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ABSTRACT OF THE THESIS

Increasing demand for fast and accurate environmental pollution monitoring requires new
sensing techniques with outstanding performance, high sensitivity, selectivity and reliability
and fluorescence chemosensors offer this distinctive reward over other analytical methods and
have been considered as an ultimate tool for monitoring trace toxicants. As one of the most
toxic heavy metals, Hg?" ion has become an ultimate goal for its prolonged effects and
rigorous terrorization to the environment and biological system. Novel organic molecular
scaffolds for recognition and sensing of environmentally and biologically toxic Hg?" ions with
high selectivity and sensitivity detection in aqueous solution are persistently important for

practical research in different fields of science.

The central theme of this present thesis entitled “DESIGN, SYNTHESIS AND
EVALUATION OF SOME NOVEL FLUORESCENT CHEMOSENSORS FOR
MERCURY (Il) ION DETECTION VIA DIFFERENT MECHANISMS” discuss about
the design, synthesis, characterization and photophysical properties studies of some Hg?* ion
receptors. All chemosensors were characterized by different spectroscopic methods and the
photophysical behaviors of these chemosensors towards Hg?* ion were observed through UV-
visible and fluorescence spectroscopy. In addition to that the binding modes of chemosensors

with Hg?* ion were examined by using IR, NMR titration, HRMS and fluorescence lifetime.

This thesis includes five chapters, the first chapter deals with “General Introduction”, which
is providing brief discussions about principle of optical chemosensors, some common
photophysical mechanisms of fluorescence chemosensors and review of some recognition

mechanisms Hg?* ion.

Chapter 2 presents about design and synthesis of 1,4-benzothiazine hydrazide as
selective and sensitive colorimetric and Turn-On fluorometric sensor for Hg?* detection
in aqueous medium. A highly colorimetric and fluorimetric chemosensor, 3-oxo-[1,4]-
benzothiazin-2-ylidene acetohydrazide (L.2) is reported for the mercury detection. In HEPES-
buffered solution (CH3CN:H-0, 1:2, v/v, pH 7.2), L2 showed a characteristic absorption peak
at 340 nm, addition of Hg®" induced colour change from light yellow to purple with
significant enhancement in absorbance at 340 nm and a new band centered at 550 nm with
red-shift of 110 nm.

Furthermore, the L2 exhibited high sensitivity and selectivity with overall emission change of

more than 100-fold fluorescence intensity enhancement towards Hg?* ion with a 1:1 binding
i



stoichiometry and 1.938x10% M™! binding constant within detection limit as low as 5.4x10®
M.

More importantly, it has good practicability in real water sample. Apart from this, theoretical
elucidation of the experimental outcome has also been supported by applying density
functional theory (DFT) to the ligand and the complex. Moreover, the solution of in situ
generated L2+Hg?* complex displayed high reversibility by I through Hg?* displacement
approach. This reversibility in fluorescence suggested that the promising applicability of
chemosensor as “off-on—off” naked eye sensor and practical applicability of L2 as an
INHIBIT logic gate based on the emission changes with the inputs of Hg?* and I~ was

investigated.

Chapter 3 describers about a novel 1,8-naphthalimide as highly selective naked-eye and
ratiometric fluorescent sensor for detection of Hg?* ion. in this chapter a novel
chemosensor  2-(2-mercaptophenyl)-1H-benzo[de]isoquinoline-1,3-(2H)-dione  (L3) is
reported for Hg?* ion detection. The selective binding of Hg?* to L3 afforded new absorbance
and fluorescence peaks at 438 nm and 480 nm respectively, in addition to the existing bands
of L3 at 332 nm and 376 nm. It also showed apparent colour change from colourless to
yellowish green and weak fluorescent to bright yellowish green strong fluorescent due to
selective binding of Hg?*. This sensor forms a 1:1 stoichiometry with high binding constant
(3.89 x 10* mol™L) and limit of detection 1.74 x10® M with high selectivity and sensitivity
towards Hg?* in the presence of other interfering metal ions. More importantly, it has good
practicability in environmental water sample. The outcome of photo-physical experiment has
also been in good accordance with the time-resolved fluorescence lifetime decay and the
density functional theory (DFT) estimations. Moreover, the L3-Hg?* solution displayed high
colorimetric and fluorimetric reversibility via the addition of KI. This reversibility in



fluorescence showed potential applicability of chemosensor L3 as “on—off-on” naked eye

sensor.

Chapter 4 illustrates naphthalimide-amino acid conjugates chemosensors for Hg?*
detection based on chelation mediated emission enhancement in aqueous solution.1,8—
Naphthalimide-Amino acid conjugates (L4 and L5) were designed, synthesized via straight
forward reaction as Hg™ chemosensors. These chemosensors were found to display
aggregation-induced emission (AIE) property along with increment in quantum yield upon
changing the medium from methanol to CH3OH:H.O (1:99, v/v). They exhibited a quick
response, splendid selectivity and sensitivity toward Hg?* ion over other interfering metal ions
through sharp selective Turn-On fluorescence via chelation mediated aggregation-induced
emission(AIE) in CH30OH/H20 (1:99, v/v) medium. Job’s plot revealed the formation of 2:1
ligand to metal stoichometric complex. The chemosensors L4 and L5 could detect Hg?* ion
as low as 22 nM and 5.6 nM respectively. Intriguingly, the fluorescence reversibility study
showed good reversibility by adding Hg?* salts and K1 sequentially.




Chapter 5 presents synthesis and evaluation of AIEE active sulfamethizole
functionalized 1,8-naphthalimide for ratiometric fluorescence sensing of Hg?* ion in
aqueous media and anti-microbial activity. A sulfamethizole functionalized 1,8-
naphthalimide molecule (L6) has been designed and synthesized which exhibited AIEE active,
fluorescence sensing of Hg?* ion and Ag* complex as anti-microbial activity. The
hydrophobic nature of naphthalimide fluorogenic moiety instigated the aggregation induced
emission (AIE) in aqueous medium, which led to excimer emission upon intramolecular
excimer formation via metal ion-induced assembly. The high selectivity of the sensor was due
to quenching of the monomeric emission of L6 at 390 nm with red shift to gradual
enhancement in new peak at 483 nm and 478 nm for Hg?* and Ag" ions respectively, which
resulted in ratiometric detection. The competitive experiment revealed that the chemosensor
is selective to Hg?" over Ag* ion and selective and sensitive ratiometric response to Hg?*
without interference of any other tested metal ions. The limits of detection of Hg?* ion is 14.7
nM in 99% aqueous solution. Meanwhile, visual fluorescence color change of L6 from blue
to green was observed under Uv-lamp upon addition of Hg?" ion to L6 solution. Anti-
microbial activities were tested against Gram negative strain. Under similar concentrations,
L6 and L6-Ag* compounds have shown much better anti-microbial activities than the most of

the tested antibiotics available in the market.

excimere




ACKNOWLEDGEMENTS

PhD is a long journey harmonized by great efforts, struggle and support of many people. It is
a contribution of many faithful companies that proves fruitful after extensive efforts. At this
instant, | wish to express my sincere appreciation to those who have contributed to this

success and supported me in one way or the other during this amazing journey.

Firstly, 1 would like to express my Heartfelt thanks to my supervisor Prof. Naseem Ahmed for
the continuous support of my PhD study, for his patience, motivation, and immense
knowledge. His guidance helped me in all the time of research and writing of this thesis.

Besides my supervisor, my sincere thanks go to the rest of my Student Research Committee
members: Prof. Mannar Ram Maurya (Department of Chemistry, 11T Roorkee), Dr. Debasis
Banarjee (Department of Chemistry, IIT Roorkee) and Dr. Ranjana Pathania (External
member, Department of biotechnology, IIT Roorkee) for their insightful comments and
encouragement from various perspectives. And | am highly obliged and express my sincere
thanks to, Prof. K. R. Justin Thomas, the present Head Department of Chemistry and Prof,
M. R. Mourya, Ex-Head of Department of Chemistry, Department of Chemistry and all other
faculty members and Mr. D. C. Meena, Sh. Madan Pal, Mr. Pankaj, Mr. Charan Singh and
Mr. Anuj Arjun members of Chemistry Department for providing the basic infrastructural and

their needful help for accomplishing my research work.

My sincere thanks to fellow lab mates Dr. Nishant, Dr. Shaily, Dr. lram Parveen, Dr.
Mohammed Wahid, Danish Khan and Zabir for the stimulating discussions, feedback, and
cooperation throughout my stay in India, and for all the fun we have had in the last four years.
Also | thank my other friends in the institution in particular, I am grateful to Dr. Nirma for

her needful help.

A sincere thanks to all Ethiopian friends here in India for really support and all my friends
who made my India experience something special, in particular, Special thanks to

Abudulkider Shube for all his useful discussions and suggestions when in all ups and downs.

Very special thanks to the Indian institution of technology Roorkee for giving me the
opportunity to carry out my doctoral research. A very special gratitude goes out to my host
Aksum University, Ethiopian ministry of education and Ethiopian embassy in India for

providing the funding for my stay and for their financial support.



Words cannot express the feelings | have for my love Nigus Dimtsu for his constant
unconditional support both emotionally and financially, 1 would not be here if it not for you.
A special thanks to the source of my strength my sons Natan Nigus and Yudahie Nigus they

have been very patient with me in all my ups and downs.

Finally, I would like to acknowledge the most important person in my life my mother Birizaf
Gebremaryiam. She has been a constant source of strength and caring in all my life. There
during the past four years for carrying my entire load when everything seemed hopeless and |
didn’t have any hope. I can honestly say that it was only her determination and constant
encouragement that ultimately made it possible for me to see this project through to the end. |

owe it all to you.

Last but not the least, | would like to thank my family: my father and to my brothers and
sisters for supporting me spiritually throughout this thesis and my life in general.

Many Thanks!
Muzey Bahta

Vi



List of Publications

[1]

[2]

[3]

[4]

[1]

[2]

Bahta, M.; Ahmed, N. Design and synthesis of 1, 4-benzothiazine hydrazide as
selective and sensitive colorimetric and Turn-On fluorometric sensor for Hg*
detection in aqueous medium. J. Photochem. Photobiol. A Chem. 2018, 357, 41-48.
DOI: 10.1016/j.jphotochem.2018.02.022.

Bahta, M.; Ahmed, N. A novel 1, 8-naphthalimide as highly selective naked-eye and
ratiometric fluorescent sensor for detection of Hg?* ions. J. Photochem. Photobiol. A
Chem. 2019, 373, 154-161. DOI: 10.1016/j.jphotochem.2019.01.0009.

Bahta, M.; Ahmed, N. Naphthalimide-amino acid conjugates chemosensors for Hg?*
detection: Based on chelation mediated emission enhancement in aqueous solution.
J. Photochem.  Photobiol. A  Chem. 2019, 378, ' 85-93. DOL:
10.1016/j.jphotochem.2019.04.027.

Bahta, M.; Ahmed, N. A Synthesis and evaluation of AIEE active sulfamethizole
functionalized 1,8-naphthalimide for ratiometric fluorescence sensing of Hg?* ion in

aqueous media and anti-microbial activity, 2019, Communicated.

List of Conferences

Bahta, M.; Ahmed, N. “Poster presentation” in National Conference on
Contemporary Facets in Organic Synthesis (CFOS) organized by Department of
Chemistry, IIT Roorkee, 221-24™ Dec. 2017.

Bahta, M.; Ahmed, N. “Poster presentation” in ACS ON CAMPAS 2018, organized
by ACS, in Department of Chemistry, I1T Roorkee, 7" Feb. 2018.

vii






LIST OF ABBREVIATIONS

AU. Arbitrary Unit

ACN Acetonitrile

CDCls Deuterated Chloroform

cm Centimeter

conc. Concentration

DMF N,N’-Dimethylformamide

DMSO Dimethylsulphoxide

DMSO ds Deuterated Dimethylsulphoxide
equiv. Equivalents

EtOH Ethanol

FLS Fluorescence lifetime

gm Gram

HCI Hydrochloric Acid

HEPES 4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic Acid
Hr Hour

HRMS High Resolution Mass Spectroscopy
ICP-MS inductively coupled plasma mass spectrometry
IR Infrared radiation

Ka Association constant

Kl Potassium iodide

KOH Potassium hydroxide

LOD Limit of Detection

M Molar

MeOH Methanol

Mol Mole

nm Nano meter

nM Nano molar

NMR Nuclear magnetic resonance spectroscopy
°C Degree Centigrade

ppm Parts Per Million
TLC thin-layer chromatography



TMS
UV-Vis
WHO

5 > o =

Tetramethylsilane

Ultra-violet and visible wavelength
World Health Organization

Micro

Chemical Shift

Wave length

Quantum Yield



List of Figures

Figure 1.1 General host gust interaction of chemosensor and analyte. ............ccccoccociininnne. 3
Figure 1.2 Representation of PET MEChaNISIM .........cccovveiieiieiieie e 4
Figure 1.3 PET based chemosensors for Hg?" deteCtion. ...........ccceeeveverceeesevieeneeeeesenennnn, 4
Figure 1.4 Representation of ICT MEChaNISMS...........coviiiiiiiiic s 6
Figure 1.5 ICT based chemosensors for Hg?" SENSING........cccccvvvvveveveerecceieeee e, 6
Figure 1.6 Representation of FRET MechaniSm......cccccovviiiiiiiieiccicsece e 7
Figure 1.7 FERT based chemosensors for Hg?* SENSING ........cccueeveeeeivereceseieeneee s, 9
Figure 1.8 Representation of ESIPT MEChaniSmM ........cc.ccovviiiiieiis i 10
Figure 1.9 ESIPT based fluorescence sensors for Hg?* detection ........ccccccocvveeverccreieinnen, 11
Figure 1.10 CHEF & CHEQ based chemosensors for Hg?* Sensing...........c.ccovevveeveveeennnne. 12
Figure 1.11 Excimer based chemosensors for Hg?* SENSiNg....c.....ccveevvevriieeeeeneneseesseesennna, 13
Figure 1.12 AIE & ACQ based fluorescence sensors for Hg?* sensing .............ccceevuevevenens 14

Figure 1.13 Hg?" selective chemodosimeter based on Hg?" triggered desulfurization

reaction. ... co M. B Em L B L R 16
Figure 1.14 Hg?' ion selective chemodosimeters based on Hg?" ion triggered

interamolecular cyclic guanylation of thiourea to imidazoline. ........cccoceriniiiinnene. 18
Figure 1.15 Hg?" ion selective chemodosimeter based on Hg?* triggered desulfurisation

and intramolecular cyclization of thiosemicarbazide to 1,3,4-oxadiazole................... 19
Figure 1.16 Hg?" ion selective chemodosimeter based on Hg?* triggered desulfurisation

/ deprotection reaction of dithioacetal/dithioketal. ..........c.....cccoviiiiiiiiiiie e, 21
Figure 1.17 Hg?" ion selective chemodosimeter based on Hg?* ion promoted hydration

O AYNES IO KETOMBS, ... e P e T e B TR ene s 23

Figure 1.18 Hg?* ion selective chemodosimeter based on Hg?* ion promoted hydrolysis

of vinyl ether and isopropenyl €ther. ...........c.ooviiieei i 24
Figure 1.19 Hg?" ion selective chemodosimeter based on Hg?" promoted hydrolysis

reaction of rhodamine sSpirolactam FING . .........cccceveiiiiiiie e 25
Figure 1.20 Hg?* selective chemosensors with pyridine core receptor...............oovvvvrvevnnne. 27
Figure 1.21 Hg?* selective chemosensors with thioether moieties receptors ................co....... 27
Figure 1.22 Hg?* selective chemosensors with sulfonamide receptors ...........c.cccoeevevvevrnnnenn 28

Figure 1.23 Hg?* selective chemosensors with sulfonamide and-amino acids receptors. ...... 29
Figure 1.24 Hg?* selective chemosensors with dansyl-amino receptors. .............cccccevvvevnnne.. 29
Figure 1.25 Hg?* selective chemosensors containing crown thioether or dithia-diazo

(=10 =T o1 (o] g o (01U ] FT PO PP PP 30

Xi



Figure 1.26 Hg?" selective chemosensors with S, N, and O atoms coordinating moiety
(=Tod=T 0 (0] S PSP RTTPRTPR 31
Figure 2.1 (a). Absorption spectra of L2 in the presence of 10 equivalents various
cations. (b). Absorption titration spectral responses of L2 towards varying Hg?*
ion concentrations (0-3 eq.) Hg?" (10 uM of L2 in HEPES buffered solution
(CH3CN:H20, L:2 VIV, PH 7.2). oottt 53
Figure 2.2 (a). Colourimetric. (b). fluorometric naked-eye detection of L2 in the
presence of different metal ions in HEPES buffered solution (CH3CN:H20, 1:2

VIV, pPH 7.2)..e ol R, o e . e 53
Figure 2.3 Fluorescence spectra of L2 (10 uM in HEPES buffered solution
(CH3CN:H20, 1:2 v/v, pH 7.2) in the presence of 10.0 equiv. various cations. .......... 54

Figure 2.4 Fluorescence Emission spectral responses of L2 (10 uM) towards varying
concentration of Hg?* (0-4 eq.) in HEPES buffered solution (CHsCN:H0, 1:2
viv, pH 7.2). (Inset: (a) visual fluorescence change of L2 with Hg?* (b). A good

liner fit of Benesi-Hildebarand plot confirms the 1:1 stoichiometry..............cccoccoue.e. 54
Figure 2.5 (a). Job’s plot, (b). The plot of log ((I-lo)/ (Imax-1)) to log [Hg®'] (uM in
HEPES buffered solution (CH3CN:H20, 1:2 VIV, pH 7.2)) c.cccvooviiiiiiee i 55

