): 61 8.62 (1H, d, J = 4.6
Hz), 8.55 (1H, d, J = 8.2 Hz), 8.46 (1H, d, J = 1.8 Hz), 7.79 (2H, m, J = 2.9, 5.8, 5.8 Hz), 7.63
(3H,m, J=2.4,6.9,10.0 Hz), 7.36 (1H, g, J = 2.0 Hz), 7.09 (9H, m, J = 4.4, 8.7 Hz), 7.01 (9H,
t,J= 7.4 Hz). ¥°C NMR (100 MHz, CDCl3) & ppm: 154.913, 151.291, 148.7607, 147.915,
147.878, 146.295, 144.435, 135.973, 130.547, 128.386, 126.988, 126.931, 126.512, 123.847,
123.481, 122.831, 122.456, 122.034, 120.534, 115.714, 114.923, 76.307, 75.990, 75.672. ESI-
MS calculated. (M)*,481.16, obs. 481.61 (M+1)*. Elemental analysis: Calculated (%): C,79.80;

H,4.81; N,8.72 Found (%): C,79.62; H,4.79; N,8.34.
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3.3. Characterization

The molecule was successfully synthesized, purified and structural characterization was done
by different techniques such as *H NMR, *C NMR, elemental analysis, Single crystal X-ray
Diffraction, ESI-Mass. Further its photophysical properties were investigated by using UV-Vis
and photoluminescence spectroscopy. From above analysis the molecule was successfully
characterized, and the final product formed has the molecular structure as synthesized by the
applied synthetic procedure. The characterization data is represented as follows:

3.3.1. 'H NMR spectra of 4 (E)-3-(4-(diphenylamino)phenyl)-1-(thiophen-2-yl)prop-2-en-1-
one.
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Figure 3. 2. *H NMR spectrum of 4 (E)-3-(4-(diphenylamino)phenyl)-1-(thiophen-2-yl)prop-

2-en-1-one.
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3.3.2. 13C NMR spectrum of 4 (E)-3-(4-(diphenylamino)phenyl)-1-(thiophen-2-yl)prop-2-en-
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Figure 3.3. 13C NMR spectrum of 4 (E)-3-(4-(diphenylamino)phenyl)-1-(thiophen-2-yl)prop-
2-en-1-one

3.3.3. H NMR spectrum of DTBPA 1 (N,N-diphenyl-4-(6-(thiophen-2-yl)-[2,2 -bipyridin]-4-
yDaniline.

Chemical Formula: C33Hy3N3S
Molecular Weight: 481.62
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Figure 3.4. 'H NMR spectrum of DTBPA 1 (N,N-diphenyl-4-(6-(thiophen-2-yl)-[2,2'-
bipyridin]-4-yl)aniline.
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3.3.4. 13C NMR spectrum of DTBPA 1 ( N,N-diphenyl-4-(6-(thiophen-2-yl)-[2,2’-
bipyridin]-4-yl)aniline.
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Figure 3.5. C NMR spectrum of DTBPA 1 (N,N-diphenyl-4-(6-(thiophen-2-yl)-[2,2"-
bipyridin]-4-yl)aniline.

3.35. ESI-Mass of DTBPA 1 (N,N-diphenyl-4-(6-(thiophen-2-yl)-[2,2 -bipyridin]-4-

yl)aniline.

| MASS REPORT

Sample Name :481-61
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Figure 3.6. ESI- Mass for DTBPA 1 (N,N-diphenyl-4-(6-(thiophen-2-yl)-[2,2’-bialyridin]-4-

ylaniline.
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3.4 Crystal study

3.4.1. Preparation of crystal (N,N-diphenyl-4-(6-thiophene-2-yl)-[2,2’-bipyridin]-4-yl)aniline
DTBPA 1

N,N-diphenyl-4-(6-thiophene-2-yl)-[2,2’-bipyridin]-4-yl)aniline [DTBPA 1] was crystallized

in chloroform: methanol by diffusion method. The crystal structure of the compound was
chracterized by using Bruker D8 Quest Eco X-ray diffractometer. The prepared crystal
represents monoclinic space group P2i/c Z=4. The data was collected at room tempertaure
using (MoKa=0.7107 A) monochromatic radiations. The APEX3 (Version 2018.1) was used
in order to determine the absorption correction and unit cell. The structure was resolved by
using SHELX. In the structure it was found that all non-hydrogen atoms are anisotropically
refined. The aromatic hydrogens are introduced on the calculated positions and riding on the
respective carbon atoms. The crystallographic data for compound N,N-diphenyl-4-(6-
thiophene-2-yl)-[2,2’-bipyridin]-4-ylaniline DTBPA 1 are reported in the given Table 1
below. The data have been submitted in the Cambridge crystallographic data centre with CCDC
number 2234448. The crystal structure of the probe DTBPA 1 shown in Figure 3.7.

Table 3. 1. Crystal data and details of refinements for DTBPA 1

Empirical formula Cs2H23N3sS
Formula weight (g mol?) 481.59
Crystal system Monoclinic
Space group P21/c

a(A) 15.5622(10)
b () 8.5985(6)
c(A) 19.0719(13)
a (deg) 90

B (deg) 102.299

Y (deg) 90
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Volume (A3)

Temperature (K)

F(000)

0 range (deg)

p (mm™)

Collected reflections
Indpendent reflections

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

Goodness of fit

CCDC number

2493.5(3)

296(2)

1008.0

2.80 to 25.87

0.081

36219

6195

R1= 0.0824, wR2= 0.1613
R1=0.2152, wR2= 0.2188

1.011

2234448

Figure 3.7. Crystal structure of probe DTBPA 1
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3.5. Results and discussion
3.5.1. Solvent study

Solvatochromism is now a days used widely in many fields especially in chemical and
biological research to understand the local polarity conformations and binding interaction with
different analytes but still the phenomenon involved in solvatochromic study remains
unresolved due to various interactions and dynamic processes of solute and solvent. Various
industrial activities and scientific technology have focussed on synthetic dyes for
optoelectronic applications and biomedical applications in the treatment of various diseases.
Therefore, it is very important to study the solvent behaviours [38]. Solvent study helps to
understand in detail intermolecular effects on structural modification, helps to determine the
solubility as well as the polarizability effects. Solvent study also helps to determine the solute
solvent hydrogen bond interaction and aggregation phenomenon can be well determined. All
these different situations affect photophysical properties in terms of absorption and emission
signal in terms of peak position and shape or the peak which results in to either quenching or
enhancement [39]. Most of the molecular probes are highly sensitive and evident to show
solvatochromic effect due to intermolecular interactions and even small changes in surrounding
environment. Molecules which represent such behaviour usually undergoes charge transfer due
to presence of donor and acceptor system in the chromophore. The spectral behaviour of
chromophore changes as solvent interactions takes place by preferential solvation which further
modifies the solute behaviour. In this regard absorption spectra are the best and simple
approach for studying the transitions in the molecule which reveals the details of absorption
wavelength shift of solute-solvent interaction this is termed as solvatochromism which is
further determined by solute solvent interaction in ground and excited state. The energy gap of
electronic state changes due to difference in the polarities of the ground and excited state of
chromophore thus when the solvent polarity changes lead to stability differences in the ground

and excited state. These further affects the shape, position, and intensity of absorption or
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emission spectra. To study this behaviour, we performed solvent study to investigate whether

DTBPA 1 shows the solvatochromic effect or not? [40,41]

3.5.2. Solvatochromic study

The probe DTBPA 1 was successfully synthesized and characterized by 'H NMR, 3C NMR,
ESI-Mass, Single crystal XRD. The optical and photophysical properties were investigated by
UV-Vis and fluorescence spectrophotometry. Solubility is the most important parameter that
is considered before analysis, and it was found that the probe DTBPA 1 was completely
soluble in organic solvents. The UV-Vis and fluorescence studies were performed to study its
solvatochromic effect in different solvent such as dimethyl sulphoxide (DMSQO), Acetonitrile
(ACN), tetrahydrofuran (THF), Chloroform (CHCIs) and water (H20). The probe DTBPA 1
showed good absorption peak at 285 nm and 358 nm with strong emission at 495nm in ACN.
While in DMSO and THF the absorption was observed at 285 nm and 358 nm and emission
for DMSO was 498 nm but for THF emission was shifted to 448 nm. However, for CHCI; the
emission band was observed at 448 nm with weak fluorescence intensity. But when the probe
DTBPA 1 was added in water absorption intensity was weak compared to the other organic
polar aprotic solvents and the emission intensity was also weak as shown in plot Figure 3.8.
This reveals that the probes DTBPA 1 shows solvatochromic effect in different solvent. From
the solvent study, we confirmed that DMSO as well as ACN can be used as good solvent for

further analysis. But we have selected ACN for further applications.

3.5.3. Sensing Performance

Our next approach was to utilize the probe DTBPA 1 for studying the detailed recognition of
various cations such as Cu?*, Fe**, Fe?*, Hg?*, Pb?*, Ni?*, Zn?*, Mn?*, Co?*, AI®*, Ca’*, Ba**,
Cd?*, K*. The sensing performance for the probe was analyzed in acetonitrile solvent by placing

1mM stock solution in 2 ml of ACN. The series of solution of probe was prepared in 2 ml vials
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and various cations were added (~1mM). Subsequently upon addition of different cations the
vials were placed under UV light illumination at 365nm. It was observed that the green
fluorescence of the probe quenches with addition of Cu?* ion while there was no change in
fluorescence observed for other cation. Therefore, we could conclude that the probe DTBPA
1 has high selectivity towards Cu?*ion in presence over other metal ions. While no color change
was observed into visible light to the solution of probe when various cations are added. The

following fluorescence change was detected as shown in Figure 3.9.
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Figure 3.8. (a) Absorption spectra recorded for DTBPA 1 probe in different solvents to study
the solvatochromic effect (b) The emission plot for DTBPA 1 probe in different solvents.
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Figure 3.9. The sensing performance for DTBPA 1 over different cations representing the

quenching of fluorescence upon addition of Cu?*ion.

3.5.4. UV- Vis absorption study

From the sensing performance i.e., under UV light illumination at 365 nm we confirmed that
the receptor shows quenching phenomenon upon addition of Cu?* ion in presence over other
ions. Similarly, from the earlier reported work the core containing bipyridine and thiophene
unit shows with TPE donor showed high selectivity and sensitivity towards Cu?*ion [42]. Thus,
from the above conclusion, we performed UV-visible studies to confirm its selectivity
experimentally. To study its detecting ability towards metal ions 5 uM of the probe DTBPA 1
solution was subjected to metal ions such as Cu?*, Fe**, Fe?*, Hg?*, Pb%*, Ni?*, Zn?*, Mn?*,
Co?*, AI**, Ca?*, Ba?*, Cd?*, K*. As shown in Figure 3.10. (a) upon addition of different cations
there was prominent change in absorption that exhibits good selectivity towards Cu?* ion while
there was no change in its absorption with other metal ions. The obtained results showed
prominent change in its optical properties. Initially the probe DTBPA 1 showed two clear
absorption peaks at 298 nm and 358 nm but upon addition of Cu?* there was disappearance of
absorption peak that appeared at 358 nm with strong increase in absorption peak at 298 nm. In
addition, the UV-Vis titrations studies revealed that upon incremental addition of copper from
0 to 2 equivalent absorption goes on increasing with disappearance of the peak at 358 nm and
increase in absorption intensity at 298 nm Figure 3.10. (b) This confirms that the peak

appearing at 358 nm belongs to the bipyridine and thiophene recognition unit while the peak
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at 298 corresponds to the diphenyl donor unit. Therefore, upon addition of Cu?* ion to the
solution containing DTBPA 1 probe there was change in absorption intensity which depicts

that the bipyridine and thiophene recognition unit shows the binding to copper ion.
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Figure 3. 10. (a) Plot representing the absorption change upon addition of different metal ions
Cu?*, Fe¥*, Fe?*, Hg?*, Pb%*, Ni%*, Zn?*, Mn?*, Co%*, AI**, Ca?*, Ba?*, Cd?*, K*. (b) UV-Vis
absorption titration for the DTBPA 1 with incremental addition (0 — 2 equivalent)

3.5.5. Fluorescence emission study

The fluorescence studies were performed for the probe DTBPA 1 in acetonitrile solvent upon

excitation at 340 nm where the emission intensity was observed at 498 nm. As it was observed

under UV light that when the different metal ions were added the prominent fluorescence
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quenching was observed which was confirmed by fluorescence study. It is observed that when
the different ions were added to the solution containing probe there was initially no change
observed in the fluorescence intensity while upon addition of 2 equivalent of Cu?* ion there
was abrupt decrease in the fluorescence while there was no prominent change observed for the
metal ions except Cu?*. This fluorescence quenching in the molecule occurs mainly due to
photon induced electron transfer (PET).