Figure 2.6 (a) Linear fit graph of L2 with Hg?" fluorescence titration. (b) Association
constant calculation by Fluorescence titration method of L2 with Hg®" using
limeaLegreasion analysiS. g, T8 o M. (00urenennnnnfo e oSBT oo e gl eeeeeeeee e SR o B 57

Figure 2.7 pH dependent fluorescence of L2 and L2-Hg?" ... 57

Figure 2.8 Interference effects of other metal ions in Hg?* detection by L2 (10 pM)
(blue bars represent the fluorescence intensity of L2+metal ions and red bars
show the fluorescence intensity of L2+Hg?*+ other metal ions in 1:1:10), Aex =

330 nm, Aem =429 M, ....... KA T e e 58
Figure 2.9 Fluorescence Emission responses of L2 (10 uM, in HEPES buffered solution

(CH3CN:H20, 1:2 v/v, pH 7.2) in the presence of different counter ions................... 59
Figure 2.10 Molecular orbital diagrams and excitation energies of L2 and L2-Hg?®*

(010] 0] 0] 1= APPSR 60
Figure 2.11 HOMO—-LUMO band gaps of L2 and L2+Hg?* optimized structures. ............... 61
Figure 2.12 Theoretical excitation energies UV-vis spectrum of (a) L2, (b) L2-Hg*". .......... 61

Figure 2.13 (a). Visual Colorimetric reversibility (b). Fluorescence reversibility of
chemosensor L2 upon sequential addition of Hg? and KI. (Inset: visual

fluorometric reversibility) (c).number of cycles of reversibility of chemosensor

Xii



upon sequential addition of Hg?* and KI (d). Switch circuit diagram and Truth

table corresponding to a logic gate based on Hg?* and Kl...........ccccoevevvieeireeivenennan. 63
Figure 2.14 linear correlation between changes in fluorescence intensity and [Hg?*] in

water samples spiked with different amount of [Hg?*] standard solutions in the

standard addition experiments. (a) Canal water, (b) Drain water. ([L2]=10 uM,

Aex =330 NM, Aem = 429 NIM). coeiriiiiiee bbbt ens 64
Figure 2.15 *H-NMR spectrum of Ethyl (3-0xo-[1,4]Benzothiazin-2-ylidene)acetate in
CDCls. vl L 66
Figure 2.16 *C-NMR spectrum of Ethyl (3-oxo-[1,4]Benzothiazin-2-ylidene)acetate in
COORN 0 ..ot g O 0 R s, 66
Figure 2.17 *H-NMR spectrum of L2 in DMSO-Dg..........ccecieeieererreeitereeaseceeieseiesesesissesans 67
Figure 2.18 *C-NMR spectrum of L2 in DMSO-Dg ......ccccouurveieeriitirerieeeiesecisiesee e 67
Figure 2.19 FT-IR spectrum of L2 in KBr Pellet..........cccoooiiiiiiee it 68
Figure 2.20 (a) FT-IR spectrum of L2 and L2 +Hg?" in KBr pellet, (b) 1H-NMR
titration of L2 and L2 +Hg?* in DMSO-De. .....ccovevuerrirerircreiieeciiseeee e stsssisss s, 68

Figure 3.1 A visual features of detection of Hg?" with L3 in the presence of 10
equivalent of different cations in CH3CN:H:O (1:1 v/v, pH 7.0, HEPES
buffer).(@).in sun light and (b). under UV-lamp. (b). under UV lamp........cccceuennnee. 78

Figure 3.2 (a). Absorption titrations spectral responses of L3 (10 uM) towards varying
Hg?* ion concentration (0-5 equiv.), (b). Fluorescence Emission spectral
responses of L3(10 uM) towards varying Hg?* ion concentration (0-10 equiv.)

(in MeCN/H20 (1:1 v/v, PH 7.0, HEPES buffer)). .......ccccoouiiiiii i 79

Figure 3.3 (a). Absorption spectra (b). Fluorescence Emission spectra of L3 (10 uM) in
the presence of 10 equiv. different metal ions (in MeCN/H20O (1:1 v/v, PH 7.0,

HERESaligffer)). R gt e oo o ol ol o . 80
Figure 3.4 Job’s plot (the total concentration were 10 uM in MeCN/H20 (1:1 v/v, PH
7.0, HEPES DUTTEE) ... sttt s s e e 81

Figure 3.5 (a). The linear fit graph of fluorescence intensity ratio (lsgo/lzze) as a

function of Hg?* ion concentration. (b). Benesi-Hildebrand plot of L3 (10 uM)

binding with Hg?*. (in MeCN/H20 (1:1 v/v, PH 7.0, HEPES buffer). .........cccocovun.... 82
Figure 3.6 Life time decay profile of L3 in the absence and presence of Hg?*.(in
MeCN/H20 (1:1 v/v, PH 7.0, HEPES buffer) hex =320 M) ....c.ovvvvveveiercieierenn, 83

Figure 3.7 Interference effect of various cations with L3-Hg?* in emission spectra (
blue bar for fluorescenc intensity ratio(laso/ls76) of L3+cations (1:10 equiv.) and

red bars show fluorescence intensity of L3+ Hg?*+other cations (1:1:10 equiv.) ...... 84
Xiii



Figure 3.8 Fluorescence Emission responses of L3 (10 uM, in MeCN/H20 (1:1 v/v, PH

7.0, HEPES buffer) in the presence of different counter ions (a) Fluorescence

intensity (b) Fluorescence intensity ratio (14go/1376). ......cccoevvevrereriniiiiiiiscicreiscns 84
Figure 3.9 Fluorescence intensity of (a) L3, (b) L3-Hg?* at different pH value. ................... 85
Figure 3.10 Fluorescence intensity ratio (laso/lszs) for L3 and L3-Hg?* at different pH

VAIUBS. .ttt bbb bt nre s 86
Figure 3.11 Optimized structures of L3 and L3+HQ? .........cocooviviiiiieiiiecceee e 88
Figure 3.12 HOMO-LUMO band gaps of L3 and L3+Hg .........ivieeeccecceeceeeeeenes 88
Figure 3.13 TD-DFT of CAM-B3LYP, function combined with 6-31G (d) basis sets for

L3 and with Lanl2DZ method for L3-Hg?* . ........covovieiciiecceecceeeein e 89

Figure 3.14 (a). Visual Colorimetric reversibility (b). Fluorometric reversibility. (Inset:
visual fluorometric reversibility) (c). “‘off-on—off’’ reversibility cycles of
chemosensor L3 upon sequential addition of Hg?* and KI. (d). Switch circuit
diagram and Truth table corresponding to a logic gate based on Hg?* and K. .......... 91

Figure 3.15 (a). Calibration curve of standard solutions of Hg?" (0.05-0.5uM), (b).
Canal water and drain water, linear correlation of (lsso/ls7s) to [Hg?*] in water

samples spiked with different concentration of [Hg?*] in the standard addition

experiments. ([L3]=10UM, Rex = 320 NM). .oooiuiiiiiiieieiesie e 92
Figure 3.16 IR spectrum of receptor L3 recorded in KBr pellet. ..........ccoviieiinineniiiin, 96
Figure 3.17. 'H-NMR spectrum of receptor L3 recorded in CDCls. .....cccc.ccevevveivinusrennnns 96
Figure 3.18 3C-NMR spectrum of receptor L3 recorded in CDCls ...........ccccoevvvriieceeerenns 97
Figure 3.19 HLRMS offl3..... 00, ..o .. nn ol L 97
Figure 3.20 HRMS Of L3HHGZ ..ottt 98
Figure 3.21 IR spectrum of receptor L3, and L3+HgCl2 recorded in KBr pellet................... 98
Figure 3.22 'H-NMR spectra of L3 with Hg?" as HgCl2 in CDCla. .......c.c.ovoviivecenieneiercene. 98
Figure 4.1 Absorption spectra change of (a). L4, (b). L5 (10 uM) in pure MeOH and

MeOH/H>0 (1:99, v/v. HEPES buffer, pH 7.0). ... 110
Figure 4.2 Fluorescence intensity of 10 uM (a) L4, (b) L5 in CH3OH solution with

different fraction of water (0, 10, 20, 40, 60, 80, 99%).........ccccevvvrivieiieeiec e, 111
Figure 4.3 Dynamic light scattering results of L4 and L5 in CH3OH and water.................. 111
Figure 4.4 Absorption spectra of (a). L4, (b). L5 (10uM) MeOH/H.O (1:99, v/v.

HEPES buffer, pH 7.0)) in the presence of 10.0 equiv. various cations. ................... 112

Figure 4.5 Absorption titrations spectral responses of (a). L4, (b). L5 towards varying
Hg?* ion concentrations (0-2 equiv.) (In MeOH/H20 (1:99, v/v. HEPES buffer,

[0 B0 ) ) PR SRSRS SRR 113
Xiv



Figure 4.6 Fluorescnce spectra of (a). L4, (b). L5 (10 uM , in MeOH/H20 (1:99, v/v.
HEPES buffer, pH 7.0). in the presence of 10.0 equiv. various cations. ................... 113
Figure 4.7 Fluorescence Emission titrations spectral responses of (a). L4, (b). L5
towards varying Hg?* ion concentrations ((In MeOH/H2O (1:99, v/v. HEPES
PUTTEr, PH 7.0)). oot s 114
Figure 4.8 Dynamic light scattering results of L4 and L5 in the absence and presence
of Hg?* in MeOH/H,0 (1:99, v/v. HEPES buffer, pH 7.0).....c.ccooveerereeeeeereeeene, 115
Figure 4.9 Lifetime decay profile of (a). L4, (b). L5 in absence and presence of Hg?* in
MeOH/H20 (1:99, v/v. HEPES buffer, pH 7.0). (Aex=330 NM) ....coovvvviiiiiieieee 116
Figure 4.10 Job’s plot (a). L4+Hg?*, (b). L5+Hg?* (in MeOH/H.0 (1:99, v/v. HEPES
buffer, pH 7.0).) the total concentration were 10 M. ...cccovervviieieerieerieseeneee e 117
Figure 4.11 The linear fit graph of fluorescence intensity ratio as a function of Hg?
comaegftratigh. (a)°L4, (o)pls. = K. el S e R 118
Figure 4.12 Benesi-Hilderbrand Plot for K, determination of (a) L4, (b) L5 towards

Figure 4.13 Interference effect of various cations, with (a) L4 emission spectra at 395
nm (Blue bars represent fluorescence intensity of L4+cations and orange bars
show the fluorescence intensity of L4+Hg?*+other cations, and (b) L5 emission
spectra at 386 nm (green bars represent the fluorescence intensity of L5+cations
and red bars show the fluorescence intensity of L5+Hg?*+other cations.................. 119

Figure 4.14 Fluorescence intensity of chemosensors (L4 and L5) and complexes (L4 +

Hg?* and L5 + Hg?*) at different pH VaAIUES. ............cccveeeviviiieeie e tsssne e 122
Figure 4.15 Fluorometric reversibility (a) L4,(b) L5 upon sequential addition of Hg?*

Kl R o™ T 123
Figure 4.16 IR spectrum of receptor L4 recorded in KBrpellet. .........cccooovveiiiciieiec, 124
Figure 4.17 *H-NMR spectrum of receptor L4 recorded in DMSO-Us. ........cccevvevevevevennnne, 124
Figure 4.18 *C-NMR spectrum of receptor L4 recorded in DMSO-s. ..........ccovvvververecnnae. 125
Figure 4.19 HRMS of receptor L4 recorded in CH3CN. .......cccooiiiiiiiiiniece e 125
Figure 4.20 IR spectrum of receptor L5 recorded in KBr pellet. ..., 126
Figure 4.21 *H-NMR spectrum of receptor L5 recorded in DMSO-Us. .......ccccevvvevevrvrvennne. 126
Figure 4.22 1¥*C-NMR spectrum of receptor L5 recorded in DMSO-s. ..........ccoevveeverecnnne. 127
Figure 4.23 HRMS of receptor L5 recorded in CH3CN. .......cccoceiiiiiininicee e 127
Figure 4.24 HRMS of receptor L4+Hg?* recorded in CH3CN. ........cccovvvveviiescee e 128
Figure 4.25 HRMS of receptor L5+Hg?* recorded in CH3aCN. .......ocooovvvieviieeceeeeeeens 128
Figure 4.26 IR spectrum of receptor L4+Hg?* recorded in KBr pellet ..........ccccoevevvevennnn 129

XV



Figure 4.27 'H-NMR spectra of L4 with Hg?" as HGCl2 in DMSO-0s. .......c.cccevevvervrveerrrnnne. 129
Figure 4.28 IR spectrum of receptor L5+Hg?* recorded in KBr pellet...........cccoevvvvveveveene. 130
Figure 4.29 'H-NMR spectra of L5 with Hg?* as HYCl2in DMSO-0s............cccevevevirranneee, 130
Figure 5.1 (a) The absorption spectrum of L6 in DMSO and DMSO/water (1:99 v/v),

(b) Fluorescence intensity of L6 (10 uM) solution in DMSO with various water

fraction (0, 10, 20, 40, 60, 80, 9090)......cccccererieireieiee e 144
Figure 5.2 (a). Absorption spectra (b). Fluorescence spectra L6 (10 uM) in the presence

of various metal 10NS (L0 EQUIV.) .cevieieiieeieeie e et sste e s 145
Figure 5.3 UV-visible absorption titrations spectra of L6 (10 uM) towards varying

concentrations (0-5 equiv.) (a) Hg?" ion, (b) Ag* ion (in DMSO/water (1:99, v/v,

HEPES DUFFEE, PH 7.2)). oottt sss s eoee e st eee e vasee 145
Figure 5.4 Fluorescence emission titration responses of L6 (10 uM) towards varying

(a) Hg?" ion concentrations, (b) Ag* ion concentrations (0 -5 equiv.) ion (in

DMSO/water (1:99, v/v, HEPES buffer, pH 7.2).....cccocoeiieiie e 146
Figure 5.5 Interference effect of various cations with L6-Hg?* (fluorescence intensity
ratio (lags/lsgo) of L6 + Hg?* + other cations (1:1:10 QUIV.) c.ccciverevirercrceereicieenens 147

Figure 5.6 (a) Job’s plot (the total concentration were 10 uM), (b) The linear fit graph

of intensity ratio (lass/lss0) as a function of Hg?* ion concentration. (in DMSO-

water (1:99 v/v, HEPES buffer pH 7.2) ..o 148
Figure 5.7 Fluorescence lifetime decay profile of L6 in the absence and presence of
Hg?" ion (in DMSO/water (1:99 v/v, HEPES buffer pH 7.2), Aex = 340 nm) ............ 148

Figure 5.8 Fluorescence intensity ratio (lsgs/lss) for L6 and L6-Hg?* at different pH

Figure 5.9 (a) Fluorometric reversibility.(b) Truth table corresponding to a logic gate

based on Hg?* and K. (c) Switch circuit diagram........ccccccevveereiereeiiiiseesiee e, 152
Figure 5.10 IR spectrum of receptor L6 recorded in KBr pellet. ......c.iivveiieeiiiiccciiee 154
Figure 5.11 *H-NMR spectrum of receptor L6 recorded in DMSO-Gs. ...........c.cc.cceverrenen. 154
Figure 5.12 *C-NMR spectrum of receptor L6 recorded in DMSO-s............cc.ccvvvrnereen. 155
FIQUre 5.13 HRMS OF LB ..ot 155
Figure 5.14 IR spectrum of receptor L6+Ag* recorded in KBr pellet. ..........cccoovevieinnenen. 156
Figure 5.15 *H-NMR spectrum of receptor L6+Ag* complex recorded in DMSO-d. ........ 156
Figure 5.16 *C-NMR spectrum of receptor L6+Ag* recorded in DMSO-d. ..................... 157
Figure 5.17 IR spectrum of L6+HgCl2recorded in KBr pellet...........ccoooeiiiiiiininiiies 157
Figure 5.18 *H-NMR spectra of L6 with HgZ*(as HgCI2) in DMSO-0g. .......ccvvevererererennen. 158

Figure 5.19 Fluorescence intensity of (a). L6, (b). L6-Hg?* at different pH value. ............ 158
XVi



List of Tables

Table 2.1 Fluorescence intensity and standard deviation of blank receptor (L2 ).................. 56
Table 2.2 The major electronic transition energies and molecular orbital contributions

FOr L2 @NA L2-HO . oottt 60
Table 3.1 Fluorescence intensity and standard deviation of blank receptor (L3) ................... 82

Table 3.2 Excitation energies and oscillator strengths of L3 opt freq td cam-b3lyp/6-

319(d) GEOM=CONNECTIVILY ...evviiuieiieiiesieeireee et 89
Table 3.3 Determination of Hg?" ion concentration in real samples by using standard

additiormtmetnNod s M. 8 A B LE. ..ol B cr ool B e 92
Table 3.4 A comparative study of L3 with some previously reported 1,8-

Naphthalimide based fluorescence Hg?" SENSOIS. .........c.cvvueveiereuerierireeerese e 93
Table 4.1 Fluorescence intensity and standard deviation of blank receptors........................ 117
Table 5.1 Anti-microbial activities of L6 and L6-Ag*compounds...........cccccoevveiieiieieenns 152

XVii






Table of Contents

ADSErACt OF T THESIS. ...eiviieieii e i
ACKNOWIEAGEMENTS ...t v
LiSt OF PUDIICAIONS ... st sre e vii
LISt OF CONTEIENCES ...ttt bbbt vii
LiSt OF ADDIEVIALIONS. .....cviiiiiiiiiiiee e iX
IS o) T U= RSP PSR Xi
List of Tables........c...qz.....hg..... Rl ... orms. . Bl e, XVii