(a) 300
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2504 \ APCa¥, Fe' " Fe'' , K'
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Figure 3. 11. (a) Plot representing the emission intensity upon addition of different metal ions
Cu?*, Fe¥, Fe?*, Hg?*, Pb%", Ni%*, Zn%, Mn?*, Co?", AI**, Ca®*, Ba?*, Cd**, K*. (b)

Fluorescence titration for the DTBPA 1 with incremental addition (0 — 2 equivalent)
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The lone pairs present on the pyridine are easily available for metal ion coordination. The
coordination of metal ion inhibits the ICT in the probe and results into PET process which is
frequently observed in many fluorophores.The emission intensity changes are represented in
Figure 3.11 (a) with addition of various cations and Figure 3.11 (b) represent the the emsiion

change with incremental addition of Cu?* ion from 0 to 2 equivalent.

3.5.6. Competitive Study

From the above absorption and fluorescence studies it clear that the probe is highly selective
and sensitive towards Cu?* ion. But sometimes interference from other competing metal ions
study is required to study the competition between the Cu?* in presence over other metal ion.
Herein fluorescence study was performed for determining the interference from other ionic
species towards the probe DTBPA 1. The binding event was studied by adding different ions
in the solution containing probe DTBPA 1. To the probe containing different cations Cu?* ion
was added as shown in the bar graph Figure 3.12. The blue bar represents the probe DTBPA
1 and red bar represents the probe with various ion along with Cu?* ion. The probe did not
show any change upon addition of various cations but with the addition of Cu?* ion there was
decrease in fluorescence intensity observed for the probe. Thus, when the Cu?*ion was added
to the solution probe containing different cation there was quenching of fluorescence with
decrease in fluorescence intensity. The decrease in the fluorescence intensity upon addition of
Cu*?ion in presence over another ion clearly depicts that the probe is highly selective towards
Cu?*. Thus, we could conclude the selectivity of the probe towards Cu?*ion in presence over

another interfering cation.

Geeta Zalmi, Ph.D. Thesis, Goa University Page 94



Chapter 3

3.5.7. Stoichiometry and Binding constant

The stochiometric analysis was performed by using Jobs method and it was observed that the
molecule showed 2:1 ligand to metal complexation with the two-pyridine nitrogen. While the
binding constant for the DTBPA 1 for copper sensing was found to be 1.13x10% M. The
binding constant was calculated by Benesi- Hildebrand plot. The Job stociometry 1:Cu?* and

binding plot is as shown in Figure 3.13 (a) and (b) respectively.

300

250

200

0 || 4. o LA i L 1 a i
Blank AP* Co?* Hg?* Pb* Ni?* Mn?* Cd?* Ba?* Fe?* Fe¥* Zn* K' Ca¥

m1+M = 1+M+ Cu?t

Figure 3. 12. Competitive study performed for the DTBPA 1 in presence of cations (1+M
represents different cations added to DTBPA 1 while 1+M+ Cu?* indicates the different
cation with addition of Cu?* ion.

3.5.8 Binding mechanism

Form the DFT study it is predicted that the molecule binds the Cu?* ion by non-covalent
interaction with two pyridine moieties present in the DTBPA 1 probe. the pyridine which
present in free conformation rotates in the solution when copper is added resulting in to
interaction between probe and Cu?* ion. The binding mechanism is as shown below in Figure

3.14.
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Figure 3. 13. (a) Jobs Plot for the DTBPA 1 with copper complexation in 2:1 ratio. (b)
Benesi-Hildebrand plot for DTBPA 1.

Figure 3. 14. Mechanistic pathway for binding of Cu?* with DTBPA 1 probe.
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3.7. Density functional theory study (DFT)

The computational results were obtained by calculation using the Gaussian 16 ab initio/DFT
qguantum chemical simulation package [44]. The geometry optimization of all possible
conformations 1C-M, 2C-M, 3C-M, 4C-M) of molecule N,N-diphenyl-4-(6-(thiophen-2-yl)-
[2,2'-bipyridin]-4-yl)aniline is carried out at B3LYP/6-31+g(d) level, further to investigate
their interaction with Cu*?, all possible conformations of molecule after complexation with
Cu*? (1C-M+ Cu*?, 2C-M+ Cu*?, 3C-M+ Cu*?, 4C-M+ Cu*? ) were optimized at the
B3LYP/LANL2DZ/6-31+g(d) level. [45,46] Figure 3.15. The energies changes before and
after forming complex between the DTBPA 1 and Cu*? accomplishes that the 2C-M upon
interaction with Cu*? forms 1C-M + Cu*?, with the rotation of C-C bond connecting central

and side substituted pyridine rings. Conformational analysis was performed Table 3.2

Cu?*

Figure 3.15. DFT study performed for DTBPA 1 probe on Gaussian 16 ab initio/DFT quantum

chemical simulation.
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Table 3. 2. Conformational analysis of DTBPA 1 + Cu?*.

Conformations

Conformations + Cu*?

1C- 1C-M  +
M Cu+2

<9 9

@9 @9
9
-1126849.83 kcal/mol -1249634.599 kcal/mol
(stable)

2C- 2C-M  +
M Cu+2

(stable)
-1126856.069 kcal/mol

-1249613.417 kcal/mol
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3C- % 3C-M

M % Cu*2
-1126855.119 kcal/mol

4C- 4C-M

M Cu*?

-1126849.39 kcal/mol

-1249627.477 kcal/mol

3.8. Practical application

3.8.1 Water analysis

Copper is needed in small amount (as micronutrient) but can cause problem if level is too high.

Copper can cause problem in drinking water leading to change in color of water which appears

as blue green and taste of water also changes. Therefore, there is need of determination of
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copper in water sample. For this purpose, we selected tap water and river water and carried out
the analysis by standard addition method. The analysis and its result obtained are as follows.
Herein the synthesized probe 1 was used for practical application for detecting trace amount of
Cu?* ion in real water sample. In this analysis two water sample were collected river water and
tap water and was pre-treated before analysis. River water sample was collected from River
Mandovi Goa and Drinking water was taken from the tap source. The river water was spiked
with 2.5 uL of ImM Cu?* ion and tap water was spiked with 6.5uL of 1mM Cu?* ion and to
the above solution 10 pL of probe was added, mix the solution thoroughly and record the
emission after 5 minutes. The emission intensity was plotted against the standard plot of
fluorescence intensity. Thus, the pre-spiked Cu?* ion concentration could be easily detected by

probe in the contaminated water sample with 98 to 104 % recovery as shown Table 3.3. below.

Sr.No | Sample Concentration of Cu | Concentration of | Recovery %
(1hion found Cu (I)ion added | RSD

1 Drinking Water 3.40 x 10°© 3.25x 10 104.61%

2 River Water 1.23 x10°® 1.25x 106 98.40%

Table 3. 3. Results represents the real sample analysis for probe DTBPA 1

3.9. Conclusion

The molecule DTBPA 1 was synthesized by simple aldol condensation and second step by
Michael addition of pyridine salt. Further reacted to give DTBPA 1 by Krohnke pyridine
synthesis where pyridine core is formed in presence of ammonium hydroxide ammonium
acetate and acetic acid under refluxing condition. The molecule DTBPA 1 was purified column
chromatography and characterized by *H NMR, 3C NMR, elemental analysis, single crystal
XRD, ESI-Mass spectrometry. After characterization the molecule was investigated for its

photophysical properties which is analysed by UV-Vis and fluorescence spectroscopy and
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fluorescence emission spectroscopy. The reported the fluorescent DTBPA 1 molecule was
showed good response towards Cu?* ion in a solution in presence of various cations. Further
the interaction of molecule to Cu?* was theoretically calculated by DFT calculation which were
performed by using ab initio gaussian software Gaussian 16 ab initio/DFT quantum chemical
simulation. The detection limit of 0.789uM which is very low given by environmental
protection agency EPA guidelines. The developed molecule was successfully utilized for

determination of copper in water sample.
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4.1. Introduction

The development of fluorescent molecule as anion sensor has received incredible attention
because of several application such as bioimaging and environmental detection of toxic analyte.
Amongst various anions CI, I, F-, Br, HSO4", H.PO4, HCO3', NOz", ClO4 cyanide anion is
considered most toxic. Cyanide anion inhibits the mitochondrial electron-transport in
respiratory chain upon binding with ferric form of cytochrome P450 [1]. The cyanide anions
exhibit the toxic effect and cause serious health problem which damage central nervous system
and living environment [2,4]. Cyanide enters the environment system by various
developmental activities such as industrialization, gold mining, herbicides synthetic fiber, and
electroplating technology. Usually, the cyanide enters in the drinking water due to human
activities, and industrialization led to the release of cyanide anion in water bodies and has
affected the food chain leading to various disease [5-12].

According to World Health Organization (WHO) The permissible amount of cyanide in water
is about 1.9 uM [13]. High toxic nature that is affecting the physiological and environmental
system led to the efficient detect the cyanide anion (CN") in the system [14]. Therefore, the
development of artificial probes that have the great potential of selectively recognizing and
sensing CN- ion species [15,16]. Organic fluorescent probes are used for sensing of CN- anion
while the sensing approach is usually undergoing via cyanide complex reaction with transition
metal [17], displacement reaction, electrophilic substitution reaction, [18,19,20] luminescent
approach and via hydrogen bond interaction [21]. Due to poor selectivity in presence over other
anions such as acetate, hydroxy and fluoride anion certainly limits it application. This problem
can be overcome by nucleophilicity of CN- ion [22].

The fluorescence method has proved to be an excellent method for the detection of cyanide

with high selectivity and sensitivity. While the most common approach is by nucleophilic
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addition reaction of cyanide anion over various fluorescent derivatives such as
dibenzothiophene-based barbituric derivative (DTB) [23], carbazole-based sensor [24],
salicylaldehyde [25], oxazine [26], pyrylium [27], acryltrizene [28], squaranine [29],
trifluoroacetophenone [30], imine [31] and trifluoroacetamide [32] derivatives. So far, many
scientists and researchers have developed a number of optical, colorimetric and fluorescent
based sensors for cyanide anion detection [33-36]. Most of the organic fluorescent molecules
are soluble in organic solvent therefore recognition of CN- cannot be achieved in aqueous
media. Hence it is very challenging to develop the fluorescent molecule that is having good
solubility in water. As CN- exists in industrial waste water and drinking water which are
completely soluble and it becomes very difficult to isolate and detect by fluorescent material
which are insoluble in water. Hence it is very challenging to develop sensor for CN- ion
detection in water.

Recently in 2001, Tang et al. reported unusual photophysical phenomenon of fluorescence
termed aggregation-induced emission (AIE) [37-39]. The phenomenon states that in an organic
solution the molecule does not show any emission while strong emission is observed in an
aqueous solution due to the formation of aggregate [40]. The AIE phenomenon is observed due
to the restriction of intramolecular rotation in the aggregates. Therefore, using the Aggregation
induced emission (AIE) strategy has attracted much attention and revealed that there are very
few reports on AIE active fluorescent material for CN-ion, detection [41-45]. From thorough
literature search on AIE based sensing probes for CN"ion detection has been reported [46-48].
This, design and synthesis of AIE active material is of prime importance for CN- ion detection
in aqueous solution.

Herein, we reported simple and an effective AIE active molecular architecture 1 Scheme 4.1.
for detection of CN-ions. probe 1 showed highly selectivity and sensitivity towards CN-ion in

THF: H20 (fwater = 99%). The results are monitored by employing visual detection, UV-vis,
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emission, 'H NMR changes. Furthermore, probe 1 based paper strips under visible and UV
light showed excellent and high sensitivity for CN-ion detection. Moreover, it was employed
successfully for CN-ion detection in living cells with an obvious fluorescence change. The

receptor 1 was utilized for detection of CN- anion in various food samples.

4.2. Experimental

4.2.1 Chemicals and methods

Compounds 4 and 6 were synthesized form obtained literature [49] while the probe 1 was
synthesized by Knoevenagel condensation by reacting ethyl cyanoacetate and 5-(4-(1,2,2-
triphenylvinyl)phenyl)thiophene-2-carbaldehyde 6, in presence of ammonium acetate and
acetic acid as solvent. For sensing performance, the analytes obtained were all tetrabutyl
ammonium salt such as (I, F, CI, Br, HSOs, H:POs, HCOs, NOs, ClOs) and
tetraethylammonium cyanide (CN-) salt and Dimethyl sulfoxide (DMSQO) solvent were
purchased from Sigma-Aldrich and TCI. The synthesized compound was successfully
characterized on by *H NMR which was recorded on 400 MHz and 3C NMR using 100 MHz
Bruker spectrometer by using Tetramethylsilane (TMS) as an internal standard. A deuterated
solvent CDCl3z-d and DMSO-des were used as solvent. Mass spectrometric data were obtained
by positive electron spray ionization (ESI-MS) technique on an Agilent Technologies 1100
Series (Agilent Chemistation Software) mass spectrometer. IR spectra were recorded on a
Perkin Elmer FT-IR 400 spectrometer. UV-vis absorption spectra were recorded by UV-vis-
1800 Shimadzu spectrophotometer and fluorescence emission measured on RF-6000

(Shimadzu, Japan) Spectrofluorometer.
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4.2.2. Schematic pathway for synthesis of probe 1
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Scheme 4.1. Schematic pathway for synthesis of 1

4.2.3. Synthesis of 1-(4-bromophenyl)-1,2,2-triphenylethene (4)
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Scheme 4.2. Schematic pathway for synthesis of 1-(4-bromophenyl)-1,2,2-triphenylethene
(4)
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The compound 4 was prepared following a known literature procedure. n-butyl-lithium (1.6 M
in hexane, 18.5 mL) was added dropwise to a solution of diphenylmethane 2 (2.0 g, 11.88
mmol) in dry THF (80 mL) at 0 °C under a nitrogen atmosphere. The following reacted mixture
was kept for 2hr at the same temperature followed by addition of (4-
bromophenyl)(phenyl)methanone 3 (2.48 g, 9.51 mmol) in 15 ml THF. Later the reaction
mixture was allowed stir constantly at room temperature which was further monitored by TLC.
After reaction completion the reaction was quenched with NH4Cl and extraction was done with
DCM (3x%30 ml) dry with Na2SO4. Upon evaporation the crude alcohol is obtained which was
then dissolved in toluene (40 ml) and PTSA (1.5 gm) was added. the reaction was further reflux
for 16 hr. the toluene was evaporated and the obtained the crude solid was purified by column
chromatography with n-hexane to give pure compound 4. The obtained compound was white
solid with 79% yield (3.08 g). Melting point: 160 °C; *H NMR (400 MHz, CDCls) &: 7.23 (d,

J=9.3, 2H Hz), 7.16 - 7.10 (m, 9H), 7.05 - 7.00 (m, 6H), 6.91 (d, J=8.8 Hz, 2H).

4.2.4. Synthesis of 5-(4-(1,2,2-triphenylvinyl)phenyl)thiophene-2-carbaldehyde (6)

H
0.0 T OO
L, e, (O T p
4 6 L/ ©
Scheme 4.3. Schematic pathway for Synthesis of 5-(4-(1,2,2-triphenylvinyl)phenyl)thiophene-
2-carbaldehyde (6)

This compound also was prepared following a known literature procedure.'® To the solution of
dimethoxyethane(DME) compound 4 was added (1.0 g, 2.4 mmol). To the same solution 2 M
Na>CO3 (3:1, 40 mL) was added and reaction was kept under argon atmosphere followed by
the addition of (5-formylthiophen-2-yl)boronic acid 5 (0.49 g, 3.16 mmol), and the reaction

mixture was degassed using argon gas for 15-20 min. Followed by the addition of Pd(PPh3)4
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(0.085 g) and the reaction mixture was refluxed for 30 hr at 90 °C. The reaction was monitored
by TLC analysis. Finally, after reaction completion the reaction was quenched with water and
extracted with DCM in proportion of (3x50 mL). The collected organic layer was continuously
washed with water, which was dried over anhydrous sodium sulfate, and organic layer was
evaporated on vacuum rotary evaporator. The obtained crude compound was purified by
column chromatography, which was eluted with 8:92 Ethyl acetate and hexane to give 6 which
found to be yellow solid with 60.2 % yield (0.783 g). tH NMR (400 MHz, CDCls) &: 9.79 (s,
1H), 7.63 (d, J = 4.0, Hz, 1H), 7.37 - 7.33 (m, 2H), 7.27 (d, J = 4.2 Hz, 1H), 7.08 - 7.02 (m,
10H), 7.01 - 6.94 (m, 7H).

4.2.5 Synthesis of ethyl 2-cyano-3-(5-(4-(1,2,2-triphenylvinyl)phenyl)thiophen-2-yl)acrylate
1)

PRONETT
S reflux, 6 hr

Scheme 4.4. Schematic pathway synthesis of ethyl 2-cyano-3-(5-(4-(1,2,2-
triphenylvinyl)phenyl)thiophen-2-yl)acrylate (1)

5,(4-(1,2,2-triphenylviyl)phenyl)thiophen-2-carbaldehyde 6 (0.2gm, 0.37mmol) was added to
a mixture of ethyl cyanoacetate 7 (0.33 gm, 2.97 mmol) in presence of ammonium acetate (15
ml) and acetic acid solvent. The reaction mixture was heated for 12 hours at 60 °C. after
reaction is completed the resulting mixture was allowed to cool at room temperature and 30 ml
of ice-cold water was added. The yellow precipitate was obtained which was filtered. (60%)

m.p. 179 °C *H NMR (400 MHz, CDCls) &: 8.30 (s, 1H), 7.73 (d, J = 4.0 Hz, 1H), 7.47 (dd,
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J=2.1,8.7 Hz, 2H), 7.36 (d, J = 4.5 Hz, 3H), 7.28 (s, 3H), 7.18 - 7.04 (m, 17H), 4.39 (q, J =
7.1 Hz, 2H), 1.41 (t, J = 7.2 Hz, 3H); 3C-NMR (100 MHz, CDCls §: 163.03, 154.5, 146.5,
143.4,143.3,143.2, 142.1, 139.9, 139, 134.7, 132.7, 132.1, 131.4, 131.3, 130.5, 127.9, 127.8,
127.7, 126.9, 126.7, 126.6, 126.1, 125.7, 124.1, 116.1, 97.8, 62.5, 29.7, 14.2; Elemental

Analysis: C3sH27NO2S: Cal. C, 80.42; H, 5.06; N, 2.61 and Obs. C, 79.79; H, 5.13; N, 2.71.

4.3 Characterization

4.3.1. *H NMR spectrum of 5-(4-(1,2,2-triphenylviny)phenyl) thiophene-2-carbaldehyde (3)

==9.115

Figure 4.1. 'H NMR spectrum of 5-(4-(1,2,2-triphenylviny)phenyl) thiophene-2-carbaldehyde
©)
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The compound 3 and 1 was characterized sucefully by *H NMR , *C NMR , DEPT as shown
in figures below. The Carbaldehyde group appearing 9.8 ppm as shown in Figure 4.1.
completely disappears which clearly shows that the aldehyde is functionalized vynilidene bond
upon Knoevenagel condensation to give ethyl-2-cyano-3-(5-(4-(1,2,2-
triphenylvinyl)phenyl)thiophen-2-yl)acrylate (1) which was characterized sucefull as shoen in

Figure 4.2

4.3.2. 'H NMR ethyl-2-cyano-3-(5-(4-(1,2,2-triphenylvinyl)phenyl)thiophen-2-yl)acrylate (1).

TNV RE RN VOO ITINMNMANHHONNDODOEE VOV THODY Moo
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Figure 4.2. H NMR spectrum for ethyl-2-cyano-3-(5-(4-(1,2,2-
triphenylvinyl)phenyl)thiophen-2-yl)acrylate (1).
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4.3.3. 13C NMR spectrum ethyl-2-cyano-3-(5-(4-(1,2,2-triphenylvinyl)phenyl)thiophen-2-
yDacrylate (1).

Figure 4.3. 3C NMR spectrum ethyl-2-cyano-3-(5-(4-(1,2,2-triphenylvinyl)phenyl)thiophen-
2-yhacrylate (1).
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4.3.4. BC DEPT spectrum ethyl-2-cyano-3-(5-(4-(1,2,2-triphenylvinyl)phenyl)thiophen-2-
yl)acrylate (1).

Figure 4.4. 13C DEPT spectrum ethyl-2-cyano-3-(5-(4-(1,2,2-triphenylvinyl)phenyl)thiophen-
2-yl)acrylate (1).

4.3.5 ESI-Mass of ethyl-2-cyano-3-(5-(4-(1,2,2-triphenylvinyl)phenyl)thiophen-2-yl)acrylate
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Figure 4.5. ESI-Mass of ethyl-2-cyano-3-(5-(4-(1,2,2-triphenylvinyl)phenyl)thiophen-2-
ylacrylate (1).
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4.3.6. 3C NMR spectral changes observed with the addition of CN- anion to probe 1 in

CDCls (a) without addition of CN- (b) with addition of CN".

b’
b)
a'
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a)
b
-
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Figure 4.6. 13C NMR spectral changes observed with the addition of CN- anion to probe 1 in
CDCls (a) without addition of CN- (b) with addition of CN-

4.4 . Results and Discussion

4.4.1 Mechanochromic study

Organic Mechanochromic fluorescent materials are also known as piezo chromic material
which are smart material that significantly undergoes reversible emission and color changes
upon application of external stimuli such as temperature, moisture, stress, pH, and magnetic or
electric field. [50] Mechanochromic behaviour has attracted great attention due to its potential
application in rewritable smart materials, optical storage devices and, pressure sensor, and
security ink. This smart material is also known as “stimuli-responsive materials” which are

considered fourth-generation materials after synthetic polymeric material, natural material, and
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artificial material which are the most developed modern technology and material science. [51,
52]. Nowadays due to excellent optical properties based on aggregation-induced emission
(AIE) organic mechanochromic materials have better prospects and research value which has
become a hot topic. During grinding process, the reversible phase transition from crystalline to
amorphous state takes place. It is very difficult to study in detail the actual mechanism through
grinding as grinding force is uncontrollable in magnitude and anisotropic in direction.
However, an alternative method over the grinding method is hydrostatic pressure to study the
mechanochromic behavior as hydrostatic pressure employed is controllable and direction is
isotropic. There are basically four types of mechanisms followed in mechanochromic studies:
intermolecular conformation change, the transformation from a locally excited state to
intramolecular charge state (ICT), and intermolecular interaction change. It is predicted and
believed that smart materials led to great achievement and have revolutionized the field of
material science [53, 54].