Chapter 1 GENERAL INTRODUCTION

1.1 LtroQRCtion ... BN as el O oo B[l ool pgeseeeresensnnsnnans 1
1.2 FIUOTESEERLE" SENSTNG ....cievvvee @i e neeser e BB BB e enn s s e seenne e 2
1.3 Some Common Photophysical Mechanisms for Fluorescence Sensing .....c............ 3
1.3.1 Photoinduced Electron Transfer (PET) .......ccccceiveiiiiciiice e 3
1.3.2 Intramolecular Charge Transfer (ICT) ...cc.coveiveiieeie i 5
1.3.3 Fluorescence Resonance Energy Transfer (FRET) .......ccooovviviiicniicinsiiiinnns 7
1.3.4 Excited State Intramolecular Proton Transfer (ESIPT)........cccoovviiiiiiiiiennnnns 9
1.3.5 Chelation Enhanced Fluorescence Emission (CHEF) and Chelation
Enhanced Quenching (CHEQ) ......ccoooiiiiiiiieeesee e 11
1.3.6 EXCImer/EXCIPIEX FOrMAION ........cceiiiiiieieiicieiie e 12

1.3.7 Aggregation-Induced Emission (AIE)/Aggregation-Caused Quenching

(ACOH,..... ot ... LR e e 13
1.4 Importance of Mercury ion (Hg?") DEteCtion ...........iovveiisieeneeees i 15
1.5 Reaction Based HY?" SENSOIS..............c.veeisuiiiereeciesissssesicsesesssssnessesssnsesessssesenans 15

1.5.1 Hg?" Detection via Hg?*-Promoted Desulfurisation of Thioamide into

1.5.2 Hg?* Detection via Hg®* Promoted Cyclic Guanylationo Thiourea to
IMIAAZOIING ..o e 17

1.5.3 Hg?* Detection via Hg?*-Promoted Cyclization of Thiosemicarbazide to

(@) 1o 1= V.40 L SR 19
1.5.4 Hg?* Detection via Hg?*-Promoted Elimination of Thioether........................ 20
1.5.5 Hg?* Detection via Hg?*- Promoted Hydration of Alkynes to Ketones......... 22
1.5.6 Hg?" Detection via Hg?" ion Promoted Hydrolysis of Vinyl Ether and

[SOPrOPENY] ACELALE ......c.eiveiiiie e 23
1.5.7 Hg?* Promoted Spirolactam Hydrolysis Reaction.............c..ccccoeeveerevrcunnenans 24

XIX



1.6 Coordination Based HOZ" SENSOS............cccovervireveeeisiesirieeeeessesessesssssesesessesssenes 26
1.7 ODbjective OF the TNESIS......cciiiieieeiecie e 31
1.8 RETEIENCE ... ettt e et r e ae e 33

Chapter 2 Design and Synthesis of 1,4-Benzothiazine Hydrazide as Selective and
Sensitive Colorimetric and Turn-On Fluorometric Sensor for Hg?* ion

Detection in Aqueous Medium

20 A 11 oo L1 T £ [ ] o S PSRRI 49
2.2 EXPErimental SECHION ....cuciveiriiieiiiiie ettt sn et nneas 50
2.2.1 Materials and REAGENTS........cuiiiieiieeiiies e esee st st e et sbee e snnee e 50
2.2.2 SYnthesis 0f ChemMOSENSON..........coviiieieciiiie sttt e s sre et re e erees 50
2.2.3 AbSOrbance MEASUIEMENTS.........cuiiierieeieiiesieeieeiesreesesneeseesstesseesseessesbanarens 51
2.2.4 FIUOreSCeNCE MEASUIBIMENTS. ......c..eiierieeseeiieeseeeeesseesteeaessesseessesseessnnssesseessens 51
2.2.5 gPheoTeticahStudyr........ o Sl Brescat .- sommmummmumees .« Besvamst i el oo s B . .. 52
2.3 ResultslandiDisCUSSION ..... a8 i ol A itk e eeceeseesrechensnns gno s ide e vesssersens Bipeeer Bagdll 52
2.3.1 Colorometric and UV-visible Responses of L2 to Hg?* ioN..........cc.cccceuevneen. 52
2.3.2 Fluorometric Responses of L2 t0 HG? 10N.......ccoccevievricineeeiiece e 53
2.33 Stoichiomesry ... a0 X.........00ulim........ S0, JL 0B T 0 G 55
2.3.4 Limit of Detection (LOD) and Association Constant (Ka)..........ccccceeveiiennnnn 55
2.3 pH Selectjofy...... . M M Rz Moon LS D I el L 57
2.3.6 Selpctivitye EXDerimEnts. mumm mn. - - B covxe ommiiass s omssnsi e ron 2 ool -« Bl 58
2.3.7 MheoretiealCalgulation ... i b B ai s 59
2.3.8 Binding Nature of L2 and HG? 10N .....cccovevvieeeceeeceeeeeise e 62
2.3.9 Reversibility Studies Applied as Logic Gate Circuit Devices................cceu.... 62
2.3.10 Analysis 0f Real SAMPIE .........ooviiiiiii e 63
2.4 Conclusion....... ... LB R el L R 65
2.5 References.........cocoo. Ml 8. g oo R, 69

Chapter 3 A Novel 1,8-Naphthalimide as Highly Selective Naked-Eye and
Ratiometric Fluorescent Sensor for Detection of Hg?* ion

20 A 101 oo L1 T £ o] o USROS PU PSP 75
3.2 EXperimental SECHION .......ccovviiiiiieiie ettt 76
3.2.1 Reagents and INStrumentation ...........ccooeveieieiininiee e 76
3.2.2 Synthesis and Characterization of ChemoSeNnSOrs.........coevvvverviriesiveresienenns 77
3.2.3 Absorbance and Fluorescence EXPeriments.........cccccveevvevieiieeviesiieesieesneenns 77
3.2.4 TheoretiCal STUY.........cceiiiiieiiee e 77



3.3 RESUILS AN DISCUSSION.....eeeeeee ettt e e et e e e e e e e e eeeeeeens 78

3.3.1 NaKed-eye SElCHIVILY .......cccccvieiieie e 78
3.3.2 SPECLrOSCOPIC STUTIES.....ccveineieiieiiesie et 78
3.3.3 SEOICNIOMELIY ...t 81
3.3.4 Limit of Detection (LOD) and Association Constant (Ka).........ccccceevvereieenne. 81
3.3.5 FIUOrescence LITEIME ......c.ooviiieiiiicisceee e 83
3.3.6 SEIECHIVILY STUIES ....eevieieiieiie ittt 83
3.3.7 Solvent System and pH STUAIES ........ccooeiiiiiie e 85
3.3.8 Nature of Binding Interaction of L3 with Hg?" ......cc.c.coovveiiveeieeee 86
3.3.9 Theoretical CalCUlation ...t finr i b i 87
3.3.10 Reversibility Studies Applied as Logic Circuit DeVviCes..........ccocerveruerrenne. 90
3.3.11 Analysis of Real SAMPIE.........ccooiiiiiiiice it 91
3d EompacativesStudy'...... fedmon.. e mm LR R g 93
2.5 CORelusign..'s..... "L N, ol™. . cew.. e U R, g 95
36 ReferenCe.... Spa¥. 4. o000 om0 Bl L T e 99

Chapter 4 Naphthalimide-Amino Acid Conjugates Chemosensors for Hg?* ion
Detection: Based on Chelation Mediated Emission Enhancement in

Agueous Solution

4.1 Introdctiorr .. M R Rie. %o . K00 Dl e, LR 107
4% Experimental Seftigneg mu... MBn. oo v commlt - - st mimile P« csa™0s o oolpt oo« el oo« e ee oo ees 108
4.2.1 Reagents and INStrUMENTAtioN ..........cceiveeiieiiie it 108
4.2.2 Synthesis and Characterization of ChemoSensors.........cccccevvveiiereciieseennne 108
4.2.3 Absorbance and Fluorescence Measurements.........ccooovvvveeeiineeseneenenennnns 109
4.3 RESUILS ANA DISCUSSION......cuviiiieireisaiesieeieeteestiesaeaniesteeeeereesteeeeaaesreeseeeseesseeneens 110
4.3.1 Aggregation-Induced Emission (AIE) Properties of L4 and L5 ................... 110
4.3.2 Absorption Behaviour towards Various Cations...........cccceverereneiesennanens 112
4.3.3 Emission Behaviour towards Various Cations............cccccevvereriveresieesieennnns 113
4.3.4 FIUOreSCENCE LITELIME .......oivieiieieciece e 115
4.3.5 STOICNIOMELIY ....veiiii it 116
4.3.6 Limit of Detection (LOD) and Association Constants (Ka) ........ccccevvevuneane. 117
4.3.7 SEleCtiVILY STUTIES .....ccueivieiiiieiee e 118
4.3.8 Binding Mode of L4 and L5 With Hg?" ........cccooeevieeieceeeeeeee e 120
4.3.9 PH SEIBCHION ...t e 121
4.3.10 ReVversibility STUAIES .......ccvoiiiieiieicee e 122



A8 CONCIUSTON ..ottt e e e et e e ettt e e e e e e e e e e eeaeenaas 123
A5 RETEIEINCES ...t ettt e e e et e e e e et e e e e e e e e e eaaaaaaas 131

Chapter 5 Synthesis and Evaluation of AIEE Active Sulfamethizole
Functionalized 1,8-Naphthalimide for Ratiometric Fluorescence Sensing

of Hg?* ion in Aqueous Media and Anti-Microbial Activity

5.1 INEOTUCTION ..ottt 139
5.2 EXPerimental SECLION ........ccveiieieeieiieie ettt 141
5.2.1 Reagents and INStrumentation .............ccooeeueieriiiiiesee e iesie e 141
5.2.2 General Procgdurs,.............. 8L R B ol B e B e 141
5.2.3 Synthesis and Characterization of ChemoSensor ..........cccveveveeveeieireeinnnn, 142
5.2.4 Synthesis and Characterization of Silver Complex......cccccooviiiiiinieisiienn, 143
5.3 ReSUIS aNd DISCUSSION ...vevieveenieeiiesieeiessiesseesesseesteaseesaeseeessesseesaneseesneesseeseesses 143
5.3.1 Aggregation Induced Emission (AIE) Character of L6..............cccoceveivenenn. 143
5.3.2 Absorption Behaviour towards Various Cations...........ccccceevveivereeiresieennnns 144
5.3.3 Fluorescence Emission Change towards Various Metal ions...................... 145
5.3.4 Competitive EXPErIMENL..............coe B itthiaseaftensesnesseeneeneass Bges tefteesesnesnepieens 146
5.3.5 Stoichiometry and Limit of Detection (LOD) .........ccccovveviveiieiieeciiie e, 147
5.3.6 Fluorescence Lifetime . .. iiiiioeadieaBestaesiesesnesnesims et deesnsseesressesvabbasas 148
5.3.7 Binding Mode of L6 With Hg?" i0N.........cccccoveeviiiieiiieceeeeeece e 149
5.3.8 pHISelGoMON ... o ol mam . - B o conml G - sl P e <« il 150
5.3.9 Reversibility Studies Applied as Logic Circuit Devices.............ccccveiurennen. 151
5.4 Biological Application of Ligand-Sliver COMpPIEX .........c.ccceveiieiieieiiic i 152
5.5 ConclusiBn. gm,..... KB ... mmg ... g coiall o A 153
5.6 Reference.....al......ccoov i @ Bmame. cevesro s evees el B e eeeeee i 159

XXii









Chapter 1
GENERAL INTRODUCTION






Chapter 1| 2019

1.1 Introduction

Metal ions owing to their indispensable importance in different aspects of life [1], there is a great
deal of significance for their detection by the scientific community working in different fields of
study such as chemical-biology, biochemistry, environmental science and chemistry [2]. Metal
ions have been extensively identified and classified into two main categories that attract a special
interest of researchers; the first group is biologically essential metal cations, including Ca?*, K*,
Na*, Fe?*, Zn?*, Cu?*, etc. which play important signaling roles in our biological systems. To
guarantee their normal biochemical functions, detection of their concentrations level and
maintaining within an appropriate range is very crucial. The other group is biologically toxic,
such as Hg?*, Cd?*, Cr¥*, As*, and Pb?" which are toxic pollutants in the environment [3].
Consequently, the development of effective detection system for monitoring their toxic effect

is very important as well [4-7].

Among the various available cation detection methods, viz flame photometry, atomic
absorption spectrometry [8], optical emission spectroscopy (OES) [9], ion sensitive
electrodes, cyclic voltammetry, electron microprobe analysis, inductively-coupled plasma-
mass spectrometry (ICP-MS) [10], Atomic fluorescence spectrometry, X-ray fluorescence
spectrometry [11], etc., are expensive, and often require large samples size and specialized
personnel to carry out the operational procedures [12]. On the other hand, the fluorescence
based sensors, owing to their attractive reward viz robustness, high sensitivity, selectivity,
rapidity, long lifetime, ease of measurement, relative low costs, non-destructive methodology
and detection of metal ions in living cells, the fluorescence sensors offer unique advantages over
other different detection methods [5,13,14] and have been considered as an ultimate tool for
monitoring trace amounts of toxic cations and anions. In this regard, design and synthesis of
novel fluorescent sensors with improved performance are becoming very active research area
in both organic and analytical chemistry and many fluorescent sensors have been synthesized
and successfully used. This chapter focuses on over viewing current developments in design,
synthesis and application of fluorescent sensors for mercury ion sensing based on different

approaches.
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1.2 Fluorescence Sensing

Fluorescence is the property of some molecules which can absorb a higher energy radiation at
shorter wavelength and excited to high energy level and then re-emit radiation (fluorescence
emission) of lower energy at longer wavelength upon relaxation from the excited state on
nano seconds time scale. The change in absorbed and emitted radiation wavelength is called
stokes shift [15].

Why fluorescence?

Fluorescence based detection is more selective and sensitive than absorption based
counterpart. This.is because fluorescence measurement is done directly without comparison
with reference beam which is relative to dark background, while, absorption is calculated as

the difference in light intensity pass though reference and sample [16].

Fluorescent sensors are molecular receptors that transform molecular interaction into
analytically useful signals upon specific host-guests binding system. A typical fluorescence
sensor contains a recognition site or receptor connected to signal unit or fluorophore which is
the functional group responsible for emitting fluorescence which translates the recognition
event into fluorescence signal. The basic requirements for fluorescent sensor are; strong
affinity and selective binding of the receptor towards the target analyte, sensitive signal
recognition unit to the photophysical change in the sensor on analyte binding and stable to

environmental interference [17].

Binding of analyte changes the fluorescence nature of the fluorophore; this can accomplished
in two ways: by increasing or decreasing the quantum efficiency “Turn On” or “Turn Off ”
fluorescence, intensity based fluorophores; or by changing the spectral features, shifting

emission wavelengths, dual emission in ratiometric fluorophores.
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1.3 Some Common  Photophysical Mechanisms  for

Fluorescence Sensing

The detection of the analyte by fluorescent sensors is based on the change of the
photophysical properties of the sensor on the analyte binding to the receptor unit (via host-
gust interaction) (Figure 1.1) that exhibit a change in emission profile of the fluorophore
which can be either “Turn On” or “Turn Off ” or both in the case of ratiometric. This
phenomenon is guided by a few photophysical interaction mechanisms such as photoinduced
electron transfer (PET), intermolecular charge transfer (ICT), fluorescence resonance energy
transfer (FRET), excited state intermolecular proton transfer (ESIPT), chelation enhanced
fluorescence emission (CHEF) or chelation enhanced quenching (CHEQ), excimer formation,
and aggregation-induced emission (AIE) /aggregation-caused quenching (ACQ). This
different fluorescence sensing mechanisms with some examples of recently reported Hg?* ion

selective chemosensors are briefly discussed in this section.

Analyte

% ‘
— B9

Fluorophore  Receptor Fluorescence signal

Figure 1.1 General host gust interaction of chemosensor and analyte.
1.3.1 Photoinduced Electron Transfer (PET)

Electron transfer processes in systems containing a donor (D) and acceptor (A) molecular
units coupled by a rigid bridge can be easily taking place by applying some kind of fast
perturbation energy. The electron transfer in a molecule having the donor and the acceptor
linked by rigid aliphatic spacer via typical light excitation is called photoinduced electron
transfer [18]. PET takes place by electron transfer from the lone pair electrons of N, O, and S
of the receptor group to HOMO of the excited fluorophore [19], the photoexcitation localizes
the acceptor and the HOMO of the donor atom which is at high energy than the HOMO of the
acceptor transfers its electron to the acceptor’s HOMO, this electron transfer process opens
PET which quenches the fluorescence of the sensor [20]. Fluorescence sensors that work by

PET mechanism are widely accepted mechanism for their fluorescence “Turn-On” character
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upon binding with analyte molecule via PET inhibition by coordination of the analyte to

electron pair of donor atoms of the sensor (Figure 1.2) [21,22].

-
SAY
v Analyte
Receptor

> { hV2
Fluorophore I:‘ —
ET

PET

frovob y
Ao }

E
HOMO Free Receptor L HOMO

HOMO
Fluorophore

Fluorophore Bound Receptor

Figure 1.2 Representation of PET mechanism

Lee et al. reported PET based fluorescent chemosensor 1 (Figure 1.3) by combining of 2-
aminoethyl piperazine receptor and 4-chloro-7-nitrobenz-2-oxa-1,3-diazole fluorophore [19].
Addition of Hg?" ion to chemosensor 1 enhances the fluorescence of the sensor at 542 nm via
PET inhibition upon Hg?* binding to 2-aminoethyl piperidine. Recently in 2018, Zhoul et al.
reported a new fluorescent chemosensor 2 (Figure 1.3) based on the BODIPY fluorophore
containing carboxyl-thiol as Hg?" receptor [23] for the detection of Hg?* ion in aqueous
media. Hg?" binding to chemosensor show “Turn On” fluorescence at 581 nm with about a

630-fold enhancement via PET inhibition.