Mechanofluorochromic behavior is achieved by physical or chemical structural changes in the
material upon applying mechanical stress. Most commonly bond breaking or bond formation
results in chemical structural changes taking place during a chemical reaction. For these
changes to occur laborious conditions or high pressure is necessary, however during this
chemical reaction frequently unsatisfactory conversion, loss of fluorescence, or irreversible
reaction may occur. In contrary photophysical properties of the molecule in the solid state
completely depend on conformational flexibility, molecular rearrangement, and intermolecular
interactions occurring within the molecule. Due to this modification, alteration, and
rearrangement in conformations, and molecular packing affect the HOMO-LUMO energy
levels that alter the photoluminescence properties of the molecule. There are numerous
compounds such as organometallic material, organic fluorophore, polymeric material, and dyes

doped with polymeric substances shows mechanochromic properties that have a wide range of
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applications. At present AIE material has opened a new opportunity in the field of
mechanochromic. Therefore, by using this we utilized the molecules that were synthesized for
sensing application [55,56,57].

Upon successful synthesis and characterization, the molecule was studied for change in
photophysical properties on applying the mechanical stress on the molecule. This mechanical
stress employed by process of grinding, fuming and heating. The following changes are
observed as shown in Figure 4.7 The compound 1 shows strong golden yellow fluorescence
and the fluorescence quantum yield was measured and found to be ®r = 62.10. It can be
concluded that the molecular packing in solid state exhibit the strong fluorescence via
restriction of non-radiative relaxation pathway. When the compound 1 was grinded the color
of the compound changes from golden yellow to bright yellow fluorescence, this accounted for
reduction in the crystalline size of the compound 1 upon grinding. After grinding the compound
was subjected to fuming in which the acetone was used as the solvent. Herein it was observed
that upon fuming the compound does not revert to its original color intensity. Further upon

heating the compound the bright yellow fluorescence disappears to give yellow color

compound.
a) b) s, — Powder
. 700 1 ~——Grinding
'g 600 4 ~—Fuming
S ~——Heating
Powder = 5001
2 400 4
l g
$ 300 1
< 3
" g
-E3-E8 -
e i A > 0 v v - v T 3
Heating Grinding Fuming ©8 0. W 8 100 48 B0

Wavelength / nm

Figure 4.7 (a). Photograph representing the color changes upon grinding fuming and heating.
b) represents the fluorescence emission recorded for compound upon grinding, fuming and
heating.
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Therefore, it can be concluded that the compound 1 shows significant mechanochromic
behaviour after subjecting to various mechanical stress. The emission changes were recorded

by fluorescence spectrometer at each stage of griding, fuming and heating as shown in figure.

4.4.2 Solvent study

The rate and equilibrium of most of the chemical reactions that determines the peak intensity
and absorption band in UV/vis/near-IR, NMR, ESR and IR are solvent dependent which are
well known to every chemist. Therefore, nowadays appropriate and careful selection of solvent
for analysis of every reaction and absorption study is considered as an important task. The
absorption spectra of many chemical compounds are influenced by surrounding medium and
solvent which brings about change in its absorption intensity, position and shape of band which
is termed as solvatochromism [58,59]. There two kinds of solvatochromism i.e., negative
solvatochromism which arises mainly due to a hypsochromic shift (blue shift) of UV/Vis/near-
IR absorption as solvent polarity increases. However, “positive solvatochromism™ appears
through bathochromic (red shift) shift with increase in solvent polarity. The reason for
solvatochromism is due to differential solvation of ground and excited state of light absorbing
chromophore. Since our chromophore is highly fluorescent and soluble in organic solvents, we
study the effect of solvent solute interaction by performing the solvent study [60].

Solvent study was performed for the compound before analysing it for sensing application. The
compound 1 was highly soluble in organic solvent such as THF, acetonitrile (ACN), and
dimethyl sulfoxide (DMSQO). The absorption and emission spectra for compound was recorded
in aforementioned solvents. The obtained results depicted that the absorption peaks were
observed at 410 nm, 430, and 425 in in THF, ACN and DMSO solvent respectively while the
emission peaks were appearing at 565, 567 and 628 nm for the THF, ACN, and DMSO when
compound is excited at 410 nm. from solvent study as shown in figure that in THF compound

showed very weak fluorescence in comparison to ACN and DMSO. Thus, in conclusion from
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UV-Vis and emission spectral study depicts these solvent plays very crucial role and attributes

to solvophobic effect. Figure 4.8.
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Figure 4.8. Solvent study performed for the compound 1 in ACN, THF and DMSO (a)

Absorption spectra (b) Emission spectra.

4.4.3. Aggregation induced emission (AIE) study

Aggregation-induced emission (AIE) is an important abnormal photophysical phenomenon
developed by the Tang and group in 2001 in HAKUST University. In AIE active process non
planar molecules undergoes strong emission of light in the solid aggregated state. During AIE
initially, the fluorogen is non-emissive in dilute solution state but becomes highly emissive in
the aggregated state. The AIE process was developed over another detrimental process called
as aggregation caused quenching (ACQ) in which fluorogens are emissive in dilute solution
and become non-emissive in the aggregated state which just reverse phenomenon to AIE.
Amongst ACQ and AIE, ACQ is determined as detrimental which led to the finding of AIE
which is the most important and very useful in the today’s scientific era. The discovery of AIE
has unlocked a new way for traditional thinking and has brought up new ideas in designing and
synthesizing the novel luminophore [61]. Figure 4.9.

It was observed that most of the fluorophores suffer from ACQ effect produced due to n—=n

stacking interaction. AIE another photophysical phenomenon which exactly opposite to ACQ
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where luminophore becomes non-emissive in dilute solution and becomes highly emissive in
a solid aggregate state in poor solvents. This phenomenon observed in any fluorophore is
termed as AIE and the fluorophore with AIE property termed as AlEgens. The AlEgens are
widely used as a turn-on fluorescent probe for biosensor because of strong sensitivity, high
selectivity, rapid response, and low background noise. These AlEgens are not only limited for
sensing application but it has inspired the AlEgens to design new fluorophore towards
utilization in diverse field [62,63].

During the formation of aggregate the molecular rotation is restricted which results in radiative
decay and the emission of light takes place in aggregative state. AIEgens are not only useful in
vitro but these fluorogens are utilized for biological imaging of the molecules, cell, tissues, and
various components of organism. The AIE active molecules are extensively used as optical
sensors for accurate sensing of explosive. AlEgens can be used in the assay of proteins,
peptides, and amino acids and can be also utilized for monitoring the conformational changes.
Moreover, the recent progress in the scope of AIEgens application has expanded in the various
scientific field.

Nowadays many scientists have increasingly exploited this concept for developing various
luminescent material for potential practical application. Because of the continuous research and
efforts by several groups have developed various kinds of stimuli-responsive AIE active
materials such as fluorescent organic molecules, nanoparticles, different molecular rotors,
polymer-based nanogels these AIE active molecules can be used to study the responses to
various environmental changes such as light, temperature, pressure, pH, and viscosity.
Amongst all these parameters temperature, pH and viscosity are the major factors responsible

for biological activities occurring in the living system [64].

Most common examples of AIE property can be well explained with TPE based molecule,
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hexaphenylsilole (HPS), whereas perylene and fluorescein explains describe about the

phenomenon of ACQ. As shown in figure

a)
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Figure 4. 9. Representative examples for AIE and ACQ (a and b; ACQ phenomenon)

Hexaphenylsilole an example of AIE phenomenon.

By utilizing the deepest insight into AIE we performed the AIE activity for compound 1 as

TPE is donor system which shows high AIE property. The AIE for the compound was

performed in THF and water system. As shown in Figure 4.10. When the compound 1 was

added to THF solvent the fluorescence was very low initially at 0% water fraction. But as the

water fraction was increased from 10 to 99% with solution containing the compound there was

increase in the fluorescence. This is ascribed as per the principle of AIE i.e., as the poor solvent

fraction increases there is formation of aggregate resulting in to restriction of intramolecular

rotation of the free phenyl groups present at the periphery resulting in to radiative decay.
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Figure 4.10. Aggregation induced emission study performed for the compound 1 in which (a)
represents formation of aggregate as the water fraction is increased from 0 to 99%. (b) the

solution after addition were place under UV light illumination.

4.4.4 Sensing performance

The sensing performance was performed for compound 1 by reacting it with various analyte
especially anions such as (CI, I, F-, Br, HSO4, H2PO47, HCO3s', NOs', ClO4) and (CN) in its
tetrabutylammonium salts. The series of anion solution was prepared and added to the solution
containing (2x10-°°M) of probe 1. When various anions were added the color of the solution
containing probe 1 changes which was observed under day light as well as when placed under
UV-Vis (365nm) illumination. It was observed that in presence of various anions only cyanide
showed appreciable colour change form yellow to red color which was observed under day

light as well at 365nm (Figure 4.11. a,b) respectively. The figure below shows the sensing
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capability of compound 1 solution to cyanide by resulting in to color change from yellow to

red indicating that the compound 1 is highly selective towards CN-.

HSO,; H,PO; OAc

Figure 4.11. (a) Photograph of solution containing compound 1 with addition of various anions
the color change was observed for solution with the addition of cyanide. (b) The fluorescence

color change from yellow resulting in to quenching of fluorescence with the addition of CN-.

4.4.5 UV-Vis study

From sensing performance, it was confirmed that the molecule was highly selective to CN-
anion. Therefore, it was further proved by studying its photophysical changes by using UV-
Vis absorption and emission study. The solution containing probe 1 was subjected to UV-Vis
study and strong absorption peak at 425 nm was observed. The absorption spectra were
recorded for probe 1 containing various anions as shown in Figure 4.12 It is observed that the
probe 1 showed shift in the absorption with the addition of CN- but not change observed with
addition other anions. The probe 1 showed absorption maxima at 425 nm but with the addition
of CN- a new absorption peak appeared at 345 nm with shoulder peak at 302 nm. The change
in absorption shift was further investigated with the incremental addition of CN- anion. The

following absorption titration revealed that as cyanide content increase the shift in the
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absorption with isosbestic point 360nm. Thus, from the absorption analysis it can be predicted
that the shift in the absorption may appear due to simple nucleophilic addition reaction taking
place at the vinylic bond of the probe 1. The following change in its photophysical
characteristics is mainly due to its interruption of intramolecular charge transfer process.
Therefore, the probe 1can be utilized for selective detection of cyanide anion.

4.4.6 Fluorescence Emission Study

After absorption study the solution of probe 1 was subjected for fluorescence study. the
emission study revealed that the molecule showed excellent emission band at 628nm in DSMO
solvent. To the solution of the probe 1 various anions were added such as (CI, I', F, Br, HSO4
, H2POg4, HCO3', NOgz, ClO4’) and (CN"). Figure 4.13 (a) It was observed that with addition
of various anion there was no change observed in the emission band at 628nm. but when CN-
anion was added there was abrupt decrease in the fluorescence intensity which results in to
quenching of fluorescence. Further followed by emission titration study representing that with
the incremental addition from 0 -4 equiv. quenching of fluorescence was observed. Figure 4.
13 (b) the complete disappearance of emission intensity at 628 due to breaking of ICT process
in probe 1.

4.4.7. Stoichiometry and Binding constant

The binding mode between probe 1 and CN™ ion was determined by using the Job’s method of
continuous variation. and binding constant was determined via Benesi-Hildebrand plot [65].
Plot for Binding constant and Stoichiometry study (Jobs plot) is given in Figure 4.14. below
the plot of changes in fluorescence emission intensity (y-axis) against the molecular fraction
of [1}J/[1+CN~] From Job’s plot it is very clearly indicate that the probe 1 when it reacted with
CN- forms 1:1 stoichiometric complexation reaction between probe 1 and CN~. While the
binding constant was determined by the Benesi-Hildebrand plot was employed to determine

the binding constant (K) between probe 1 and CN~ions. The linear relationship of fluorescence
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emission intensity as a function of [CN~] from 0 to 4 equiv (R = 0.9831) was found graphically.

The binding constant (Ka) of 1 with CN— was found to be 4.78 x 108 M,

a) 07 - 1 and 1+F-, CI-, Br, I, HSO,",
H,PO,, OA¢, NO; , ClO;, H

MNormalized Absorban
= =2 = ©
. 2 i

—
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T r T T S gl
260 310 360 410 460 510 560
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260 310 360 410 460 510 560
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Figure 4.12. (a) UV-Vis absorption spectra recorded with the addition of various anions (b)

UV-Vis absorption titration performed with the incremental addition of CN-anion (0-4 equiv.).
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4.4.8 Limit of Detection

The calculated limit of detection (LOD = 36/S), where o is the standard deviation of the blank
sample and S is the absolute value of the slope between fluorescence emission intensity and
concentration of CN™ of the probe 1 is 67 nM, which is very low as compared to the maximum
permissible level of CN™. According to WHO (1.9 mM) and Environmental protection agency
guidelines. This concludes that probe 1 can be successfully employed as a sensitive fluorescent
probe for the quantitative detection of CN~ at nanomolar levels. Figure 4.15

a) 700 11 and 1+F-, CI", Br, I, HSO,,
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Figure 4.13. (a) Plot representing the quenching of fluorescence with the addition of CN- in
presence over other anions (b) Emission titration performed with incremental addition of CN-
(0-4equiv.).
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Figure. 4.14. (a) the Jobs plot representing 1:1 stoichiometry (b) Benesi-Hildebrand plot for

receptor 1 with CN".
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Figure 4.15. Emission spectra with incremental addition of CN- (0-4 equiv.) with limit of

detection plot (right).

4.4.9. The mechanism for CN-detection by 'H NMR Study

The binding mechanism was studied for the probe 1 by performing 'H NMR experiment in

DMSO-d6 solvent. Form Figure 4.16 it illustrated that probe 1 showed a characteristic peak at

d 8.55 ppm which corresponds to vinylidene proton labelled as Hi Figure 4.16 (a) To the same

solution when TEACN was added (1.2 equiv.) the peak appearing at 6 8.55 ppm disappeared

entirely with the appearance of the new peak at 5.09 ppm the proton labelled as Hz in Figure
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4.16.(b). In addition, the thiophene proton shifted to a higher frequency resulting in an
alteration in the molecular structure of probe 1. Therefore, it is evident that with the addition
of CN- a strong nucleophile undergoes addition at vinylidene bond (C=C) of the receptor which

breaks the ICT process between the electron acceptor and donor TPE of the probe 1.

. Yy s 7 . Py s

i

Figure 4.16. 'H NMR study performed for the probe 1 (a) without addition of CN- (labelled as
Ha) (b) Represents the chemical shift with addition of CN- (labelled as Hy).

4.5. Density Functional Theoretical calculations (DFT)

To further confirm the sensing properties of probe 1 towards CN- by theoretical studies which
was performed by Density Functional Theory (DFT) and time dependent DFT (TD-DFT)
calculations. The results were obtained by using Gaussian 09 ab initio/DFT quantum chemical
simulation package [66]. The geometry of the molecule was optimized in the series 1 and 1-
CN- by B3LYP/6-31G* level of theory in addition the frequency calculations were performed
to confirm the minima. Further the frontiers molecular orbitals (FMOs) of 1 and 1-CN were
produced by using Avogadro [67]. As shown in Figure 4.17. The highest occupied molecular

orbitals of probe 1 shows delocalization mainly on the donor TPE and the thiophene moiety.
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But the lowest unoccupied molecular orbital (LUMO) is distributed on the phenyl group of
TPE, nitrile group and thiophene moiety. On contrary the HOMO of 1-CN- is localized on ethyl
cyanoacetate along with new cyanide moiety while the LUMO is delocalized especially on
donor TPE and thiophene group. Thus, the charge transition properties of the probe 1 changes
with addition of CN". The experimental data was in agreement DFT calculation obtained which
signify that with addition of CN- there is nucleophilic addition reaction at C=C bond inhibiting
the ICT process. The geometries obtained for probe 1 and 1-CN- are studied using B3LYP/6-
31G*. TD-DFT results were analysed by using Gauss-Sum 2.2.5 program, [68] obtained results
are shown in Table 4.2 The HOMO and LUMO without and with addition of CN- was also
confirmed by cyclic voltammetry study as shown in Figure 4.18 and calculated values are

denoted in Table 4.1

LUMO =-2.604 eV

LUMO -0.138eV

E,=2.869 eV
A= 482 N E,=1212eV

hex =520 nm

HOMO =-5473 eV HOMO -1.350 eV

1 1-CN-
Figure 4.17. Represents the optimized geometries of the structure without and with presence
of CN".
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Figure 4.18. Cyclic voltammogram in presence and absence of CN- added to probe 1

Molecular Code 1 1+CN
E% onset (V) 0.482 0.400
E" onset (V) -0.660 -0.799
HOMO (eV) -5.182 -5.10
LUMO (eV) -4.04 -3.901
Eelg (eV)° 1.142 1.19

Table 4.1. Calculated values for HOMO and LUMO with and without addition of CN~
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4.6 Competitive study

The specificity and selectivity study can be well explored by performing the competitive study
with addition of various anions in presence of the CN". As can be seen from the blue bar
represents probe 1+ tested anions such as (CI, I, F, Br, HSO4, H.PO47, HCO3, NO3", ClO47,
OAC) while the red bar represents the probe 1 + tested anion+ CN". Form graph it is very clear
that with addition of CN-along with the tested anion shows complete quenching and blue bar
diminishes with CN". Therefore, the probe 1 can be employed successfully for recognition of

CN-anion with excellent selectivity and good anti-interference property. Figure 4.19.

600 -

B TPE+An B TPE+An+CN-

400 -

300 1

Intensity (a.u)

100 1

1 F- ck  Br Iy i 8Os HPO; OAc NOy  ClOy  HCOy

Figure 4.19. Competitive study performed for the probe with addition of various anion along
with CN- anion.
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4.7 Practical Application

4.7.1. Strip sensing

After confirmation by various characterization techniques and confirmation its selectivity
towards CN-the molecule was employed for practical use in test strip sensing application and
in food assay. To employ the probe 1 for strip sensing the molecule was adsorbed on the strips
of the Whatman paper by dissolving the probe 1 in chloroform. The strips prepared were used
for detection of CN- anion. In Figure 4.20 it is observed that initially the strips were yellow in
colour in day light. To the strips were tested for various anions and it was observed that the
probe showed complete disappearance of yellow color with addition of CN- while no color
change was observed in presence of other anions. The test strips were observed in day light as
well as under 365 nm. At 365 nm it was observed that there was complete quenching of

fluorescence with the addition of CN-.

()

1 | lf(\, 1+Cr | 1+I | 1+F | 1+Br ,1+HSOJ|1+H,PO,|+H(0,| 1+\O‘|l+(I0,
b)
1 I 1+CN- , 1+CT |1+I | 1+F l 1+Br- IIHSOJ |1*nr01\+nco\ l+\0| 1+ClO

Figure 4.20. Test strip representing the color change with the addition of various anions
observed under (a) day light (b) under UV light at 365 nm.

(
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4.7.2 Application of probe 1 in live cell imaging

4.7.2. Cell Toxicity

Cell toxicity study was performed on HelLa cells by using the synthesized probe 1. MTT assay
revealed that the cells were stable up to 30nM while showed 100% viability in 10 nM

concentration even after 24 hours of incubation.

MTT assay for TPE CN

120 ~
M percentage viability

100 |
' T | T I T I T o T o T | p— —
0 10 20 30 40 50

= N ®
(= = N =]

Percentage Viability

o
o

=

60 70 80 920 100
Conc in nM

Figure 4.21. MTT Assay performed for probe 1 to determine the toxicity.

From the experimental data it was analysed that when the HelLa cells were incubated with
10nM it doesnot show toxicity with 100% viability compared to control. Since it is not toxic
10nM concentration can be used further for fluorescence cell imaging applictaion. The cells
were studied under confocal laser microscopy by placing the HeLa Cells under bright field and
FITC fluorescence filter as shown in Figure 4.21. In this study the the HelLa cells were
incubated with 10 nM concentration of probe 1 and was observed under bright field and again
the same concentration was placed under FITC fluorescence filter which showed green
fluorescence indicating that the cells haven taken up the probe 1 and remains viable. Further

when CN- anion was added to the HeLa cells incubated with probe 1 it was observed that the
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in presence of cyanide there was complete quenching of green fluorescence when the incubated
cells were placed under bright filed and fluorescence FITC filter. The complete fluoresence
disapperared mainly due to reaction between the probe incubated intracellularly and cyanide
added. thus these reperesents that probe 1 upon incubatation penetrate intracellular deeply in

to HelLa cells which helps to detect CN- in live cells. as shown in Figure 4.22.

Figure 4.22. Cell imaging study performed for probe 1. (a) HeLa Cells focussed under bright
field (b) no fluorescence observed in HelLa cells without incubation with probe 1 under FITC
filter. (c) image depicts the HelLa cells incubated with probe 1 under bright field (d) image
depicts the HeLa cells incubated with probe 1 under showing green fluorescence in FITC filter.
(e) image capture under bright field with addition of CN- when cells incubated with probe 1.
(F) HeLa Cells placed under FITC filter with addition of CN-.

4.7.3. Food Assay

In addition to food analysis further the molecule was investigated for application of probe 1 in
food samples containing cyanogenic glycoside such as bitter almonds, sweet potato and
sprouted potato. To check the endogenous cyanide content in food sample the selected food
samples were crushed and pulverize by using mortar and pestle. After that the 10 ml water was

added with 5 mg of NaOH under constant stirring for 10 mins the clear solution was obtained

by centrifugation for 20 mins. The obtained clear solution was used for sensing application in
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which a cyanide containing solution was added to the probe 1. Upon addition if cyanide there

was distinct quenching of fluorescence observed for probe as shown in Figure 4.23

Visible light Under the UV Visible light Under the UV  Visible light Under the UV
lamp (365 nm) lamp (365 nm) lamp (365 nm)
Figure 4.23. The probe 1 was utilized for detection of CN-in food analysis.
Table 4.2: Calculated TD-DFT excitation properties of probe 1 and 1:CN-
Excitation | Excitation | Oscillator Percentage
Molecules Energy Wavelength | Strength | Excitations | contribution for
(eV) (nm) ) transition
Probe 1 2.5735 481.76 0.6332 141 ->142 HOMO->LUMO (99%)
3.3004 375.67 0.8477 140 ->142 H-1->LUMO (89%)
141 ->143 HOMO->L+1 (9%)
3.6006 344.34 0.1745 139 ->142 H-2->LUMO (3%),
140 ->142 H-1->LUMO (7%)
141 ->143 HOMO->L+1 (85%)
3.7809 327.92 0.0459 137 ->142 H-4->LUMO (10%),
138 ->142 H-3->LUMO (6%),
139 ->142 H-2->LUMO (75%)
141 ->143 HOMO->L+1 (3%)
3.8158 324.93 0.0076 137 ->142 H-4->LUMO (15%),
138 ->142 H-3->LUMO (66%),
139 ->142 H-2->LUMO (15%)
1:CN- 1.2094 1025.18 0.0368 148 ->149 HOMO->LUMO (99%)
2.0195 613.94 0.0392 148 ->150 HOMO->L+1 (92%)
148 ->152 HOMO->L+3 (6%)
2.2412 553.20 0.0001 148 ->151 HOMO->L+2 (99%)
2.3637 524.53 0.0035 148 ->150 HOMO->L+1 (7%)
148 ->152 HOMO->L+3 (92%)
2.6094 475.14 0.0012 148 ->153 HOMO->L+4 (98%)
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Table 4.3. Frontier molecular orbitals of probe 1 and 1+CN-with energy in eV.