Fluorescence off Fluorescence on

Figure 1.3 PET based chemosensors for Hg?* detection.
4
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1.3.2 Intramolecular Charge Transfer (ICT)

Generally ICT based sensors are molecules containing electron donating linked with electron
withdrawing groups by m-spacer, which allows the charge transfer in the excited state from
the electron rich donor to the accepter which accomplished by large stoke shift [24]. The
presence of both donor and acceptor in one molecule at the two opposite ends of the spacer
results in ICT. Due to their delocalized m-System conjugated organic compounds are
considered to be a good bridge for ICT to form donor-n-acceptor (D-n—A) system. The
degree of ICT process depends on the donor and acceptor strength, as well as the length of the
n system spacer blend the two groups [25]. D-n-A type molecules exhibit large dipole
moment (Ap) changes upon photoexcitation which promotes the formation of polaron pairs,
the predecessor for charge carriers which causes large stoke shift due to a photoinduced ICT
process [26,27]. The binding of analyte with the donor species decreases the electron donating
ability of the fluorophore and it causes blue shift, while the analyte binding with the acceptor
group increases the electron withdrawing capability of the accepter moiety and develops a red

shift in both absorption and fluorescence spectra of the sensor (Figure 1.4) [28].

Goswami et al. [29] reported chromen-2-one derivative containing 7-(diethylamino)-3-
(pyrimidin-4-yl)-2H-chromen-2-one chemosensor 3 (Figure 1.5) for Hg?* ion detection in
mixed aqueous media. Which shows chelation enhanced quenching of fluorescence (CHEQ)
at 509 nm via photoinduced electron transfer (PET) from electron lone pairs of nitrogen and
simultaneously, ‘push—pull’ induced ICT between coumarin and pyrimidine moiety upon
binding with Hg?* it exhibits red shift around 80 nm in absorption with naked eye color
change from green to red, and a new band centered at 575 nm with fluorescence color change
from yellowish green to light orange in Hg?' binding. Other ICT based fluorescent
chemosensor 4 (Figure 1.5) with strong push—pull system containing aniline nitrogen as
electron donor and carbonyl and benzothiazolyl as electron accepters for Hg?* ion detection
was reported by Wang et al. in 2006. Addition of Hg®* impose blue shift in both emission and
absorption, binding of Hg?* to the receptors responded ratiometrical by blue shift of around
100 nm from 567 to 475 nm [30]. Recently in 2018, Rani et al. reported fluorescence Turn
Off  Hg?" and pyrophosphate ion chemosensor 5 (Figure 1.5) by conjugating of 1H-
phenanthro-[9,10d]imidazole as electron donor and anthraquinone as electron acceptor units
through the n-system to get push-pull based ICT phenomenon in H.O/CH3CN (1:9; v/v)
solution [31].
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1.3.3 Fluorescence Resonance Energy Transfer (FRET)

FERT are fluorescent sensors based on a distance dependent radiationless energy transfer
from high energy excited state donor molecule to low energy ground state acceptor molecule.
The term “Resonance Energy Transfer” refers to intermolecular energy transfer of dipolar
coupling of emission of donor moiety to the excitation of accepter moiety [32]. The emission
energy of the donor overlaps with the absorption spectrum of the acceptor molecule, the
acceptor may be a fluorescent or non-fluorescent molecule (Figure 1.6). If the acceptor is a
fluorophore it absorbs the emission of high energy and.excited state donor group and gets
excited and remits the energy radiatively upon relaxation to its ground state, it is turn on
fluorescence. Meanwhile, non-fluorescent acceptor imposes quenching [33]. The rate of
energy transfer is strongly dependent on degree of spectral overlap, relative orientation of the
transition dipoles, and donor-acceptor proximity [34,35].
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Figure 1.6 Representation of FRET mechanism
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Liu et al., reported a ratiometric OFF/ON-type FRET-based fluorescent sensor 6 (Figure 1.7)
for Hg?* ion detection using 1,8-naphthalimide as energy donor and rhodamine B as energy
acceptor on the basis of spirolactam ring opening followed by mercury promoted
desulfurization and intramolecular cyclization to oxadiazole which opens the FERT
mechanism. The fluorescent chemosensor with weak band centered at 540 nm 1.8
naphthalimide exhibited strong rhodamine B emission centered at 585 nm upon Hg?* ion
addition [36]. Similarly Xu et al., reported another ratiometric sensor 7 (Figure 1.7) containg
naphthalimide moiety donor and Rhodamine B acceptor conjugated by ethylenediamine for
selective Hg?* detection based on FRET mechanism. Upon treatment of the sensor with Hg?*
resulted quenching in the characteristic emission band naphthalimide moiety at 381 nm and
new strong emission. appeared at 585 nm which increases with Hg?* concentration attributed
to FRET mechanism between the naphthalimide donor moiety and the rhodamine acceptor
moiety [37].

Two Chemosensor containing pyrido[1,2- a]Jbenzimidazole in sensor 8 [38] and imidazo[1,5-
a]pyridine in sensor 9 [39] as energy donors linked with rhodamine energy acceptor, by
piperazine for Hg?* detection based on FERT was reported by Ge et al.in 2017 (Figure 1.7).
Upon addition of Hg?* ions, the imidazo[1,5-a]pyridine emission of 9 centered at 466 nm and
the pyrido[1,2-a]benzimidazole of 8 centered at 464 nm gradually quenched and a new
emission corresponding to rhodamine ring-opened appears at 584 nm and gradually becomes
prominent. The simultaneous “off-on” mechanism of the two fluorescence bands suggested
that the structure transformation into open-ring structure via Hg?* induced spirolactam ring
opening which favours FRET from the donors to ring-opened rhodamine [38,39]. Petdum et
al. in 2018 developed FRET-based ‘“Turn-On’’ chemosensor 10 (Figure 1.7) comprising
[5]helicene energy donor and rhodamine 6G energy acceptor connected by a hydrazide
moiety for selective detection of Hg?" ion. The sensor showed excellent selectivity towards
Hg?* through Hg?* ion induced ring opening which allows the FRET process, indicated by a
new absorbance centered at 528 nm and Turn On emission at 549 nm, which are characteristic
of ring opened rhodamine 6G [40]. Most of the reported FRET-based chemosensors for Hg?*
ions sensing used the rhodamine acceptor this is due to the long range absorption fluorescence

emission of rhodamine upon Hg- induced spirolactam ring opening.
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Figure 1.7 FERT based chemosensors for Hg* sensing
1.3.4 Excited State Intramolecular Proton Transfer (ESIPT)

ESIPET is a photo-induced enol-keto tautomerization of an excited state molecule [41].
Molecules could exhibit ESIPT via transfer of proton from hydroxyl or amino hydrogen bond
donor to carbonyl oxygen (C=0) or pyridyl nitrogen (=N) hydrogen bond acceptor through a
pre-existing intramolecular hydrogen bonding [42,43], this significantly changes the electronic
structure and photophysical properties of the molecule in the excited state [44]. The excited enol
Is swept to its corresponding keto and back to its ground state enol form by emitting radiation
[45]. Enol-keto-tautomerization is dependent in the donor-acceptor character and sensitive to
acidity/basicity medium and nature of the solvent system. ESIPT fluorophores are ultrafast
emitters with a large stokes shift dual emission compared to other fluorophores; this is due to
an enormously fast enol to keto photo-tautomerization (Figure 1.8) [46]. Most ESIPT
fluorophores are ESIPT Off and ESIPT On ratiometric fluorescent sensors and exhibit dual

keto and enol emissions [47-49].
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Figure 1.8 Representation of ESIPT mechanism

A ESIPT based ratiometric fluorescence sensor for detection of Hg?* ion based on the
Hg?*promoted hydrolysis of a vinyl ether derivative of 2-(benzothiazol-2-yl)phenol
chemodosimeter 11 a-f (Figure 1.9) in aqueous system was designed and reported by Santra
et al., 2011. Addition of Hg?* results quenching of the exciting blue fluorescence and emerges
cyan emission at high wavelength responsible for the keto form generated through the ESIPT
after hydrolysis of the vinyl ether [50]. Kaur et al., 2019 synthesized an effective
chemosensor 12 (Figure 1.9) based on a naphthalene for Hg?" and cysteine recognition in
aqueous:CHsCN (9:1 (v/v), pH 7.0 HEPES buffer). Addition of Hg?" ion and cysteine
displays “On-Off-On” emission at 454 nm due to ESIPT procedure, the ESIPT character of
sensor terminated by presence of Hg?" ions due to the equilibrium shift from keto to enol form
quenches the emission and the high affinity of Hg?" to sulfhydryl group releases the free
sensor and the characteristic emission of the free chemosensor emerges back [51].

10
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Figure 1.9 ESIPT based fluorescence sensors for Hg?* detection

1.3.5 Chelation Enhanced Fluorescence Emission (CHEF) and Chelation
Enhanced Quenching (CHEQ)

The fluorescence response of a fluorophore to analyte species is dependent on how the analyte
coordinated to the receptor group of the sensor and can be categorized as either “Turn-On” or
“Turn-Off”. When the chelation process increases the conjugation of the ligand and thereby it
switch-on the fluorescence nature of the sensor, which leads to turn on or fluorescence
emission enhancement, this process is called CHEF. When the chelation of the analyte
molecules to the receptor turned off the fluorescence nature of the fluorophore, it leads to
chelation enhanced fluorescent quenching (CHEQ). Due to better sensitivity of turn on than
guenching CHEF approach is most desirable for metal ion sensing. Owing to the chelation
tendency of organic donor ligands to form chelated complex with metal ion and fluorescence turn
on after the host-gust interaction, number of CHEF based chemosensors for metal ion are reported
[52-54].

Ahamed and Ghosh in 2011 reported a selective sensing of Hg?* ion by a chelation induced

fluorescent enhancement (CHEF) in acetonitrile. The chemosensor 13 (Figure 1.10)

11
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containing two tris(2-aminoethyl)amine based tripodal amide as chelating agent receptor and
2-quinolyl moiety as both fluorophore and chelating agent, the selective chelation of 13
towards Hg?* induces fluorescence enhancement [55]. Lee et al., 2012 reported CHEQ based
fluorescence turn-off chemosensor 14 (Figure 1.10) for Hg?* which strongly quenches the
fluorescence of 14 in solution phase by forming covalent bonding to the fluorophore, it could

be due to possible = complex formation of Hg?* with the anthracenyl group [54].
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Figure 1.10 CHEF & CHEQ based chemosensors for Hg?* sensing
1.3.6 Excimer/Exciplex Formation

An excimer/exciplex is excited state dimmer species which are monomers in the ground
electronic state; this is due to resonance interactions of excited state molecules with neighbor
ground state molecules. The excimer has broad red-shifted fluorescence emission that appears
slowly at longer wavelengths than their monomers [56,57] with longer decay time due to the
formation of the excimers via diffusion of ground state monomer and excited monomer after
excitation [58-60]. Excimeric emissions are identified by their two characteristic fluorescence
emissions varying with concentration, in concentrated solution, the lower energy long
wavelength excimer emission enhanced while the high energy short wavelength monomeric
emission is quenched [61]. This is also known to give “ratiometric type of sensors” because
the switch between monomer and excimer emission intensity provides a quantitative

magnitude of ions present in solution.

Shellaiah et al. reported a novel pyrene Schiff base derivative fluorescent chemosensor 15

(Figure 1.11), containing free thiol receptor for Hg?* ion detection, showed fluorescence

Turn-On response to Hg?* ions, via chelation enhanced fluorescence (CHEF) through excimer

formation in DMSO:H,0 (v/v=7/3) at pH 7.0 Hg?" binds to free thiol receptor and bring

pyrene moiety of sensor close together that can encapsulate to form excimer [62]. Razi et al.
12
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reported a novel pyrene based derivative 16 (Figure 1.11), having monomer and excimer
emissions at 393 nm and 506 nm in the absence and presence of Hg?* ion respectively. Hg?*
ion binds to the hydroxyl and diamine receptors and bring pyrene moiety of sensor close
together that can encapsulate to form excimer in phosphate buffer [63]. Recently in 2018,
Puangsamlee et al. developed another pyrene derivative 17 (Figure 1.11) having two
pyrenylacetamide moieties covalently bound to 2-[4-(2aminoethylsulfanyl)butylsulfanyl]
ethanamine receptor based sensor, 17 for Hg?" and Cu?" ions sensing via intramolecular

excimer formation [64].
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Figure 1.11 Excimer based chemosensors for Hg?* sensing

1.3.7 Aggregation-Induced Emission (AIE)/Aggregation-Caused
Quenching (ACQ)

Most organic fluorophores with large delocalized m-conjugated units are strong emitters in
diluted solution, but weak or non-fluorescent in high concentration in aggregate state due to
aggregation caused quenching (ACQ) effect. This quenching problem has limited the practical
application of organic fluorophores to some level. In contrary to the ACQ effect, aggregation
induced emission is a novel property of brilliant fluorophores that goes the opposite way, they
are weakly or non-fluorescent in diluted solution while exhibiting bright fluorescence upon
aggregate formation. This distinctive photophysical property is correlated with a restriction of
intramolecular rotation (RIR) mechanism which closes the non-radiative relaxation path and
opens radiative pathway [65-68]. Because of their practical applicability in organic
electronics, chemical sensing, and fluorescence cell imaging as aggregates or solid films AIE

active fluorophores have garnered a significant attention [69,70].

13



Chapter 12019

AIE based fluorescent chemosensor 18 (Figure 1.12) for the detection of Hg?" ion in aqueous
medium was reported by Neupane et al. on the basis of peptide receptor and
tetraphenylethylene fluorophore [71]. The peptide receptor selective bound Hg?* ion and give
“Off-On” response via metal induced aggregation fluorescence enhancement at 470 nm and
bring 30 fold enhancements with increasing Hg?* ion concentration. Similarly, Chatterjee et
al. reported AIE active tetraphnylethylene-boronic acid chemodosimeter 19 (Figure 1.12)
chemodosimeter Turn-On sensor via Hg-promoted trans-metalation reaction for detection of
both inorganic and organic mercury ions species in aqueous solution [72]. Shyamal et al.
reported AIE active fluorescent sensor 1-(Anthracen-2-yliminomethyl)-napthalen-2-ol
chemosensor 20 (Figure 1.12) for Hg?* via disaggregation of sensor in H2O-THF mixture
[73].

Ma et al. in 2014 developed a Turn-On fluorescence chemosensor 21 (Figure 1.12) which
contains 9,10-distyylanthracene fluorophore and thymine Hg?* ion receptor groups for Hg?*
ion detection via thymine—Hg?*—thymine complex based on AIE feature. The AIE active
chemosensor 21 shows further fluorescence emission enhancement with red shift from 501 to
521 nm up on chelation with Hg?* ion in 3:2 CH3CN-H,0 solutions [74]. Similarly in 2019,
He et al. reported AIE active o-phthalimide based selective turn on fluorescence chemosensor
22 (Figure 1.12) for selective Hg?* detection on the basis of efficient binding of two thymine

bases (T) with Hg?* to form a stable T-Hg-T complex aqueous solution.

Figure 1.12 AIE & ACQ based fluorescence sensors for Hg?* sensing
14
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1.4 Importance of Mercury ion (Hg?") Detection

Mercury is a heavy metal that is more painstaking threat to human health and the environment
wellbeing. Once inorganic mercury ions inter to the environment, microbes convert them into
organic mercury mostly the neurotoxin methyl mercury which can easily pass though the
biological membranes [75,76]. Due to its membrane permeability and high affinity to thiol
group of proteins and enzymes [77,78], exposure to mercury ion (Hg?") can destroy human
central nervous system, endocrine system and various cognitive and motor disorders and leads
to Minamata disease even in very low-dose, especially for children [79-84]. As one of the
most toxic heavy metals [85,86], Hg?* has become a focal point for its rigorous terrorization
and its prolonged effects to environment and biological systems [78,87-89] and lots of efforts
have been engaged to develop and design fluorescent sensors specific for Hg?* determination
[88,90].

Fluorescent sensors follow either selective host-guest binding interaction or specific chemical
reaction and impose fluorescence properties change in the sensor in re-organization of target
analyte. Fluorescent sensors that are governed by reversible none covalent binding between
the receptor molecules and analyte species are known as a chemosensor. While, those
undertake a specific irreversible chemical reaction between sensor molecule and analyte are
called chemodosimeters [46,91]. Based on their recognition mechanisms, Hg?* sensors can be

classified into two categories as reaction based and coordination based Hg?* sensors.

1.5 Reaction Based Hg?* Sensors

Reaction based fluorescence sensors which undergo specific irreversible chemical reaction
between sensor molecule and analyte species, induce a fluorescence or/and color change in
the signal unit are .called chemodosimeters [92,93].. The photophysical character of
chemodosimeters molecule changes due to the chemical reaction which makes the detection
reliable and easier [91]. Owning to their high sensitivity and specificity, chemodosimeter has
been getting much attention in fluorescence sensing and bio-imaging research field [94,95].
Reaction based Hg?* sensors are very attractive for selective and sensitive detection of Hg?*
ion, the development of Hg?* ion selective chemodosimeters are generally based on Hg?
promoted desulfurization reactions, such as cyclization, hydrolysis, and elimination of
thioether [95,96], Hg?* mediated hydration of alkynes to ketones and hydrolysis of the
vinyl and alkynes ether [97,98] and Hg?* mediated rhodamine spiro-systems ring opening
[99].
15
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1.5.1 Hg* Detection via Hg?-Promoted Desulfurisation of Thioamide

into Amide

i 0N

ij/ o J

In 1992 the first chemodosimeter for Hg?* sensing was reported by Chae and Czarnik this
chemodosimeter 23 (Figure 1.13) was used for Hg?* detection via desulfurisation reaction of
thioamide group into amide group, which causes turn on fluorescence, due to the
desulfurisation of thioamide group which efficiently quenches the fluorescence of the
fluorophore via photoinduced electron transfer followed by oxidation to amide group which
have no PET effect. The chemodosimeter was selective to Hg?"and Ag* [100]. And in 2006,
Song et al. reported Hg?* ion selective Off-On dosimeter 24 (Figure 1.13) on the basis of
irreversible desulfurization of thioamide into an amide counterpart in similar to Czarink
group’s work. Rapid recognition with low detection limit of 5.4x10”" M and little interferences
by Cd?* and Ag* only 10 and 13% respectively among the tested metal ions [101].