Probe 1

. Orbital . .
Orbital number Energy (eV) | Orbital Picture
LUMO+1 | 143 -1.491eV
LUMO 142 -2.604eV
HOMO 141 -5.473eV
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H-1 140 -6.113eV
H-2 139 -6.714eV
H-3 138 -6.779%V
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H-4 137 -6.853eV
1-CN-

LUMO+4 | 153 -1.503eV
LUMO+3 | 152 -1.287eV
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LUMO+2 | 151 -1.141eV
LUMO+1 | 150 -1.034eV
LUMO 149 -0.138eV
HOMO 148 -1.350eV
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Figure 4.24. Theoretical UV-vis absorption spectra of probe 1.
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Figure 4.25. Theoretical UV-vis absorption spectra of probe 1:CN-.
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4.8. Comparison table for various fluorescent molecule for CN— sensing

Table 4.4: Comparison of CN- sensing with literature.

Compound Sensing AlE H,O LOD pH Test Cell Ref.
method % (uM) | range | strip Imaging
Fluorescence Yes 0 0.59 No No No !
turn-on data
Colorimetric No 0 0.3 No No No 2
sensing data
Fluorescence Yes 0 - No Yes No 3
Turn-on data
Fluorescence Yes 0 0.2 No Yes Yes 4
Turn-off data
Naked eye and Yes 100 64.4 No Yes No 5
~¢ N\H colorimetric nM data
O O Nko sensing
o
(@ Fluorescence Yes - 1.09 No No No 6
O 5§20 turn-on data
N/‘\ /N‘NFY@OVO
\h/N
[} on Fluorescence Yes - 0.35 No Yes Yes 7
o) © . © \*Ng turn-on data
N Xy ON Colorimetric No - 1.5 6-8 No Yes 8
SN o CN Probe
P
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Naked eye, Yes - 0.85 Yes Yes
colorimetric,
Fluorescence

turn-Off

Our
Work

4.9. Conclusion

The Aggregation induced emission active molecule based on tetraphenylethene was
synthesized ethyl-2-cyano-3-(5-(4-(1,2,2-triphenylvinyl)phenyl)thiophen-2-yl)acrylate (1).
The molecule was synthesized three steps by reacting diphenylmethane and benzophenone in
presence of n-butyl lithium and PTSA, toluene under refluxing condition to yield mono-bromo
tetraphenylethene (1-(4-bromophenyl)-1,2,2-triphenylethene (4)) which further undergoes
Suzuki coupling in presence of thiophene boronic acid in Pd(PPhz)s, DME and Na;COs to give
5-(4-(1,2,2-triphenylvinyl)phenyl)thiophene-2-carbaldehyde (6). Then the compound 6
undergoes  Knoevenagel  condensation to  yield ethyl-2-cyano-3-(5-(4-(1,2,2-
triphenylvinyl)phenyl)thiophen-2-yl)acrylate (1). The probe was characterized successfully by
'H NMR, BC NMR, ESI-Mass, elemental analysis DFT study. In addition, the molecule was
investigated for its photophysical properties by UV-Vis absorption study and fluorescence
emission study by spectrofluorometer.

The synthesized probe 1 was employed for selective and sensitive detection of CN- anion in
presence over other competing anions. The limit of detection for the CN- by using the probe 1
was found to be 67nM which is very low compared to the guideline provided by environmental
protection agency (EPA) and WHO (1.9uM). The binding mode for sensing of CN- over vinylic
bond of the receptor was confirmed by *H NMR study. The molecule was used for practical

application in strip sensing. Another most important application of fluorescent molecule was
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utilized for sensing of CN- in food sample such as potato, sweet potato and almonds. | addition

the fluorescent probe was employed in biological cell imaging application. Thus, this proves

that the probe can be used for selective and sensitive detection of cyanide in various system

and in future this probe can be successful employed for practical applications in environmental

remediation and food analysis.
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5.1 Introduction

A wide range of biological and physiological processes are governed by various cations and
anions. Many efforts have been devoted by the researchers for studying and developing the
fluorescent molecules for sensing application. One such organic fluorescent derivative was
synthesized and used for selective and sensitive detection of fluoride [1]. Recently selective
anion sensing and recognition has gained lot of attention and extended immense research
widely in the field of supramolecular chemistry because anions play very crucial role in our
daily life with regards to various physiological, biological and industrial process.
Consequently, the anions can be very essential as well as can act dangerous/harmful pollutants.
Therefore, detection and monitoring these species is actively focussed area of research [2].
Anion  sensors have  been introduced with  simple  hydrocarbons-based
chromophores/fluorophores, with one or more charged or charge neutral recognition moieties.
But now a days more advance research in anion species has focussed more on the development
of specific and potent sensor that are highly selective towards the specific anion to detect anion
in competing media in aqueous, environmental, biological and medical application [3] In
addition, researchers have also identified the more economical sensors which can be
synthesized via simple synthetic methods and by using less expensive starting materials.
However, capability of absorbing and emitting nature of fluorophore at longer wavelength
makes it more permissible to facilitate naked eye detection with long lived excited state and
high quantum yield [4].

The fluorescent chemosensors comprises of optically signalling unit linked covalently to
neutral receptor such as urea, phenols, pyrroles, imidazolium salt, triazole, azide, quinoxaline.
[5,6,7]. Fluoride ion (F") is very important in dental health and in osteoporosis treatment, while

the excessive ingestion results in urolithiosis and can also cause cancer therefore there is need
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of developing the receptor system showing high selectivity and good sensitivity with rapid
response to Fion. In addition, as mentioned earlier naked eye detection, specific receptor with
low-cost development, along with application in real sample such as water analysis. The most
common strategies that are involved in developing F~ ion sensor is based on three kinds of
molecular interactions i.e., F induced deprotonation via hydrogen bond interaction [8], B-F
complexation [9, 10, 11] and F- mediated desilylation of Si-O/Si-C bonds [12-16]. Amongst
all the three interaction B-F complexation and desilylation reaction has limitation with respect
to it formation of different fluoroborates and excessive fluoride is needed to reach that
particular signal respectively, sometimes it shows unsatisfactory response time [17,18].

So far fluorescent receptors based on hydrogen bond interactions have attracted attention of
many researchers. Even after enormous research most of the hydrogen bonded F- sensors shows
poor selectivity as they sometimes represent interference from other anions such as AcOr,
H2PO4, CN-, and OH" ions [19, 20, 21]. Keeping aforementioned criteria for developing
fluorescent receptor we designed colorimetric and fluorometric receptor  1-(p-tolyl)-4,9-
dihydro-3Hpyrido[3,4-b]indole which shows remarkable fluorescence change with ratiometric
changes in absorption and emission spectra upon addition of fluoride and cyanide. The
molecules containing polarized N-H fragments are considered as a good hydrogen donor that
can be used for sensing and recognition of analyte [22].

Our group have already worked on cyclic urea-based compound for selective detection of
fluoride by wusing AIE active tetraphenylethene donor molecule [23]. Another
naphthalenediimide molecule was developed by Bhosale et al. for fluoride sensing application
[24]. Herein we have developed iodine-DMSO catalysed fluorescent molecule containing N-H
bond. As described, most of the N-H bond containing molecules are highly selective towards
F~ion. Thus, by using the approach we utilized the molecule for fluorescent sensing fluoride

anion. The molecule was synthesized successfully, characterized by 'H NMR, 3C NMR,
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HRMS, followed by study of photophysical properties by UV Vis and fluorescence emission

study.
5.2. Experimental

5.2.1. Methods and Materials

2-(1H-indol-3-yl)ethan-1-amine (tryptamine), 4-methylbenzaldehyde, Acetic acid, Dimethyl
sulphoxide (DMSO) were purchased from TCI and Sigma Aldrich. Tertrabutyl ammonium
salts of all anions such as F-, CI, NOg, Br, I, SOs2, HPO4*, OAC", tetraethyl ammonium
cyanide (TEACN"). The compound 1 was successfully characterized on by *H NMR (400
MHz) and *C NMR (100 MHz) Bruker spectrometer by using Tetramethylsilane (TMS) as an
internal standard. A deuterated solvent DMSO-de were used as solvent. Mass spectrometric
data were obtained by high resolution mass spectrometer positive electron spray ionization
(HRMS) technique on an Agilent Technologies 1100 Series (Agilent Chemistation Software)
mass spectrometer. UV-vis absorption spectra were recorded by UV-vis-1800 Shimadzu
spectrophotometer and fluorescence emission measured on RF-6000 (Shimadzu, Japan)
Spectrofluorometer.

5.2.2. Synthetic route for synthesis of compound 1 1-(p-tolyl)-4,9-dihydro-3Hpyrido[3,4-

b]indole
2

NH2

\

N

H

+ CH3COOH |2,(50 mol %) aq. H202

H_ O 90°C 7h
DMSO, 60° C,1-2 h

3

85 %

Scheme 5.1. Schematic pathway for synthesis of compound 1 1-(p-tolyl)-4,9-dihydro-
3Hpyrido[3,4-b]indole.
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The compound 4 was synthesized form the reported literature [24] by reacting 100mg of 2-
(1H-indol-3-yl)ethan-1-amine (tryptamine) to react with 4-methylbenzaldehyde 100mg in
presence of glacial acetic acid. the reaction was refluxed for 7 hours and temperature was
maintained to 90° C. The obtained compound 4 was further filtered and purified by column
chromatography. Further compound 4 undergoes oxidation under optimized condition using I,
(50mol%), ag. H202, DMSO, 60°C, refluxed for 1-2 h to yield compound 1 the compound was
purified by column chromatography and yellowish solid was obtained with Yield 85% yield.

Further the compound was characterized by *H NMR, 3C NMR and HRMS.

5.3. Characterization

5.3.1. 'H NMR spectra of receptor 1 1-(p-tolyl)-4,9-dihydro-3Hpyrido[3,4-b]indole

3,4di ydro b-carboline 0 wmoonwmeeswes 0 wos  nNo
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Figure 5.1. 'H NMR spectra of receptor 1 1-(p-tolyl)-4,9-dihydro-3Hpyrido[3,4-b]indole.
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5.3.2. 13C NMR spectra of receptor 1 1-(p-tolyl)-4,9-dihydro-3Hpyrido[3,4-b]indole.
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Figure 5.2. 3C NMR spectra of receptor 1 (1-(p-tolyl)-4,9-dihydro-3Hpyrido[3,4-b]indole).