Thiocoumarins based Hg?* selective chromogenic and fluorogenic chemodosimeter system 25
(Figure 1.13) based on conversion of thiocumarinto coumarin by selective Hg?* ion promoted
desulfurization reaction was developed by Choi et al. in 2009, chemodosimeter 25 was highly
selective to Hg?* ion in the presence of potential interfering ions with low detection limit of
8.9x107 M [102]. Zhang et al. in 2011 reported the synthesis and application of another
chemodosimeter 26 (Figure 1.13) based on oxazine-thione, for selective and sensitive Hg?*
ion sensing. The desulfurization reaction of carbonyl sulfide takes advantage of the high
affinity of Hg?* for sulphur shows dramatic color change and exhibiting a large blue shift of
100 nm in its absorption spectra and a selective enhancement in fluorescence intensity upon
addition of Hg?* ions [103].
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Figure 1.13 Hg?* selective chemodosimeter based on Hg?* triggered desulfurization reaction.
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1.5.2 Hg?" Detection via Hg** Promoted Cyclic Guanylationo Thiourea to

Imidazoline
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Liu and Tian in 2005, reported the first ratiometric fluorescent chemodosimeter 27 (Figure
1.14) for selective and sensitive detection of Hg?* ion based on dehydrothiolazition reaction.
Hg?* promoted cyclic guanylation of thiourea to imidazoline moiety was come up with a
suitable fluorometric and colorimetric sensing. The absorption spectra of 27 blue shifted from
435 nm to 350 nm with an isosbestic point at 391 nm and the yellow—green fluorescence
emission at 530 nm shifted to blue fluorescence at 475 nm an isoemissive point at 510nm
[104]. Other Hg?* selective fluorescent chemodosimeters 28 and 29 based on Mercury
promoted intramolecular cyclic guanylation of thiourea to imidazoline was also reported in
2007. The Hg?" ion induced ring opening of rhodamine spirolactam leads to cyclic
guanylation of thiourea to imidazoline in chemodosimeter 28 (Figure 1.14)and azo-
component containing chemodosimeters responsible for the Hg?* ion induced desulfurization
and cyclization in chemodosimeter 29 (Figure 1.14) by Lee et al. [105] and Wu et al. [96]
respectively. Subsequently in the year 2009, Lee and his coworkers reported another
fluorescent chemodosimeter 30 (Figure 1.14) with absorption wave length of 630 nm and
emission at 652 nm for Hg?" ion detection. The reaction of 30 with Hg?* ion causes
desulfurization cascade cyclization accompanied by blue shift in both absorption and
emission with ratiometric fluorescence enhancement. The chemodosimeter 30 revealed dual
absorptions at 592 nm and 630 nm and addition of Hg?* ion induces blue shift to 546 and 583
nn and fluorescence enhancement with blue shift from 652 to 626 nm respectively [106]. A
highly selective and sensitive Porphyrin fluorophore with thiourea reactive moiety
chemodosimeter 31 (Figure 1.14) for Hg?" ion detection in aqueous solution was synthesized
by Lv et al. in 2017. Chemodosimeter 31 shows ratiometric response in absorption and
fluorescence emission change upon addition of Hg?* ion promoted cyclization to imidazoline
in agueous media induces bathochromic shift both in absorption from 413 nm to 425 nm and

emission from 651 nm to 601 nm with isoemission point at 630 nm [107].

Recently in 2018, Singh et al. synthesized a multifunctional self-assembled dual-
chemodosimeter Schiff base thiourea hybrid with o-phenylenediamine based dual
17
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chemodosimeter 32 (Figure 1.14) was used for optical identification of Hg?*, CN- and
Hg(CN)2 from each other. The chemodosimeter 32 undergoes desulfurization followed by
guanylation reaction of the Schiff base thiourea hybrid to form benzimidazole. Addition of
Hg?* promotes Hg?* assisted ESIPT phenomena (red shifted in the emission centered at
458nm to 510 nm and hyperchromic effect in absorption between 400 to 480 nm associated
with fluorescence quenching at 510 nm. The flake like structure 32 undergoes analyte induced
self-assembly to different arrangement, such as a bunch of nano rods with Hg?*, segregated

nano-rods with curvy ends with CN- and spherical with Hg(CN)2 ion pair [108].

Figure 1.14 Hg?" ion selective chemodosimeters based on Hg?* ion triggered interamolecular

cyclic guanylation of thiourea to imidazoline.
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1.5.3 Hg* Detection via Hg?*-Promoted Cyclization of

Thiosemicarbazide to Oxadiazole
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Mercury promoted desulfurization and intramolecular cyclization reaction of
thiosemicarbazide to 1,3,4- oxadiazole of rhodamine derivative fluorescent chemodosimeter
with fluorophore conjugated with rhodamine B hydrazide by thiourea as spacer for selective
Hg?* ion detection were designed and synthesized by Yang et al. in 2005 (chemodosimeter
33) and Shang et.al. in 2008 (chemodosimeter 34). Chemodosimeter 33 (Figure 1.15) showed
26-fold fluorescence enhancement and red shift from 553 to 557 nm in the presence of Hg?*
[109]. While, the dual colourimetric and ratiometric fluorescence chemodosimeter 34 (Figure
1.15) with absorption centered at 490 nm and green fluorescence at 520 nm showed a dual
ratiometric response both in absorption and emission upon addition of Hg?* ion accompanied
by red shifting in absorption peak from 520 to 565 nm and in fluorescence from 520 to 591
nm respectively. This is due to mercury promoted desulfurization and intramolecular
cyclization of thiosemicarbazide to 1,3,4-oxadiazole [110]. Another fluorescent
chemodosimeter 35 (Figure 1.15) based on spirocyclic ring-opening of rhodamine-based dyes
followed by mercury promoted desulfurization and intramolecular cyclization of
thiosemicarbazide to 1,3,4-oxadiazole for selective recognition of Hg?* have been reported by
Liu et al. in 2013. The chemodosimeters 35 showed high sensitivity and selectivity Turn-On
fluorescence to Hg?* with color change which can be detected by naked-eye in aqueous media

and it was applicable in monitoring the blood Hg?* ions intoxicosis mice [111].
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Figure 1.15 Hg?" ion selective chemodosimeter based on Hg?* triggered desulfurisation and

intramolecular cyclization of thiosemicarbazide to 1,3,4-oxadiazole.
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1.5.4 Hg?* Detection via Hg?*-Promoted Elimination of Thioether

Another important example of desulfurization reaction based fluorescence chemodosimeter
are a dithioacetal/dithioketal, a mercapto protected aldehyde or ketone group which could be
converted to the previous corresponding carbonyl derivatives by the selective Hg?* promoted
desulfurization (deprotection) reaction. Therefore, significant number of Hg?* selective
chemodosimeter based on the carbon—sulfur bond cleavage of dithioacetal/dithioketal to

corresponding carbonyl derivatives were developed.
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By taking the good performance of ratiometric sensors and the selective deprotection reaction
of thioacetal into consideration Cheng et al. developed two new ratiometric fluorescent
chemodosimeter 36a and 36b (Figure 1.16) towards Hg?* and Ag* ions detection, using ICT
photophysical mechanism, in which the fluorophore are conjugated phenyl rings and aldehyde
electron accepter group. Both probes showed selective recognition of Hg?* and Ag* among the
tested metal ions, this is because of the selective cleavage of thioacetals by Hg®" and Ag*
[112]. n-extended anthracene-bearing thioacetals 37 (Figure 1.16) was used by Chinna et al.
in 2018 a Turn-On fluorescence chemodosimetric responses to Hg?* ions via selective Hg?*
promoted deprotection/desulfurization reaction of thioacetal leads to formation of ICT based

strong fluorescent formyl products [113].

Song et al. in 2013 reported as covalent assembly type fluorescent probe 38 (Figure 1.16) for
Hg?* detection with a new way of Hg?* promoted cleavage of 1,3 dithiolane results Turn On
fluorescence. Coordination one thiolane moieties with Hg?* causes subsequently cleavage of
the carbon—sulfur bond which consequently caused alkyl sulfonium ion which is highly
electrophile and reacts the nucleophile N,N-dithylaniline group to re-aromatization followed
by elimination of Hg(S-CH.CH>-S) complex and furnishes fluorescent pyronin B scaffold
[114]. And in the year 2018, Pan et al. reported a novel thioacetal elimination based reaction
coumarin chemodosimeter 39 (Figure 1.4) via the “covalent assembly” principle, which
detected Hg?* and CH3Hg" with excellent selectivity and sensitivity. The desulfurization of
1,3-dithiolane to formyl group and the ortho-2-aminophenyl group plays key role in

condensation to generate cyclic amine with larger conjugation than the probe though the Hg?*
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ion promoted desulfurization followed intramolecular condensation which results hetrocyclic
product. Probe 39 exhibits absorption and emission maximum at 405 nm and 492 nm
respectively. Meanwhile, upon addition of Hg** or MeHg" it shows good ratiometric character
both in absorbance and fluorescence and after complete reaction with Hg?* the absorbance and
fluorescence shifts to 480 nm and 572 nm respectively. 39 shows detection limit of 27 nM

and 5.8 mM for Hg?* ion and CHsHg" respectively [115].
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Figure 1.16 Hg®" ion selective chemodosimeter based on Hg?* triggered desulfurisation /

deprotection reaction of dithioacetal/dithioketal.
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1.5.5 Hg* Detection via Hg?*- Promoted Hydration of Alkynes to

Ketones

Hg?* ion react with electron rich alkynes to undergo hydrolysis reaction to produce carbonyl
moieties. The hydration of alkynes to give an enol in water could be promoted by Hg?* ion, in
which this enol form is tautomerizes into ketone is known as Kucherov reaction [116].
Formation of acetone by the hydrolysis of isopropenyl acetate promoted by Hg?* ion through an
oxymercuration—deoxymercuration mechanisms is one of the known examples [117]. Therefore,
significant number of Hg?" ion selective fluorescent sensors based on Hg? ion promote
hydrolysis of vinyl ether and oxymercuratyion of an alkyne via m-electrophilicity of mercury ion

was developed.

Having the alkynophilicity of Hg?* ion into account, coumarin-based alkyne fluorescent
chemodosimeter 40 (Figure 1.17) was developed for Hg?* ions detection, via the Hg?'
promoted conversion of alkyne to ketone in water by Lee et al. in 2009. The Hg?* promoted
hydration of alkynes to ketones induces more electron-withdrawing carbonyl group which
exhibits bathochromic shift in absorbance from 425 nm to 471 nm with isosbestic point at 450
nm and fluorescence intensity quenching [118]. Subsequently, in 2011 the same group tried to
modify the Turn Off chemodosimeter 40 into ‘“Turn On’ chemodosimeter 41 (Figure 1.17) by
incorporating amide group into the coumarin-based alkyne. Interestingly, the chemodosimeter
containing porpagargyl amide 41 was established a ratiometric result by cyclization of the
propargyl amide to corresponding oxazole derivative on the presence of Hg?*, along with red
shift from 427 nm to 475 nm and isosbestic point at 438 nm and ratiometric fluorescence
emission with gradual quenching of at 469 nm, and fluorescence enhancement at 492 nm with
an isoemissive point at 472 nm, which detects Hg** with LOD of 2.7 uM [119]. Taking the
advantage of thiophilicity and alkynophilicity of Hg?* ion. Lin et.al. reported chemodosimeter
42 (Figure 1.17) containing both the thiol and alkyne moieties utilized for Hg?" ion
recognition. Reaction of Hg?" with the alkyne group triggers a spirocyclic ring opening with a
concomitant intramolecular attack by the thioamide sulphur to the alkyne functionality which
directs to the thiazole ring formation with mercurated exocyclic double bond which undergoes
further Hg?>* promoted hydrolysis to corresponding thiozole carbaldehyde with rapid
fluorescence enhancement up to 140-fold at 566 nm and color change [120].
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Figure 1.17 Hg?" ion selective chemodosimeter based on Hg?" ion promoted hydration of

alkynes to ketones

1.5.6 Hg?" Detection via Hg?* ion Promoted Hydrolysis of Vinyl Ether

and Isopropenyl Acetate

It is known that Hg®* catalyzes hydration of alkynes to form the corresponding ketones. A
sensitive and specific “Turn On” fluorogenic chemodosimeter 43 (Figure 1.18) for Hg?" ion
detection based on the Hg?* promoted cleavage of the fluorescence-masking alkyl group have
been developed by Song et al. in 2008. Reaction of Hg?" with the alkynes of chemodosimeter
43 first leads to mercuration reaction followed by hydrolysis/demercuration, to produces the
corresponding ketone which leads to 219 fold emission enhancements at 523 nm in aqueous
and it was used for detection of Hg?* ion in fish tissue in ppb level [121]. This mechanism has
also been applied in designing chemodosimeter 44 (Figure 1.18) in 2011 by Ando and Koide
for selective detection of Hg?* ion. Vinyl-ether has also high affinity to Hg?* ion and
ultimately the hydrolysis reaction leads to the corresponding acetaldhyed and phenolate
formation. consequently, non-fluorescent chemodosimeter 44 showed ‘Turn On” fluorescence
in the presence of Hg?* at 515 nm, which was applicable for Hg?" ion detection in dental and

river water samples with LOD of lower than ppb level [122].

Similarly, naphthalimide derived selective chromogenic and ratiometric fluorometric
chemodosimeter 45 (Figure 1.18) for Hg?* ion detection via Hg?* ion promoted hydrolysis of
aryl vinyl was reported by Jiang et al. in 2014. The hydrolysis of aryl vinyl ether group
produced highly fluorescent 4-hydroxynaphthalimide due to the strong donating ability of
oxygen anion which opens ICT process, resulting bathochromic shift from 456 nm to 546 nm

with isosbestic point at 506 nm accompanied by colorless to light yellow color [123].

Another fluorescent chemodosimeter 46 (Figure 1.18) contains2-(1(p-tolyl)-phenothro[9,10-

d]imidazol-2-yl)phenol as fluorophore scaffold and vinyl group recognition unit have been

reported by Gu et al. in 2015. The Hg?" ion induced cleavage of the fluorescence masking
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vinyl group to results deprotection of OH group in the probe which opens excited state
intramolecular proton transfer (ESIPT) that Turn On the fluorescence with shift from short
wave length (380 nm) to long wave length (477 nm) with red shift of about 100 nm attributed
to ratiometric detection of Hg?* ion with LOD of 7.8 nM and fluorescence naked eye detection

under long UV-light with color change from blue to green fluorescence [124].
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Figure 1.18 Hg?" ion selective chemodosimeter based on Hg?* ion promoted hydrolysis of

vinyl ether and isopropenyl ether.
1.5.7 Hg? Promoted Spirolactam Hydrolysis Reaction

The Rhodamine spirolactam is non-fluorescent and colorless, binding of Hg?* ion induces
spirolactam ring-opening via Hg—O bond formation followed by Hg?* promoted irreversible
hydrolysis in the presence of water, which results an intense colored and high emission.

Several Hg?* chemodosimeters have been developed and reported based on this principle.

Du et al. in 2010 designed rhodamine B based chemodosimeter 47 (Figure 1.19), for selective
Hg?* ion sensing. The Hg?" promoted ring opening of 47 via Hg—O bond formation followed
by hydrolysis of hydrazide into carboxylic acid to release rhodamine B showed a clear “Turn
On” fluorescence. Addition of Hg?* ion to 47 solution enhances the fluorescence intensity at
579 nm significantly by over 370 fold and a new absorption peak emerged at around 554 nm.
Chemodosimeter 47 was selective and sensitive to Hg?" with LOD of 0.91 ppb [125]. Ni et al.
in 2013 [126] and Zhang and Zhu in 2014 [94] designed rhodamine B Schiff bases based
chemodosimeter 48 and 49 (Figure 1.19) by conjugation of Rhodamine B hydrazide with
glyoxylic acid and glyoxal respectively, as selective and sensitive fluorogenic and
chromogenic Hg?* ion detectors. The coordination of Hg?* to chemodosimeter 48 and 49
undergoes rhodamine-B spirolactam ring opening followed by rapid Hg?* promoted
hydrolysis of hydrazide to carboxylic acid functionality in aqueous system which transforms
the colorless chemodosimeter into a pink colored accompanied by “Turn On” fluorescence. In

the presence of Hg?* ion 48 and 49 showed a new absorption maxima at 555 nm and 561 nm
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and drastically enhanced “Turn On” emission intensity at 578 nm and 576 nm for 48 and 49
respectively, with distinct color change from colorless to pink which provided “naked eye”

detection of Hg?* ion.

Another rhodamine 6G derived chemodosimeter 50 (Figure 1.19), via Hg?* promoted
hydrolysis reaction of rhodamine spirolactam has been designed and developed by Bay et al.
in 2019. The colorless and non-fluorescent chemodosimeter was turned into pink color and
yellow fluorescent emitter at 558 nm due to selective Hg?* promoted hydrolysis reaction of
rhodamine spirolactam. The chemodosimeter was selective and sensitive to Hg?* with LOD of
0.08 uM for colorimetric and 0.008 uM for fluorometric methods [127].

Figure 1.19 Hg?" ion selective chemodosimeter based on Hg?* promoted hydrolysis reaction

of rhodamine spirolactam ring.
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1.6 Coordination Based Hg?* Sensors

In order to design fluorescent sensor for detection of analyte species, it is imperative to
establish a fitting receptor moiety that selectively binds the analyte and change fluorescence
properties of the fluorophore. This can be accomplished through careful selection of
appropriate binding moiety and signal units. Metal-ligand coordination bonding, by its very
nature, fulfils these criteria. Subsequently, integrating fluorescence signal unit with specific
receptor moiety for a definite metal ion is common approach to design chemosensor for metal
ion detection. Coordination of metal ions to the receptor will alter the photophysical
properties of the fluorescence signal unit [128]. Hence, variety of sensors based on direct

coordination of metal to ligand has been reported.

Alfonso et al. reported two ferrocene-based Heteroditopic receptors for selective detection of
Hg?* ion, containing two pyridine ring group as the binding moiety chemosensors 51 [129]
and 52 [130] (Figure 1.20). The weak fluorescence at 507 nm of 51 shows 227 fold chelation-
enhanced fluorescent (CHEF) towards Hg?" accompanied by red shift of 28 nm with 1:1
stoichiometry detection limit 1.81 uM. While, addition of Hg?* ion to 52 was accomplished
by 165 fold fluorescence enhancement based on CHEF process and red-shifted from 512 nm
to 544 nm.

Jonaghani and Zali-boeini in 2017 reported quinoline derived naphthothaizole fluorescence
probe 53 for selective detection of Hg?* ion in 1:1 of MeCN/water mixture and exhibited
absorption maxima centered at 356 nm and emission at 433 nm. Upon Hg?* ion addition a
new absorption peak centered at 504 nm emerges with red shift of about 71 nm and
observable quenching in the existing fluorescence band with LOD of 34.2 nM, additionally
the sensor shows visual blue to green fluorescence color change under Uv-light [131]. Other
fluorescent chemosensor 54 (Figure 1.20) with anthracene core fluorescence signaling unit
bridge by triazole to oxyquinoline to get selective receptor unit with high coordination affinity
to Hg?* ion through the nitrogen atom of triazole ring and quinoline ring in water/THF 6:4
mixture and display fluorescence Turn-Off response was reported by Gupta et al. in 2017
[132].
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EN T

Figure 1.20 Hg?" selective chemosensors with pyridine core receptor

Chen et al. in 2011 reported a squaraine containing dithiocarbamate moiety a fluorescent
sensor 55 (Figure 1.21) with H-aggregate nature as selective colorimetric and Turn On
fluorimetric Hg?* ion detector with 1:2 stoichiometry and LOD of 7.1 nM. The selective
coordination of Hg?* with the dithiocarbamate acceptor groups of fluorescent sensor induces a
700 fold emission enhancements and color change from purple to blue which resulted from
deaggregation of the H-aggregate [133]. Taki et al. reported other reversible selective Hg?*
ion sensor containing thioether receptor unit chemosensor 56 (Figure 1.21) bearing
hexathioether moieties as metal receptor which preferably binds soft metal Hg?" ion in an
aqueous solution. 56 exhibits a swift enhancement in emission intensity of around 20-fold
upon Hg?* ion binding with receptor group of 56 with an extremely high femto-molar binding
affinity and 1:1 binding stoichiometry. 56 were reversible by addition of Glutathione and

applicable in monitoring Hg?* ion level change in the mitochondria of living cells [134].
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Figure 1.21 Hg?* selective chemosensors with thioether moieties receptors

Tharmaraj and Pitchumani in 2012 reported foluorescent chemosensor 57 (Figure 1.22) by
reaction of dansyl chloride with 2-aminothiophenol for detection of Hg?* via twisted ICT in
aqueous:CHsCN (1: 1 v/v) solution. The coordination of Hg?" with thio and sulfonamide group
results interamolecular charge transfer from the electron rich N, N-dimethylamino group to the

electron poor sulfonamide moiety exhibits a significant fluorescence quenching accompanied by
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red shift from 495 to 514 nm and blue shifts in absorbance from 342 nm to 330 nm with LOD of
1.5 nM [135]. Srivastava et al. in 2013 reported other ICT based fluorescent chemosensor 58
(Figure 1.22) containing sulfonamide group for detection of Hg?* in 1:1 MeCN/water solution by
introducing benzhydryl and dansyl groups bridged by piperazine to generate a stable configuration
by acquiring an efficient electron rich ICT probe to work on the push—pull mechanism. The
coordination of Hg?* with nitrogen atoms of piperazine unit and sulfonamide group activates the
charge transfer from N,N-dimethylamine to sulfonamide moiety induces quenching and detects
Hg?* as sensitive as 20 nM [136].

L3 ol

Figure 1.22 Hg?* selective chemosensors with sulfonamide receptors

Dimerized cysteine amino acid residues with dansyl fluorophore based fluorescent
chemosensor 59 (Figure 1.23) containing sulfonamide and cysteine dimer as receptors in the
designing of selective Hg?* sensor were reported by Joshi et.al in 2010. 59 exhibited an
outstanding selective Turn-On response to Hg?* with blue shift from 541 to 507 nm upon
excitation with 330 nm in 100% aqueous solution. The sensor showed LOD of 7.8 nM with
good reversibility via addition of EDTA solution [137]. Other Amino acid based fluorescence
chemosensors containing pyrene fluorophore and sulfonamide and methionine receptors 60
[138] and tryptophan as a receptor 61 (Figure 1.23) [139], were designed and reported by
Lee and his coworkers in 2011 and 2013 respectively. The addition of Hg?* to 60 induced
decreasing in intensity of absorption spectra at 352 nm and a ratiometric response by a
significant decreasing the intensity of the monomer emission centered at 385 nm and
enhancement in excimer emission of the pyrene moiety at 480 nm with increasing Hg?*
concentration as indication of dimerization of two pyrene fluorophores in binding with Hg?*
with binding stoichiometry of 2:1 in pH 7.4 HEPES buffer (10 nM) containing 2% DMF. The
PET mechanism of 61 from indole to pyrene with absorption at 352 nm and fluorescence at
390 nm was inhabited by the coordination of Hg?* to the indole and amino acid groups and
exhibited significant decrease in the absorbance and progressively increasing excimeric
emission at 480 nm due to the stacked dimerization of two pyrene fluorophores in binding
with Hg?* with binding stoichiometry of 2:1 in 5:95 MeCN/water 10 mM HEPES buffer pH
of 7.4.
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Figure 1.23 Hg?* selective chemosensors with sulfonamide and-amino acids receptors.

Recently, Aliberti et al. reported a set of dansyl-amino acids based fluorescent chemosensors 62a-e
(Figure 1.24) for Hg?* ions recognition using methionine and cysteine derivatives as receptors via
different fluorescence emission modes in aqueous buffers [140]. 62a shows quenching at low
concentration of Hg?* ion (0.02-0.4 equiva.) and enhancement upon increasing the
concentration above 0.6 equivalents with blue shift from 550 nm to 500 nm. Suggesting that
formation of two different stoichometric ratio of metal-ligand complexes 1:1 and 2:1
complexation for lower and higher amounts of Hg?* ions respectively. In case of 62b which
also contains thioether group, shows modest fluorescence enhancement in comparing to 62a.
While the strong emitter 62¢ exhibited strong quenching on binding to Hg?" with slight blue
shift from 520 to 510nm. Similarly Hg?* induces strong fluorescence quenching into 62d and

62e.
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Figure 1.24 Hg?* selective chemosensors with dansyl-amino receptors.
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A fluorescent chemosensor 63 (Figure 1.25) containing a crown thioether group as the binding
moiety and naphthalimide as fluorophore exhibited Turn On for Hg?* and Turn Off for Ag*
dual signaling properties in aqueous solution was reported by Chen et al. in 2010 [141].
Likewise, Atilgan et al. synthesized near-IR emitting based ratiometric chemosensor 64
(Figure 1.25), using dithia-dioxa-aza macrocycle as Hg?* ion recognition unit linking with
BODIPY fluorophore. The binding of Hg?* ion to 64 induced a blue shift from 720 nm to 630
nm, which induced by blocking of the electron donating ability of the amino groups due to the
coordination of heave metal mercury, this decreases the conjugation and blocks ICT and

causes blue shift followed by color change from blue to green [142].

Figure 1.25 Hg?* selective chemosensors containing crown thioether or dithia-diazo receptor

group.

Highly selective and reversible Hg?* ion receptor with free thiol recognition unit containing
rhodamine based fluorescent sensor 65 (Figure 1.26) with a light “Off-On” system was
reported by Liu et al. in 2012. Addition of Hg?* to 65 induces distinct fluorescence and color
change in 80:20 ethanol/water solution which resulted from the spirolactam ring opening.
Strong affinity of the thiol for Hg?" starts up the opening of spirolactam ring through Hg-S
and Hg-O bond formation. This induces emission enhancement at 576 nm with swift color
change from colorless to pink and emission at 558 nm with LOD of 2.5 uM. And good
reversibility was acquired by addition of tetra-butyl ammonium iodide (TBAI) [143].
Chemosensor 66 (Figure 1.26) with S, N, O possible coordinating atoms to Hg?" ion binding

was reported by S. Gwon and his co-workers in 2015.
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The chemosensor 66 was dual mode chemosensor for ng+and CN™ ions based on
styrylbenzothiazolium having hydroxyl, thioether and aniline nitrogen as a receptor group for
selective binding of Hg?". the ligation of electron rich aniline nitrogen with Hg?" ion favors
ICT process leads to a evident color change from pink to colorless with blue shift from 516

nm to 383 nm in absorption and fluorescence quenching [144].

Recently, other S, N, O atoms coordinating moiety Hg?* ion receptors chemosensor 67
(Figure 1.26) with the coumarin Schiff base fluorophore for selective colorimetric and
fluorometric Hg?* ions detection in nano-molar level in mixed aqueous-organic solution was
developed and reported by Shaily et al. in 2017. Addition of Hg?* ions to the chemosensor
tune the yellowish green solution into orange which can be detected by naked eye
accompanied by fluorescence intensity quenching, more importantly, it was used for elective

detection of CN" ion by displacement of Hg?* ions [145].
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Figure 1.26 Hg?" selective chemosensors with S, N, and O atoms coordinating moiety

receptor.
1.7 Objective of the Thesis

From above discussion, it is evident that the detection and estimation of toxic metals is very
important and relevant in the context of human health and environmental protection. The
literature survey discloses that, even though there are numerous reported Hg?* sensors, the
search for fluorescence sensors with precise high sensitivity, selectivity and good response
time is still needs more exploration. And owing to its hazardous and biotoxicity to the

environment and ecosystem, recognition of Hg?* is creditable.

The central theme of this thesis is designing and synthesis of some novel fluorescent

chemosensors with high selectivity and sensitivity, and their photochemical studies for
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selective recognition of Hg?" ion in aqueous system. In this thesis, synthesis,
characterizations, binding and sensing mechanisms of the synthesized ligands have been
analyzed via different instrumental techniques viz FTIR, H and 3C NMR, HRMS, UV-Vis,
fluorescence spectroscopy and lifetime analysis have been used for the entire studies.
Furthermore, density functional theory (DFT), molecular logic gate and anti-microbial

behavior have been applied in some schemes.

This thesis work is summarized into five chapters, the first chapter is about general
introduction which defines fluorescence sensing, and importance of metal sensing particularly
focuses on the selective recognition of Hg?" ion, and brief discussion on principle of some
common photophysical mechanisms of fluorescence sensors and reviews some common type

of Hg?* ion receptors in different mechanistic approaches.

Second chapter presents the design and synthesis of 1,4-benzothiazine hydrazide (L2) for
selective and sensitive colorometric and Turn On fluorometric detection of Hg?* ion in 1:2
MeCN/water HEPES buffer at pH of 7.2, which is applicable in real sample analysis. The
experimental findings were supported by applying density functional theory (DFT) and

further the reversible behavior of receptors applied as INHIBIT logic gate.

The third chapter discusses a novel colorometric and ratiometric fluorescence chemosensor 2-
(2-mercaptophenyl)-1H-benzo[de]isoquinoline-1,3-(2H)dione (L3) for detection of Hg?* ions
applied in environmental water sample. The outcome of photo-physical experiment has also
been in good accordance with the DFT estimations. The ‘On-Off-On’ emission reversibility
works in the principle of IMPLICATION logic gate.

The fourth chapter describes two AIE active naphthalimide-amino acid conjugates
chemosensors (L4 and L5) for Hg?* detection based on selective chelation mediated emission

enhancement in MeCN/water (1:99, v/v) medium.

The fifth chapter discloses the AIEE active and monomer-excimer switching emission via
metal ion-induced assembly based ratiometric fluorescent chemosensor sulfamethizole
functionalized 1,8-naphthalimide (L6) for Hg?" ion detection in aqueous medium and anti-
microbial activity of the ligand and its silver complex. All the synthesized chemosensors in
this thesis are working in aqueous medium either by Turn On or by ratiometric methods

which makes them more attractive and desirable.
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2.1 Introduction

Development of selective and efficient detection methods for range of toxic heavy metal ions
and anions is at the center of attention for researchers over the past few decades due to their
wide range applications in biological, industrial and environmental processes [1-3]. In the
viwe, researchers across the universe have been putting lot of efforts in designing and
synthesis of novel chromogenic and fluorogenic organic molecules for as chemosensors
which are efficiently competent to detect toxic cations and anions [4,5]. Among all heavy
metal ions mercury ion gets substantial attention due to its notorious history [6,7]. The
toxicity of mercury and its prolonged effect to human health and the ecosystem is well known
[8,9]. Contamination of mercury ion is extensive and come up from a array of natural
processes as well as anthropogenic activities, such as thermometers, barometers, mercury
lamps, caustic soda, gold mining, fertilizer industries and waste incineration [10,11]. Both
inorganic mercury ion and elemental mercury can be transformed into methylmercury
(CH3HgX) by microbial in the environment [12]. Owing to its non-biodegradability
methylmercury accumulated through the food chain in animal and human leads to cell
dysfunctions [13,14]. As a result, it induces serious health problems, such as damage to brain,
nervous system and kidneys due to permeability of Hg?* ion through biological membranes
[15]. The United State environmental protection agency (USEPA) has set the highest tolerable
level of mercury in drinking water to be 2 ppb; this is due to the extreme toxicity of mercury
ion [16].

Given these environmental and toxicological concerns, effort to create new sensitive and
selective mercury detection strategies in different sources has been increased [17]. So, several
classical analytical techniques for Hg?* screening have been established, mainly includes
anodic stripping voltammetry [18], inductively coupled mass spectroscopy, atom is emission
and absorption spectroscopy, X-ray absorption and fluorescence, surface enhance roman
spectroscopy etc. [19-23]. Though these techniques are selective and sensitive, the expensive
instrumentation and necessitates for skilled manpower, controlled experimental conditions
and time taking sample pre-treatment procedure make them disadvantageous. Apart from
these classical analytical techniques, a variety of sensors have been proven to be powerful
tools for detection of mercury ion to list some electrochemical sensors [24], DNA
functionalized sensors [25], fluorescence sensors [26,27] and colorometric sensors [28—30]
etc. among these sensors colorometric and fluorscence sensores are more atractive and widely

investigated, this is due to their advantages like fast detection, nondestractive analysis high
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sensitivity and selectivity, naked eye visual detection and operational simplicity [31-33].
Therefore, designing a new fluorometric/colorimetric mercury sensor with high selectivity
and sensitivity in aqueous medium is highly recommended. Bearing this idea in mind, we
designed and efficiently synthesized 3-oxo-[1,4]-benzothiazin-2-ylidene acetohydrazide,

which is highly sensitive and selective colorimetric and fluorimetric mercury sensor.

2.2 Experimental section

2.2.1 Materials and Reagents

2-aminothiophenol, diethyl-acetylenedicarboxylate and hydrazine hydrate were purchased and
used without further purification all stock solutions of cations were prepared using their
perchlorate. The NMR spectra were recorded in JEOL 400 MHz spectrophotometer and TMS
as internal standard. Perkin-Elmer FT-IR 1000 spectrophotometer were used for IR spectra
with the help of KBr solid film. Absorption and emission spectra were recorded using
Specord S600 PC double beam spectrophotometer with cell of 1 cm path length and Horiba
RF-5301 PC with 1 cm path length standard quartz cell. Inductively coupled plasma mass

spectrometry (ICP-MS) was used for water sample analysis.
2.2.2 Synthesis of Chemosensor

Chemosensor was prepared in two steps [34—36].

SH COOC,Hs mlxmg NH,NH, NH2
oo B B e B
I
h 3t 0% O
N2 dooc,e 3 hr, 80 °C NS0

Scheme 2.1. Synthesis of L2 (3-ox0-[1,4]-benzothiazin-2-ylidene acetohydrazide.

Synthesis of Ethyl (3-oxo-[1,4]Benzothiazin-2-ylidene)acetate: To 2-aminothiophenol (2
mmol), 2 mmol of diethyl-acetylenedicarboxylate was added slowly and mixed for 5 min with
spatula, the homogeneous paste was allowed to stand at room temperature for 5 minto get to a
yellow solid product; the product was collected and washed with ethanol to obtained
analytically pure product in quantitative yield. The reaction progress was monitored by thin
layer chromatograph (TLC).
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Ethyl (3-oxo-[1,4]Benzothiazin-2-ylidene)acetate: *H NMR (400 MHz, CDClz) §(ppm):
10.27 (s, 1H), 7.28 (d, J = 8.3 Hz, 1H), 7.20 (t, J = 7.6 Hz, 2H), 7.19 (s, 1H), 7.08 (t, J = 8.0
Hz, 1H), 7.02 (d, J = 8.3 Hz, 1H), 4.28 (g, J = 7.6, 2H), 1.34 (t, J = 7.6 Hz, 3H). 13C NMR
(100 MHz, CDCl3) 8 (ppm): 169.9, 156.0, 140.0, 138.0, 125.6, 124.1, 122.7, 117.0, 114.8,
91.1, 60.3, 14.2. (Figure 2.15-2.16).