5.3.3. HRMS positive mode for receptor 1 (1-(p-tolyl)-4,9-dihydro-3Hpyrido[3,4-b]indole).
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Figure 5.3. HRMS positive mode for receptor 1 1-(p-tolyl)-4,9-dihydro-3Hpyrido[3,4-
b]indole.
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5.4. Results and Discussion

5.4.1. Solvent Study

In chemistry solubility is important parameter to be considered whenever we start with the
other experimental analysis. Solubility in various solvent and its effect of solvent on the
resulting solute is very crucial and study of this effect on solute in presence of various solvent
is called as “solvatochromism . In other words, the solvatochromic effect can be define as the
change in the spectrum of the solute when dissolved in various solvents. Thus, in
solvatochromic effect hydrogen bonding capacity and dielectric constant of solute with solvent
are considered important characteristics. This occurs mainly due to effect on the electronic
ground and excited state of solute as the solvent changes which further results on the absorption
and emission spectra of the solute. Due to this shape, intensity and position of the spectroscopic
band appears in the spectrum with the change in the color. Therefore, we performed the
solvatochromic effect study on receptor 1 in order to observe whether our molecule shows any
spectral or color changes which can help to determine the suitable solvent for further analysis.
The studies revealed that the molecule was highly soluble in organic solvent such as DMSO,
ACN, THF, CHCIs, MeOH, and H20. As can be seen from Figure 5.4 a. The receptor 1 showed
following absorption and emission changes. It is noted from absorption spectra that DSMO
exhibits intense absorption peak as 365nm and 300nm, while for other solvents the intensity
was much lower than the DMSO. Further simultaneously we recorded the emission spectra as
shown in Figure 5.4 b. and it is observed that CHCI3z showed high intensity peak 530nm while
in THF showed decrease in fluorescence intensity. In addition, MeOH and ACN showed
decrease in fluorescence in tensity along with light shift in emission wavelength at 550nm. The
emission spectrum exhibited shift in the absorption with decrease in fluorescence intensity in
DMSO solvent which is observed at 558 nm. But abrupt change in emission intensity as well

as shift of absorption band towards shorter wavelength was observed when the receptor was
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dissolved in water system. This indicates that the receptor shows solvatochromic effect and

thus we predicted that ACN, DMSO and THF can be used for further analysis.
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Figure 5.4. Solvatochromism study for receptor 1 in various solvents (a) Absorption spectra

(b) Emission spectra

5.4.2. Sensing Performance

After solvent the receptor 1 was investigated for sensing of various anions such as F-, Cl-, NOs
, Br, I, HSO4", HPO4?, OAC", CN". The ACN solvent was used for sensing performance. In
the given Figure 5.5. below it can be concluded that receptor 1 showed high selectivity towards
F-in presence over other anions. The anions chosen for the study are tetra butyl ammonium salt
except CN- which is tetraethyl ammonium Cyanide (TEACN). This shows that the molecule
was highly selective towards F-anion and CN- anion. For this sensing performance study 1mM
stock solution of receptor was prepared and series of 50 uM of receptor 1 was taken in vial. In
each vial 10 equivalent of each anion was added and it was observed that there was complete
color change form yellow to colorless under visible light while when same solution with
various anion were placed under UV light at 365 nm there was complete quenching of

fluorescence observed with F-and CN". Further the same series of solution containing anions
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were investigated on UV-Vis and fluorescence spectrometer.

fy.gy e S ™ T ey
B E- CN- Br NO3‘ IE Cl OAC- HSO HPO4

Figure 5.5. Photograph exhibiting fluorescence color change with addition of Fluoride anion
in presence over other anions such as (F, Cl, NOs, Br,, I, HSO4,, HPO4s>, OAC", CN") in
solution containing receptor 1 1-(p-tolyl)-4,9-dihydro-3Hpyrido[3,4-b]indole.

5.4.3. Absorption and fluorescence emission with various anions

The interaction of receptor 1 with various analyte (F, CI-, NOs’, Br-, I, HSO4", HPO4?, OAC,
CN") was investigated in ACN solvent by UV-Vis absorption spectroscopy. Various anions
used for analysis were tetrabutyl ammonium salt. The absorption study showed that when 10
equivalents of anions were added only fluoride and cyanide showed shift in absorption while
no change was observed with other anions. Initially for receptor 1 there are two absorption
peaks appeared at 365 nm and 300 nm. When anions were added there is decrease in absorption
intensity with shift of absorption intensity anions such as Cl-, NOs, Br, I, HSOs, HPO4?,
OAC, while it is noted that the receptor 1 shows blue shift of the absorption from 365 nm to
320 nm. Figure 5.6. (a) This blue shift clearly shows that in presence over other anions only
fluoride and CN- shows prominent change and excellent selectivity. Further the emission
properties of the receptor 1 was investigated. It is noted that the receptor 1 showed two emission
peaks at 562 nm and 400 nm. When the solution of the receptor was reacted with various anions
it is observed that the emission peak appearing at 562 nm disappeared completely with

increasing emission intensity at 400 nm. As shown in Figure. 5.6. (b)
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5.4.4. Absorption and Fluorescence titration Study for CN- anion

To study its binding capacity titration was performed by addition of CN- from 0 to 10 equiv.
of analyte to receptor 1. Nearly 0.001 M stock solution was prepared and from this 200 puL
solution of the receptor 1 was taken in 2 ml of acetonitrile solvent (1x10*4 M). Initially the
absorption study was performed it was observed that when CN- anion was added with
incremental addition the absorption goes on decreasing with blue shift in absorption. Form UV
absorption plot it is very clear that the new isosbestic point is observed at 330 nm which
indicates the formation new species. The reason may be due to the anion induced deprotonation
reaction at the N-H group. The fluorescence study was performed simultaneously with
incremental addition of CN- Figure 5.7. (a).

When the solution of the receptor 1 was subjected to emission study in absence and presence
of various anions along with the incremental addition of CN- with excitation wavelength at 360
nm. It is observed that with incremental addition of CN- from 0 to 10 equivalent the peak
appearing at 550 nm decreases with enhancement in the emission intensity at 400 nm. This
occurs due to intramolecular charge transfer reaction between the NH and aromatic carboline
system (N-H...A"). Thus, the clear shift of absorption towards blue shift indicates clearly
deprotonation of proton of N-H group of the receptor 1. The emission spectra as shown in

Figure 5.7. (b)
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Figure 5.6. (a) The plot represents the absorption spectra in presence of various anions such
as F, ClI, NOs", Br, I, HSO4, HPO4*, OAc’, CN". (b) Absorption titration performed for probe

1 with addition of 10 equivalent of fluoride anion.
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Figure 5.7. (a) Emission spectra recorded for the receptor 1 in presence various anions (b)

Fluorescence titration performed for receptor 1 in presence of CN- (0 to 10 equivalent).
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5.4.5. Absorption and Fluorescence titration study for F anion
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Figure 5.8. (a) Emission spectra recorded for the receptor 1 in presence various anions (b)

fluorescence titration performed for receptor 1 in presence of fluoride (0 to 2 equivalent).

Since the receptor 1 showed high selectivity towards CN- and F- further the molecule was

investigated for fluoride anion. The absorption and emission study were performed with the

incremental addition of F from 0 to 9 equiv'. The stock solution of (0.001M) was prepared and

analyte solution is approximately 0.001M was prepared in ACN solvent. To the solution
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containing receptor 1 (1x10* M) was taken and to that increasing amount of analyte F~ anion
was added. It is observed that as the F-anion is added quenching of fluorescence was at 550
nm with increasing fluorescence intensity at 400 nm. Figure 5.8 (a) represents the absorption
spectra with incremental addition of F~ anion and Figure 5.8. (b) represents emission spectra
with the incremental addition of CN".

5.5. Limit of detection for CN-

The limit of detection was calculated by using (LOD = 36/S), where o is the standard deviation
of the blank sample and S is the absolute value of the slope between fluorescence emission
intensity and concentration of CN™ of the probe 1 is 61.5 nM, which is very low as compared
to the maximum permissible level of CN™. According to the environmental protection agency

and WHO the permissible limit of CN" is (1.9 mM).

5.6. Limit of detection for F

The limit of detection was calculated by using (LOD = 36/S), where o is the standard deviation
of the blank sample and S is the absolute value of the slope between fluorescence emission
intensity and concentration of F~ of the probe 1 is 75 nM, which is very low as compared to
the maximum permissible level of F~. According to the environmental protection agency and
WHO the permissible limit of F- 270 uM.

5.7. Conclusion

In conclusion 1-(p-tolyl)-4,9-dihydro-3Hpyrido[3,4-b]indole was successfully synthesized and
characterized by 'H NMR , 3C NMR, HRMS. The molecule was utilized for sensing of F-
anion and CN-anion. The molecule was further investigated for its photophysical properties by
UV-Vis absorption, fluorescence emission properties. The fluorescent molecule was
successfully utilized for sensing of F and CN- in presence of various anions. The limit of
detection was observed to be 61.5 nM for CN- whereas for fluoride the detection limit was

observed to be 75 nM. The complete work on the molecule will be continued in future.

Geeta Zalmi, Ph.D. Thesis, Goa University Page 165



Chapter 5

5.8. References

1)

()

(3)

(4)

()

(6)

(7)

(8)

(9)

(10)

Gale, P. A.; Caltagirone, C. Anion Sensing by Small Molecules and Molecular
Ensembles. Chem. Soc. Rev. 2015, 44 (13), 4212-4227.
https://doi.org/10.1039/c4cs00179f.

Duke, R. M.; Veale, E. B.; Pfeffer, F. M.; Kruger, P. E.; Gunnlaugsson, T. Colorimetric
and Fluorescent Anion Sensors: An Overview of Recent Developments in the Use of
1,8-Naphthalimide-Based Chemosensors. Chem. Soc. Rev. 2010, 39 (10), 3936-3953.
https://doi.org/10.1039/b910560n.

Busschaert, N.; Caltagirone, C.; Van Rossom, W.; Gale, P. A. Applications of
Supramolecular Anion Recognition. Chem. Rev. 2015, 115 (15), 8038-8155.
https://doi.org/10.1021/acs.chemrev.5b00099.

Basu, A.; Dey, S. K.; Das, G. Amidothiourea Based Colorimetric Receptors for Basic
Anions: Evidence of Anion Induced Deprotonation of Amide -NH Proton and
Hydroxide Induced Anion---mt Interaction with the Deprotonated Receptors. RSC Adv.
2013, 3 (18), 6596-6605. https://doi.org/10.1039/c3ra23123b.

Nadimetla, D. N.; Zalmi, G. A.; Bhosale, S. V. An AIE-Active Tetraphenylethylene-
Based Cyclic Urea as a Selective and Efficient Optical and Colorimetric Chemosensor
for  Fluoride lons. ChemistrySelect 2020, 5 (28), 8566-8571.
https://doi.org/10.1002/slct.202002126.

Chen, X.; Liu, Y. C.; Bai, J.; Fang, H.; Wu, F. Y.; Xiao, Q. A “Turn-on” Fluorescent
Probe Based on BODIPY Dyes for Highly Selective Detection of Fluoride lons. Dye.
Pigment. 2021, 190 (January), 109347. https://doi.org/10.1016/j.dyepig.2021.109347.
Dey, S. K.; Al Kobaisi, M.; Bhosale, S. V. Functionalized Quinoxaline for Chromogenic
and Fluorogenic Anion Sensing. ChemistryOpen 2018, 7 (12), 934-952.
https://doi.org/10.1002/0pen.201800163.

Zheng, X.; Zhu, W.; Liu, D.; Ai, H.; Huang, Y.; Lu, Z. Highly Selective
Colorimetric/Fluorometric Dual-Channel Fluoride lon Probe, and Its Capability of
Differentiating Cancer Cells. ACS Appl. Mater. Interfaces 2014, 6 (11), 7996-8000.
https://doi.org/10.1021/am501546h.