Synthesis of 3-oxo-[1,4]-benzothiazin-2-ylidene acetohydrazide (L2): 2 mmol ethyl (3-
0x0-[1,4]-benzothiazin-2-ylidene)acetate with hydrazine hydrate (2 mmol) in 4ml of ethanol
was refluxed at 80 °C for 3 hr to get light yellow precipitate of 3-oxo-[1,4]-benzothiazin-2-
ylidene acetohydrazide after completion of the reaction indicated by TLC the reaction mixture
was cold done to room temperature and product was collected by filtration and washed with

ethanol to obtained analytically pure product, Yield: 91%.

3-0x0-[1,4]-benzothiazin-2-ylidene acetohydrazide (L2): *H NMR (400 MHz, DMSO-ds) &
(ppm): 11.60 (s, 1H), 9.14 (s, 1H), 7.28 (d, J = 7.2 Hz, 1H), 7.09 (m, 1H),6.97 (t, J = 7.2 Hz,
1H), 6.88 (t, J = 7.2 Hz, 1H), 5.57 (s, 1H), 4.29 (s, 2H). 3C NMR (100 MHz, DMSO-d6) §
(ppm): 165.3, 149.8, 137.4, 135.5, 131.2, 122.9, 119.0, 116.5, 116.1, and 114.8. IR (KBr):
Amax 3377, 3298, 3063, 1612, 1586, 1471, 1443, 1303, 1244, 1154, 1021, 859, 751, 697,545,
465 (Figure 2.17-2.19).

2.2.3 Absorbance Measurements

The photophysical properties of the chemosensor L2 was studied through colorimetric and
UV-visible absorption at room temperature in HEPES buffered solution (CH3CN:H20, 1:2
viv, pH 7.2). A stock solution of 1 mM of L2 was prepared in CH3CN and diluted to get
10uM sample solution in HEPES buffered solution (CH3CN:H2O, 1:2 v/v, pH 7.2) and
sample was analyzed by taking 3 ml of 10 uM L2 followed by addition of 10 uL of aqueous
stock (1mM) solution of the metal salts. Perchlorate salts of various metal ions such as Ag",
Mn?*, Mg?*, Na*, K*, Ca?*, Ba?*, Hg?*, Cd®*, Fe?*, Cu®*, Zn?*, Co®", AI**, Sn?*, and Ni%

were used to investigate the photo chemical properties of L2.
2.2.4 Fluorescence Measurements

The photophysical properties of the chemosensor L2 was studied through colorimetric and
UV-visible absorption at room temperature in HEPES buffered solution (CH3CN:H20, 1:2
viv, pH 7.2). A stock solution of 1 mM of L2 was prepared in CH3CN and diluted to get 10

uM sample solution in HEPES buffered solution (CH3CN:H20, 1:2 v/v, pH 7.2).
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The fluorescence emission changes were monitored upon addition of 10 equivalents of
different cations including Ag*, Mn?*, Mg?*, Hg?*, Na*, K*, Ca?*, Ba?*, Cd?*, Fe?*, Cu?*,
Zn?*, Cr¥, Co?", Sn?*, and Ni?" in water to 3 mL of 10 uM solution of ligand in HEPES
buffered solution (CH3CN:H20, 1:2 v/v, pH 7.2). All fluorescence spectra were recorded

using excitation wavelength of with the slit width of 2 nm.

2.2.5 Theoretical Study

The structural optimizations of the ligand and ligand-Hg?* complexes were performed with
Gaussian 09 program using the Density Functional Theory (DFT) method. All the
calculations were performed in the gas phase with the hybrid functional B3LYP using the
basis sets 6-31G(d,p) for C, H, N, O, and S of L2 and LANL2DZ for L2-Hg?*.

2.3 Results and Discussion

2.3.1 Colorometric and UV-visible Responses of L2 to Hg?* ion

L2 exhibited a characteristic peak at 340 nm in UV-visible absorbance spectrum. Upon
addition of Hg?* ion to the L2 (10 uM) in HEPES buffered solution, absorbance at 340 nm
was significantly enhanced and anew band centered at 550 nm with significant red shift of
110nm was appeared (Figure 2.1(a)), resulting drastic color change from light yellow into
purple which can be easily detect by ‘naked eye’ which was entirely different from the other
cations (Figure 2.2(a)). The binding nitration of chemosensor L2 with Hg?* ion was also
studied by absorbance titration, by adding different concentration of Hg?* (0-3 equiva.) to L2
(10 uM) solution and absorption band centered at 550 nm increased gradually (Figure 2.1(b)).
The appearance of a new peak and radical color change indicated that the formation of new
species, possibly charge transfer complex of L2-Hg?'the formation of charge transfer
complex between L2 and Hg?. In contrast, other cations did not exhibit any colorimetric or

spectral change within L2.
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Figure 2.1 (a). Absorption spectra of L2 in the presence of 10 equivalents various cations.
(b). Absorption titration spectral responses of L2 towards varying Hg®" ion
concentrations (0-3 eq.) Hg®* (10 uM of L2 in HEPES buffered solution
(CH3CN:H20, 1:2 v/v, pH 7.2).

Figure 2.2 (a). Colourimetric. (b). fluorometric naked-eye detection of L2 in the presence of
different metal ions in HEPES buffered solution (CHsCN:H-0O, 1:2 v/v, pH 7.2).

2.3.2 Fluorometric Responses of L2 to Hg?" ion

A weak fluorescent solution of L2 was turned to strong fluorescent in the presence of Hg?*

ion, no significant change was observed upon addition of other tested metal ions except Hg?*

(Figure 2.3). the fluorescence change could be easily observed from the emission spectra by

introducing Hg?* into the solution of L2 (1.0x10° M) in HEPES buffered solution

(CH3CN:H20, 1:2 v/v, pH 7.2). The emission peak of L2 was appeared at 416 nm after

gradual addition of Hg?* (upto 4.0 equivalents), the emission peak at 416 nm leisurely shifted
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to 429 nm along with extremely high enhancement in intensity (Figure 2.4) with a red shift of
13 nm. In addition, the enhancement of the fluorescence was observed by naked eye upon
irradiation with long UV=light (Figure 2.2 (b)).
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Figure 2.3Fluorescence spectra of L2 (10 uM in HEPES buffered solution (CH3CN:H-0O, 1:2

vlv, pH 7.2) in the presence of 10.0 equiv. various cations.
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Figure 2.4 Fluorescence Emission spectral responses of L2 (10 uM) towards varying
concentration of Hg?* (0-4 eq.) in HEPES buffered solution (CHsCN:H:0, 1:2 v/v, pH
7.2). (Inset: (a) visual fluorescence change of L2 with Hg?* (b). A good liner fit of
Benesi-Hildebarand plot confirms the 1:1 stoichiometry.
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2.3.3 Stoichiometry

Job’s plot have been applied to inspect the stoichiometry of the L2+Hg?* complex, the
fluorescence intensities revealed a maximum at 0.5 mole fraction, which indicated a 1:1
binding stoichiometry (Figure 2.5(a)) with a good liner fit plot of Benesi-Hildebarand plot of
[Hg?*] to change in fluorescence intensity of the sensor concomitant plot of log((1-lo)/ (Imax-1))
to log[Hg?], is a street line with slope of 0.96202 (Figure 2.5 (b)) this indicated the
stoichiometry of L2 to Hg?* is 1:1 binding.
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Figure 2.5 (a). Job’s plot, (b). The plot of log ((I-lo)/ (Imax-1)) to log [Hg?*] (uM in HEPES
buffered solution (CH3CN:H20, 1:2 v/v, pH 7.2))

2.3.4 Limit of Detection (LOD) and Association Constant (Ka)

Limit of detection (LOD)

The fluorescence titration data was used to calculate the limit of detection (LOD) [37-41].
The fluorescence intensity standard deviation of for the blank receptor was determined from
10 times measurement of fluorescence of blank receptor and the standard deviation of the
blank receptor (L2) solution was found to be 80.57 (Table 2.1). From the linear fit graph of

fluorescence intensity to concentration of Hg?* we get slope 4.47x 10° (Figure 2.6a).
Then the LOD of the receptors for sensing Hg?* was determined from the following equation:

LOD = o x S.d/k
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Where o is 2 or 3 (in this case 3 was taken); SD is the standard deviation of the blank receptor

(L2) K is slope of the linear fit in the titration experiment.

Thus using the above formula we get very low detection limit value of 5.4x10® M, which is
sufficiently low to detect micro-molar concentration of Hg?* by fluorescence technique.

Table 2.1 Fluorescence intensity and standard deviation of blank receptor (L2)

S.no Fluorescence intensity
1 4777.841

2 4815.693

3 4850.369

4 4855.337
5

6

7

8

9

4895.811
4912.887
4929.382
4981.604
5001.231
10 5018.887
Standard deviation ~ 80.57029

The association constant (Ka)

The association constant (Ka) calculated by Benesi-Hildebrand linear regression analysis
[42,43]. The association constant K, was calculated from a plot of reciprocal of intensity
difference (1/Al), where Al = (I-lp), against the reciprocal of concentration of mercury ion
(1/[Hg®']) was plotted and the association constant was calculated from the following

equation where association constant
K, = intercept/slope

1/(I-1p) = 1/Uw — 1)K [Hg** ] + 1/ — Ip)

The association constant (Ka) calculated by Benesi-Hildebrand linear regression analysis was
found to be 1.938 x 10° M! (Figure 2.6(b)), advocating high binding affinity of L2 towards
Hg?".
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Figure 2.6 (a) Linear fit graph of L2 with Hg?* fluorescence titration. (b) Association
constant calculation by Fluorescence titration method of L2 with Hg?" using linear

regression analysis.
2.3.5 pH Selection

The pH value has enormous significance for the detection procedure. To determine the
appropriate pH of the Hg?* detection, the effect of pH on the fluorescence emission of L2 in
absence and presence of Hg?* were investigated in a pH range of 1.0-12.0 (Figure 2.7). L2 and
L2+Hg?* showed stability in wide pH range of 3-10 which improved its practical applicability
in the biological pH range.
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Figure 2.7 pH dependent fluorescence of L2 and L2-Hg?*.
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2.3.6  Selectivity Experiments

In order to check the practical applicability of the receptor L2 for selective detection of Hg**
ion, the selectivity of the fluorescence chemosensor was assessed by competitive experiment
to determine the possible interferences of other cations. The competitive experiment of
fluorescence changes of 10 uM L2 in HEPES buffered solution (CH3CN:H20, 1:2 v/v, pH
7.2) solution in the presence of 1 equivalent of Hg** ion mixed with 10 equivalent of various
metal ions was carried out including (Ag*, Mn?*, Mg?*, Na*, K*, Ca?*, Ba?*, Fe?*, Cd?", Cr¥,
Cu?*, Zn?*, Co?*, AI**, Sn?*, and Ni?"). The fluorescence enhancement of L2 by addition of
Hg?* remained the same in the presence and absence of other interfering metals (Figure 2.8).
All the results confirmed the selectivity and sensitivity of L2 towards Hg?*. In addition, to
investigate the counter ions effect, we have checked L2 with different Hg?* salts other than
Hg(ClO4)2 such as Hg(NOs)2, HgCl2, and Hg(SO.).. Chemosensor L2 emission intensity in all
cases induced similar change (Figure 2.9). It demonstrated that the counter anions exerted no

significant effect on Hg?* sensing.

N
74
&=
=+
wn

‘% 2.0E+5 - ¥ " T

1.5E+5

1.0E+5

S.0E+4

Fluorescence intensity (a.u)

0.0E+0 == = - e et e —
Ve RSP S DS S P& O

Figure 2.8 Interference effects of other metal ions in Hg?* detection by L2 (10 uM) (blue bars
represent the fluorescence intensity of L2+metal ions and red bars show the
fluorescence intensity of L2+Hg?"+ other metal ions in 1:1:10), (ex= 330 nm, Aem=
429 nm).
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Figure 2.9 Fluorescence Emission responses of L2 (10 uM, in HEPES buffered solution

(CH3CN:H20, 1:2 viv, pH 7.2) in the presence of different counter ions.
2.3.7 Theoretical Calculation

To understand the binding mechanism of L2 to Hg?*, density functional theory (DFT) and
time dependent DFT (TD-DFT) calculations were implemented using Gaussian 09 program.
The geometries of L2 and L2-Hg?* have been optimized by density functional theory (DFT)
based on the hybrid B3LYP function combined with 6-31G (d) basis sets for L2 and
LanL2DZ method for L2-Hg?* [44]. TD-SCF calculations were conducted to provide more
information about the electronic characters of L2 and L2-Hg?*. In L2, the HOMO is spread
all over the molecule; whereas the LUMO mostly localized on the hetero-atoms; and the main
molecular orbital contribution to absorbance was of the 1% excited state from HOMO to
LUMO transition with excitation energy of 355.45 nm and oscillator strength 0.2574 (Table
2.2). With the binding of Hg?* the HOMO of complex is mainly laid in Hg?* central metal ion
and NH, and C=0 moieties, but the LUMO is spread over entire molecule. The 2" excited
state was determined for the main molecular orbital contribution to absorbance was transition
from HOMO to LUMO+1 (Figure 2.10) with excitation energy and oscillator strength of
550.82 nm and 0.0002 respectively (Table 2.2).
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Figure 2.10 Molecular orbital diagrams and excitation energies of L2 and L2-Hg?" complex.

Complex formation of L2 with Hg?* destabilizes the HOMO and stabilizes the LUMO, this
drop off HOMO-LUMO energy difference from 3.83 eV in L2 to 0.75 eV in L2-Hg?* (Figure
2.11). This has been supported by red shifting of absorption band to longer wavelength on
coordination with Hg?* (340 nm in L2 shift to 550 nm in L2-Hg?*). The calculated absorption
band was reliable with the experimental absorption data (Figure 2.12). Upon complexation
with Hg?*, the intramolecular rotation of the sensor is restricted, which blocks the pathway for

non-radiative decay and converts into strong emitters.

Table 2.2 The major electronic transition energies and molecular orbital contributions for L2

and L2-Hg?".
Excited state Theoretical Oscillator | Experimental
Wavelength (nm) | strength | (nm)
L2 1%t | HOMO to LUMO 355.45 0.2574 340
L2 + Hg?* | 2" | HOMO to LUMO+1 | 550.82 0.0002 | 550
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2.3.8 Binding Nature of L2 and Hg?* ion

Furthermore, the complex formation was established by using IR and 'H-NMR. In the IR
spectra, the hydrazide carbonyl peak at 1743 cm™ and N-H peaks at 3377 and 3298 cm™ of
L2 disappeared due to the interaction of Hg?* which indicated that the interaction of nitrogen
atoms and the hydrazide oxygen of ligand with Hg?* (Figure 2.20(a)). In the *H NMR titration
spectra of L2 with Hg?*, the NH peak at 9.14 ppm disappear and NH2 proton signal shift from
4.29 to 4.18 ppm upon the addition of Hg?*, this indicated that Hg?" binds to NH, and NH..
In addition to that, NH peak at 11.60 ppm shift to 10.64 ppm and all protons of the sensor
showed shift because of the electropositive Hg?* ion binding (Figure 2.20 (b)). The proposed
structure of L2 +Hg?* complex is as shown in Scheme 2.2.

2

@) NH

P Hg®*
® o
3 L

N
H

Scheme 2.2: proposed binding mechanism of L2 with Hg?*
2.3.9 Reversibility Studies Applied as Logic Gate Circuit Devices

In order to understand the reusability of ligand, we study the chemical reversibility of the
binding of L2 to Hg?*. Addition of KI to L2-Hg?" solution established good reversibility
which was reviled by restoration of the original spectrum for L2 up on Kl addition in HEPES
buffered solution (CHsCN:H20, 1:2 v/v, pH 7.2). I ions have a strong affinity for Hg?*, and it

causes de-metallation of L2-Hg?* to Hgl2 or [Hgls]?>~ and regeneration of free sensor [11].

The solution of L2+Hg?* complex displayed high reversibility in colorimetric and
fluorimetric by I- through Hg?* displacement approach. This has been designated by purple to
light yellow color change (Figure 2.13(a)) and fluorescence quenching with visual
fluorometric change (Figure 2.13(b)) upon addition of KI to in situ generated L2-Hg*
solution. This indicated that the free L2 was regenerated from the complex (L2-Hg?*) which
can be used for further sensing. This reversibility character advocated the promising usage of
chemosensor L2 as “off-on—off” naked eye and fluorescence sensor. Furthermore, the “off-
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on-off” cycle was repeated several times by subsequent addition of Hg?* and KI (Figure 2.13
(c)). Subsequently, the reversibility of the chemical sensor L2 by KI has been used to build an
INHIBIT logic gate on the basis of these two input signals, which can be symbolized as a
combination of NOT and AND gates [45,46], using Hg?* (input 1) and KI (input 2) and the

fluorescence enhancement at 429 nm as an output (Figure 2.13 (d)).
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Figure 2.13 (a). Visual Colorimetric reversibility (b). Fluorescence reversibility of
chemosensor L2 upon sequential addition of Hg?* and KI. (Inset: visual fluorometric
reversibility) (c). number of cycles of reversibility of chemosensor upon sequential
addition of Hg?* and K1 (d). Switch circuit diagram and Truth table corresponding to a
logic gate based on Hg?* and KI.