Chen, C. H.; Gabbali, F. P. Exploiting the Strong Hydrogen Bond Donor Properties of a
Borinic Acid Functionality for Fluoride Anion Recognition. Angew. Chemie - Int. Ed.
2018, 57 (2), 521-525. https://doi.org/10.1002/anie.201709494,

Zhao, H.; Leamer, L. A.; Gabbai, F. P. Anion Capture and Sensing with Cationic

Geeta Zalmi, Ph.D. Thesis, Goa University Page 166



Chapter 5

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

Boranes: On the Synergy of Coulombic Effects and Onium lon-Centred Lewis Acidity.
Dalt. Trans. 2013, 42 (23), 8164-8178. https://doi.org/10.1039/c3dt50491c.

Hirai, M.; Gabbai, F. P. Squeezing Fluoride out of Water with a Neutral Bidentate
Antimony(V) Lewis Acid. Angew. Chemie 2015, 127 (4), 1221-1225.
https://doi.org/10.1002/ange.201410085.

Du, M.; Huo, B.; Liu, J.; Li, M.; Fang, L.; Yang, Y. A Near-Infrared Fluorescent Probe
for Selective and Quantitative Detection of Fluoride lons Based on Si-Rhodamine. Anal.
Chim. Acta 2018, 1030, 172-182. https://doi.org/10.1016/j.aca.2018.05.013.

Roy, A.; Kand, D.; Saha, T.; Talukdar, P. A Cascade Reaction Based Fluorescent Probe
for Rapid and Selective Fluoride lon Detection. Chem. Commun. 2014, 50 (41), 5510—
5513. https://doi.org/10.1039/c4cc01665c.

Cao, J.; Zhao, C.; Zhu, W. A Near-Infrared Fluorescence Chemodosimeter for Fluoride
via Specific Si-O Cleavage. Tetrahedron Lett. 2012, 53 (16), 2107-2110.
https://doi.org/10.1016/j.tetlet.2012.02.051.

Yang, Q.; Jia, C.; Chen, Q.; Du, W.; Wang, Y.; Zhang, Q. A NIR Fluorescent Probe for
the Detection of Fluoride lons and Its Application in in Vivo Bioimaging. J. Mater.
Chem. B 2017, 5 (10), 2002-2009. https://doi.org/10.1039/C6 TB03193E.

Zhang, J. F.; Lim, C. S.; Bhuniya, S.; Cho, B. R.; Kim, J. S. A Highly Selective
Colorimetric and Ratiometric Two-Photon Fluorescent Probe for Fluoride lon
Detection. Org. Lett. 2011, 13 (5), 1190-1193. https://doi.org/10.1021/01200072¢.
Han, J.; Zhang, J.; Gao, M.; Hao, H.; Xu, X. Recent Advances in Chromo-Fluorogenic
Probes for Fluoride Detection. Dye. Pigment. 2019, 162, 412-4309.
https://doi.org/10.1016/j.dyepig.2018.10.047.

Qi, Y.; Cao, X.; Zou, Y.; Yang, C. Multi-Resonance Organoboron-Based Fluorescent
Probe for Ultra-Sensitive, Selective and Reversible Detection of Fluoride lons. J. Mater.
Chem. C 2021, 9 (5), 1567-1571. https://doi.org/10.1039/d0tc05496h.

Bhosale, S. V.; Bhosale, S. V.; Kalyankar, M. B.; Langford, S. J. A Core-Substituted
Naphthalene Diimide Fluoride Sensor. Org. Lett. 2009, 11 (23), 5418-5421.
https://doi.org/10.1021/019022722.

Zhu, H.; Huang, J.; Zhou, Q.; Lv, Z.; Li, C.; Hu, G. Enhanced Luminescence of NH-
UiO-66 for Selectively Sensing Fluoride Anion in Water Medium. J. Lumin. 2019, 208
(December 2018), 67—74. https://doi.org/10.1016/j.jlumin.2018.12.007.

Chowdhury, A. R.; Ghosh, P.; Roy, B. G.; Mukhopadhyay, S. K.; Murmu, N. C;

Banerjee, P. Cell Permeable Fluorescent Colorimetric Schiff Base Chemoreceptor for

Geeta Zalmi, Ph.D. Thesis, Goa University Page 167



Chapter 5

(22)

(23)

(24)

Detecting F- in Aqueous Solvent. Sensors Actuators, B Chem. 2015, 220, 347-355.
https://doi.org/10.1016/j.snb.2015.05.044.

Suman, G. R.; Pandey, M.; Chakravarthy, A. S. J. Review on New Horizons of
Aggregation Induced Emission: From Design to Development. Mater. Chem. Front.
2021, 5 (4), 1541-1584. https://doi.org/10.1039/d0gm00825g.

Gaikwad, S. V; Nadimetla, D. N.; Kobaisi, A.; Devkate, M. lodine-DMSO-Catalyzed
Chemoselective Biomimetic Aromatization of Tetrahydro- 3 -Carbolines-3-Carboxylic
Acid : Mechanism Study with DFT-Calculation. 2019, No. Figure 2, 10054-10059.
https://doi.org/10.1002/slct.201902419.

Ali, R.; Dwivedi, S. K.; Mishra, H.; Misra, A. Dyes and Pigments Imidazole-Coumarin
Containing D — A Type Fluorescent Probe : Synthesis Photophysical Properties and
Sensing Behavior for F and CN Anion. Dye. Pigment. 2020, 175 (December 2019),
108163. https://doi.org/10.1016/j.dyepig.2019.108163.

Geeta Zalmi, Ph.D. Thesis, Goa University Page 168



Chapter 6

Chapter 6

Geeta Zalmi, Ph.D. Thesis, Goa University Page 169



Chapter 6

Chapter 6

6.1 Conclusion

In conclusion there are number of organic fluorescent molecules which have been successfully
synthesized and characterized. The fluorescent sensors are the powerful analytical tool for
studying the various analyte in biological processes. The fluorescent material plays various
roles in biology, environment and scientific development. The fluorescent molecules have
extended its wide application in sensing, food and drug industry, forensic science, biological
cell imaging application, drug delivery system and fluorescent material can be used in optical
light emitting diode. Overall thesis covers the different organic fluorescent molecules that can
be used for sensing of various cations such as Fe3*, Cu?* ions and anions such as F-, CN". The
synthesized molecules were successfully characterized by various instrumental techniques
such as 'H NMR, BC NMR, ESI-MS, Elemental analysis, Single Crystal XRD, UV-Vis
Spectrophotometer and Fluorescence Spectrophotometer and by theoretical claculations DFT.
The binding of the receptor was well characterized by density functional theoretical
calculations. Chapter 1 repersents use of fluorescent malocules in sensing of cations, anions
and neutral molecule. In addition fluorescent molecule can be also used for sensing of pH,
temperature and intracellular viscosity sensing.

In Chapter 2 the molecule DFPDA 1 was successfully synthesized a and characterized by 'H
NMR, 3C NMR, ESI- Mass, elemental analysis, single crystal XRD, UV-Vis
spectrophotometry and fluorescence spectrometry. The molecule was further employed for
fluorescent sensing of metal ions. The DFPDA 1 is highly sensitive and selective to Fe3* metal
ion in presence over other ions such as Cu?*, K+, Cd?*, Co?*, Mn?*, Ni?*, Ba?*, Hg?*, AlI**,
Pb?*, Zn?*, Ca?*, Fe?* salts. The synthesized DFPDA 1 showed lowest detection limit (LOD)

of 52 nM. However, the stoichiometry of the complex formed between DFPDA 1 and metal
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ion (1: Fe®*) is 2:1. The compound 4 and the DFPDA 1 was crystallized in
methanol/chloroform by diffusion method and characterized by SXRD. The reusability and
reversibility study were performed by using simple NaOH base, and found to be reversible for
3 cycles resulting in to formation of Fe (OH)s. Thus, we conclude that the molecule shows
reversible nature and is highly selective and sensitive towards Fe*3,

In chapter 3 the molecule DTBPA 1 was synthesized by two steps via aldol condensation and
second step by Michael addition of pyridine salt. The intermediate formed was further reacted
to give DTBPA 1 by Krohnke pyridine synthesis where pyridine was formed by insitu reaction
in presence of ammonium hydroxide ammonium acetate and acetic acid under refluxing
condition. Further molecule was purified column chromatography and characterized
successfully by 'H NMR, 3C NMR, elemental analysis, single crystal XRD, ESI mass
spectrometry. After characterization the molecule was investigated for its photophysical
properties in which the molecule was completely analysed by using UV-Vis and fluorescence
spectroscopy. The reported the fluorescent DTBPA 1 molecule was applied for sensing
application. The molecule showed good response towards Cu?* ion in a solution in presence of
various cations. Further to study the interaction of molecule to Cu?* theoretically the DFT
calculation were performed by using ab initio gaussian software Gaussian 16 ab initio/DFT
quantum chemical simulation. The fluorescent sensor reached lower detection limit of 0.789uM
very low given by environmental protection agency. The developed molecule was successfully
utilized for determination of copper in water sample which showed good recovery percentage
of 98% to 104% .

In conclusion chapter 4 ethyl-2-cyano-3-(5-(4-(1,2,2-triphenylvinyl)phenyl)thiophen-2-
ylacrylate (1) probe 1 was successfully synthesized and employed for sensing of anions. The
probe 1 showed to excellent colorimetric and fluorescent receptor for sensing of CN- anion in

presence over various competing anions such as CI-, 17, F~, Br-, HSO4~, H2PO4~, NO3~, HCOs™,
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and ClO4 in DMSO solvent. The synthesized probe was highly selective and sensitive towards
CN-ion. The limit of detection (LOD) for probe 1 was found to be 67 nM. further probe 1 was
employed for real practical application in strip sensing, biological cell imaging, and food
analysis application for determination of cyanide ion. This result shows that the probe was
highly selective and sensitive towards CN- anion as well as can be successfully employed for
real world application in food analysis as well as in live cell imaging.

Chapter 5 includes the synthesis and characterization of 1-(p-tolyl)-4,9-dihydro-3Hpyrido[3,4-
blindole. The molecule was successfully synthesized and characterized by 'H NMR, 3*C NMR
HRMS mass spectrometry. The molecule was utilized for sensing of F~ anion and CN- anion.
The photophysical properties by UV-Vis absorption, Fluorescence emission was investigated.
The fluorescent molecule was successfully utilized for sensing of F and CN- in presence of
various anions. The limit of detection was observed to be 61.5 nM for CN- whereases for
Fluoride the detection limit was observed to be 75 nM. Still the experimental work on the
molecule will be continued.

In conclusion overall thesis describes different small organic fluorescent molecule for sensing
of various analytes such as essential, non-essentials elements, toxic cation, anion,
biomolecule/neutral molecule sensing. Thesis also covers the brief strategies for synthesis of
organic fluorescent molecule for sensing various parameters such as pH, temperature and
viscosity of biological cell intracellularly. Therefore, synthesis of organic fluorescent molecule
is of great interest and very important in various field of Science and Technology. Now a days
there is need of developing and designing such organic fluorescent molecules in order to detect
the toxic pollutants and further to undergo remediation. In the name of industrialization and
development there is extreme toxication and pollution observed in to the environment in turn
harming various biological system, polluting the various water bodies, resulting in to harmful

effect on ecosystem, animal and major impact on human health.
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Therefore, there is need of developing simple, easy, cost effective and handheld method for
detecting these toxic pollutants. Although there are various techniques for detection of toxic
contaminant but due to their high sophistication and high cost limits its application. Thus,
fluorescent molecule plays significant role in detection of toxic pollutants. As the fluorescent
method of sensing is simple, easy synthesis, naked eye detection, hand held method, cost
effective, high selectivity and high sensitivity. The organic fluorescent molecules are not only
useful for sensing of toxic pollutant or essential elements but it plays significant role in
theranostic application in drug delivery, cancer cell study. In future much more applications
can be explored by the use of organic fluorescent molecule in to the field of Supramolecular

Chemistry.
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