2.3.10 Analysis of Real Sample

To investigate the reliability and analytical applicability of chemosensor L2, L2 was used for
detection of Hg?* ion in canal water and drain water samples, a standard addition method was
used to eliminate matrix effect. A water sample from a Ganga canal and Khanjarpur drain
water around Roorkee was filtered through a 0.2 um nylon filter and used for analysis without
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any further pre-treatment. 1mL of the water samples were mingled with standard solutions of
Hg?* to prepare 3.0 mL solution at the range of 0.1-1.0 uM concentration in HEPES buffered
solution (CH3CN:H20, 1:2 v/v, pH 7.2). The mixtures were analyzed by fluorescence titration
against L2 solution (Figure 2.14). The Hg?" concentrations were found to be 6.46x 107’ M
and 5.58 x 10”7 M for canal water and drain water respectively. For further verification of
accuracy of the method, the water samples were also analyzed by ICPMS; and the obtained
results (Hg?>* concentration in canal water and drain water were 6.41x 107 M and
5.55x 1077 M respectively) were in good agreement with calculated concentration from
fluorescence analysis and it reveals the effectiveness of the chemosensor for Hg?* ion

detection In actual samples.

b
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Figure 2.14 linear correlation between changes in fluorescence intensity and [Hg?*] in water
samples spiked with different amount of [Hg?*] standard solutions in the standard
addition experiments. (a) Canal water, (b) Drain water. ([L2]=10 uM, Xex =330 nm,
Xem = 429 nm).
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2.4 Conclusion

We have prepared a highly reversible, selective and sensitive naked eye and Turn On
florescence chemosensor for Hg?* ion detection in aqueous medium. Addition of Hg?* ion
induced a new absorption band centered at 550 nm and clear color change from light yellow
to purple accompanied by giant fluorescence emission enhancement. The prepared chemical
sensor L2 is highly selective for Hg?* with detection limit of 5.4x10® M which is low enough
for sensing sub-micromolar concentration of Hg?*. The binding mode of chemosensor L2
with Hg?* was nicely demonstrated via DFT computer-based theoretical calculation, the
theoretical studies supported this sensing process. L2 was used for fast determination of Hg?*
ion in water samples and the result obtained from direct determination of Hg?* in
environmental sample without any further purification was adequately comparable with the
corresponding ICP-MS result. Furthermore, the chemical sensor L2 was reversible by KI, the
original color and fluorescence intensity of L2 was restored upon addition of Kl solution to
the L2-Hg?* solution and the “off-on—off” reversible has been used to build the logic gate

method.
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Spectral characterization of intermediate, L2, and L2+Hg? by NMR and
IR

{ .
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Figure 2.15 H-NMR spectrum of Ethyl (3-oxo-[1,4]Benzothiazin-2-ylidene)acetate in
CDCls,
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Figure 2.16 3C-NMR spectrum of Ethyl (3-oxo-[1,4]Benzothiazin-2-ylidene)acetate in
CDCls.
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3.1 Introduction

Industrialization has been tremendously accelerating in recent years throughout the world.
Consequently, it gave rise to serious air pollution and discharges toxic heavy metal ions,
which ultimately accumulate in human bodies through food chain [1]. Mercury pollution is a
serious hazard to our environment. It finds its way into water through point-source discharges
with its environmentally mobile and prevalent form [2,3]. Inorganic mercury ion and metallic
mercury can be easily converted into methyl-mercury (CHsHg") by micro-organisms [4]
which is the main source of organic mercury and more noxious form of mercury ion [5,6]
thereby it builds up in aquatic organisms and consequently accumulates in higher organisms
though the food chain [7]. The extreme toxicity of Hg?" instigates from its strong affinity to
thio moieties of proteins and enzymes [8,9] causing dys-function of cells and consequently
leads to many health problems. Exposure to trace amount of mercury ions can cause serious
damages [10] to prenatal brains, nervous system [11,12] the endocrine system [13] immune
system [14] and other biological systems. Therefore, concerns about the serious toxic
damages of mercury ion have provoked these arching of reliable and fast with high selectivity
and sensitivity method of detection for mercury ion and many mercury-ion sensors have been
recently reported, yet environmentally benign, operationally simple mercury sensor with high

selectivity and sensitivity in real samples is still urgent.

Due to low cost instrumentation, rapid detection, high selectivity, sensitivity and relatively
simple handling, a fluorescent probes are widely used as powerful tools to detect cations,
anions, and neutral molecules [15,16]. Owning to their photo-physical properties, such as high
fluorescence quantum yields and inherent photo-stability, 1,8-naphthalimides are extensively
used as colorimetric and fluorometric probes [17-19]. The optical and photo-physical
properties of N-aryl-1,8-naphthalimides are very sensitive to substitutes in the 1,8-
naphthalimides ring or that of the N-aryl moiety [20-22]. This feature has been extensively
applied in designing and preparation of colorimetric and fluorometric chemosensors based on
1,8-naphthalimide [18,23-27]. Chemosensors with free thiol or sulphur moieties in their metal
receptor unit are highly selectivity for Hg?* due to high binding affinity of Hg*" for soft
sulphur donors. Hence, various explorations of thiol based fluorescent Hg?* sensors have been
developed [28-30]. Based on the above ideas, the conjugation of 1,8-naphthalimide
fluorophores with thiol as Hg?* receptor part is promising development for designing of a new

fluorescent Hg?* sensor. The measurement of emission intensities at two different

75



Chapter 32019

wavelengths is an important aspect of ratiometric fluorescent probes which make them more
attractive over intensity-based probes [31]. Ratiometric fluorescent probes are not influenced
by microenvironment, concentration of probe, excitation light intensity, etc. This eliminates
major limitation of intensity based probes, via the ratio of two emissions at different
wavelengths [25,26,32—-35]. Though, wide-ranging of 1,8-naphthalimide based chemosensors
with a different substituent in the 1,8-naphthalimides rings have been reported, a simple dual

colorimetric and ratiometric mercury sensor is still imperative.

In this study, we present a new sensitive colorometric and dual ratiometric chemosensor L3
for selective recognition of Hg?*, by integration of 1,8-naphthalimide with a 2-mercapto-
phenyl moiety in which the amide and thiol groups are responsible for the specific recognition
of Hg?*. The synthesis of L3 is a straight forward involving single step amidation of 1,8-
naphthalic anhydride to achieve the desired chemosensor. And this chemosensor was found
to detect Hg?* with reasonable selectivity and sensitivity against several competing metal
ions. Moreover the chemosensor gives adequately comparable results with corresponding data
from inductively coupled plasma mass spectrometry (ICP-MS) for applications in direct

determination of Hg?* in water samples.
3.2 Experimental Section

3.2.1 Reagents and Instrumentation

Stock solutions of all cations were prepared using their corresponding perchlorates purchased
from Himedia and Loba Chemie, India. Spectroscopic grade MeCN and deionized water was
used for photophysical experiments. IR spectra were recorded with the KBr pellet on the
Alpha-FTIR spectrometer BRUKER in the range 4000-400 cm™. *H-NMR and *C-NMR
spectra of compounds were recorded in CDClz on a Bruker spectrospin DPX 500 MHz
spectrometry with TMS internal standard were used, and the chemical shift were reported as
parts per million (ppm) scale downfield from TMS. The multiplicities were reported as
abbreviations viz s= singlet, d= doublet, t= triplet and m = multiplet. Absorption and emission
spectra were recorded using Specord S600 PC double beam spectrophotometer with cell of 1
cm path length and Horiba RF-5301 PC with 1 cm path standard quartz cell. Melting points
was measured by Optimelt melt system. The fluorescence quantum yield was calculated using
FLS 980 fluorescence spectrometry (Edinburgh Instruments). Fluorescence life cycle was
recorded by HORIBA jobin Yvon, fluorocube lifetime system and ICP-MS was used for

water sample analysis.
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3.2.2 Synthesis and Characterization of Chemosensors

To a stirring suspension of 1,8-naphthalicanhydride (1 mmol) in ethanol (5ml), 2-
aminobenzenethiol (1.2 mmol) and 10 drops of triethylamine were added and the resulting
suspension was stirred at 100 °C for 3hrs (Scheme 3.1). As such, when the reaction is
completed as indicated by thin-layer chromatography (TLC), it was cooled down to room
temperature with stirring. The solid precipitate product was filtered and washed with ethanol
[36]. A white solid was obtained in 80% vyield; the structure of L3 was characterized by IR,
'H-NMR, ¥C-NMR, and HRMS spectroscopy (Figure 3.16-3.19).
2-(2-mercaptophenyl)-1H-benzo[de]isoquinoline-1, 3-(2H)-dione (L3): white solid, 80%
yield; M.P: 210.6 °C; IR (KBr, v/cm™): 2518 (-SH), 1702, 1662 (N-C=0), 1587, 1376, 1354
(C=C aromatic frame); *H NMR (500 MHz, CDCls, &/ppm): 8.70 (d, 3= 7.2 Hz, 2H), 8.32 (d,
J=8.1Hz, 2H), 7.84 (t, J = 7.7 Hz, 2H), 7.63 (d, J = 7.7 Hz, 1H), 7.45-7.39 (m, 2H), 7.32 (d,
J=7.7Hz, 1H), 3.33 (s, 1H).1*C NMR (125 MHz, CDCls, 8/ppm): 163.7, 135.3, 134.5, 132.8,
131.8, 130.1, 129.8, 129.6, 128.7, 127.8, 127.1, 122.6 HRMS (ESI+) m/z calcd. C1gH11NO>S
[M]*: 305.0510 found 305.1574.

0s_0._0
NH, Ethanol, TEA
1K @
SH 100 °C, 3 hrs
Scheme 3.1. Synthesis of chemosensor L3.

3.2.3 Absorbance and Fluorescence Experiments

Stock solution of L3 (1.0 mM) was prepared in CH3CN and then sample solution of L3 (10
pUM) was prepared in MeCN/H20 (1:1 v/v, PH 7.0, HEPES buffer) in quartz cuvette followed
by 10 ul aqueous solution (1mM) perchlorates salt metal ions (Na*, K*, Mg?*, Ba?*, Mn?*,
Zn?*, Cu®*, Co%*, Ni?*, Ag*, A", Fe?*, Fe*, Pb%", Cd®*, Cr®, and Hg®"), all emission

experiments were carried out with slit width of 2 nm and excitation wave length of 320 nm.

3.2.4 Theoretical Study

The optimization of the structure of the ligand and ligand-Hg** complexes and their
absorption energy and oscillation strength (f)calculation were carried out with Gaussian 09
program by density functional theory (DFT) and time-dependent density functional theory
(TD-DFT) methods. All calculations were carried out in gas phase with B3LYP hybrid
function and 6-31G (d) basis set for L3 and LANL2DZ for L3-Hg?* complex. And the long
range corrected functionality CAM-B3LYP, using 631+G(d,p) basis set for L3 and

LANL2DZ method for L3-Hg?*complex.
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3.3 Results and Discussion

3.3.1 Naked-eye Selectivity

The naked-eye recognition properties of L3 were studied toward different metal ions by
colorimetric and fluorescence methods. The colorless solution of L3 turned into yellowish
green colour and non-fluorescence to bright yellowish green fluorescent with Hg?*, no
significant colour change was observed in the presence of other examined metal ions (Figure
3.1). These results clearly show that L3 can be used for selective naked-eye detection of Hg?*

ion in normal light and under UV-lamp.

nZv'

O et

:: !Hg?' Na+- - I*.-%F!W+ Cuz* 42+ Cl's‘" Niz"' Mﬁ* Co2+ Pb2* Al3+ /e‘m- Fe2hp
[ = = '\ = - ~

Figure 3.1 A visual features of detection of Hg?* with L3 in the presence of 10 equivalent of
different cations in CH3sCN:H20 (1:1 v/v, pH 7.0, HEPES buffer).(a).in sun light and
(b). under UV-lamp. (b). under UV lamp.

3.3.2 Spectroscopic Studies

The chemosensor L3 exhibits a strong absorbance centered at 332 nm and relatively weaker
fluorescence emission at 376nm (Aex=320 nm). In order to investigate the optical sensing
competence of the chemosensor the photo-physical studies were performed in the presence of
10 equivalent of different metal ions ( Na*, K¥, Mg?*, Ba?*, Mn?*, Zn?*, Cu?*, Co?*, Ni?*, Ag",
AR, Fe?*, Fe3* Pb?*, Cd?*, Cr¥*, and Hg?"). These experiments disclose that only Hg?* ion
imposes significant change in the photophysical character of L3, while there were no
reactions from other metal ions. Upon adding different concentration of Hg?* (0-10 equiv.) L3
solution, the absorption intensity centered at 332 nm decrease coupled with swift increasing
and a new absorption band centered at 438 nm with isosbestic point at 356 nm emerges
(Figure 3.2a). Similarly in florescence spectra a progressive enhanced emission at 480 nm and
a corresponding modest decrease in 376 nm with an isoemission point at 427 nm (Figure
3.4b), which indicated clear ratiometric absorbance and fluorescence changes. It is known that

when Hg?* chelating with O, S moiety, a bathochromic shift in both emission and absorption
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is predictable [37], as expected when Hg?" is binding to the amide oxygen, and thiol group of
the chemosensor. It shows 106 nm and 104 nm red shift in absorption and emission spectra
respectively, due to coordination of metal to the receptor. This indicates the opening of
intramolecular charge transfer (ICT) mechanism in the chemical sensor after coordination
with Hg?* [23,24,38-40]. Besides this, no significant change was revealed in the absorbance

or fluorescence of L3 on the addition of other metal ions (Figure. 3.3).

2+
Hg  {0-5 equiv.}

Abs.

L ) ) L} )
250 300 350 400 450 500
Wavelength (nm)

(b)

2.5x10°

2.0x10° 4

1.5x10° -

1.0x10°

Fluorescence intensity

5.0x10"

0.0

- ,
350 400 450 500 550 600
wavelength (nm)

Figure 3.2 (a). Absorption titrations spectral responses of L3 (10 uM) towards varying Hg?*
ion concentration (0-5 equiv.), (b). Fluorescence Emission spectral responses of L3
(10 uM) towards varying Hg?* ion concentration (0-10 equiv.)(in MeCN/H20 (1:1 vlv,
PH 7.0, HEPES buffer)).
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Figure 3.3 (a). Absorption spectra (b). Fluorescence Emission spectra of L3 (10 uM) in the
presence of 10 equiv. different metal ions (in MeCN/H20 (1:1 v/v, PH 7.0, HEPES
buffer)).

Based on the spectral results, the Turn-On fluoresce mechanism of L3-Hg?* is probably as
follows: before the addition of Hg?*, the intramolecular rotation of L3 was free that weakened
the intramolecular charge transfer (ICT) shows a weak fluorescence emission (®r = 0.01).
After binding of Hg?* to the amide oxygen, and the thiol group of the sensor, the
intramolecular rotation of the chemosensor restricted which opens the intramolecular charge

transfer (ICT) state and displays a very strong fluorescence (®r = 0.81).

80



Chapter 3| 2019

3.3.3 Stoichiometry

The Job’s plot of absorption ratio (Asss/Assz) and fluorescence intensity ratio (lsso/ls7e)
(Figure 3.4) that is dependent on the complex formation was plotted as a function of the mole
fractions of Hg?* to determine the stoichiometry between L3 and Hg?* and the maximum of
the plot was obtained at 0.5 mole fraction both plots, which indicates that the formation of 1:1
stoichiometry between L3 and Hg?" [41]. The stoichiometry was studied by HRMS, the mass
of L3+Hg?" complex has appeared at 546.2862 (Figure 3.20) and Cal. [L3+Hg?**+CH3CN-
2H]" is 546.0315. This advocates the stoichiometry of L3.to Hg?" is 1:1 binding.

2.09 (a) (b)

(A332/A438)
= n
L L

=
n
1

0.0 1

] T T 1 0 T

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
[Hg™ )/ (L3]+[Hg™]) [Hg*)/[Hg® T+[L]
Figure 3.4 Job’s plot (a) absorption, (b) fluorescence (the total concentration were 10 mM in
MeCN/H20 (1:1 v/v, PH 7.0, HEPES buffer)

3.3.4 Limit of Detection (LOD) and Association Constant (Ka)

Limit of detection (LOD)

The detection limit was calculated based on a fluorescence titration and standard deviation of
the ligand fluorescence intensity ratio (lsso/ls7s). The fluorescence emission of ligand was
measured 5 times, and the standard deviation of the fluorescence intensity ratio was
calculated, and the emission intensity ratio from the titration experiment in the presence of
increasing Hg?* concentrations was plotted as a function of the Hg?*" concentration to
determine the slope. The fluorescence intensity ratio (lsso/ls7e) fit into straight line as give in
(Figure 3.5a) and the slope of linear fit graph was used to calculate the detection limit using
the following equation according to the IUPAC definition [42,43] and found to be 1.74x 108
M.
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LOD = 3:9/,

Where o is the standard deviation of blank receptor L3 standard solution, and K is

the slope of the liner graph.

LOD = 3*0.0023/4.025= 0.017*10molar

Table 3.1 Fluorescence intensity and standard deviation of blank receptor (L3)

S.no. | 376 l4g0 lago/ 1376
1 2685.724 18073.73 0.148598
2 2564.019 18020.42 0.142284
3 2624.872 18047.07 0.145446
4 2594.446 18033.74 0.143866
5 2609.659 18040.41 0.144656

STDEV 0.002341

Association constant (Ka): the Benesi-Hildebrand plot between The linearity of Benesi-

Hildebrand plot between 1/(I — lo) to 1/[Hg?*] supports the 1:1 stoichiometry. The values of

association constant (Ka) was calculated from the slope of the liner graph at 376 nm were 3.89

x 10* mol™L (Figure 3.5b), high Ka value indicates strong binding of ligand to metal [27,44],

the calculated K, was good enough to form strong complex between L3 and Hg?* ion.
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Figure 3.5 (a). The linear fit graph of fluorescence intensity ratio (lsso/ls76) as a function of

Hg?* ion concentration. (b). Benesi-Hildebrand plot of L3 (10 uM) binding with Hg?".
(in MeCN/H20 (1:1 v/v, PH 7.0, HEPES buffer).
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3.3.5 Fluorescence Lifetime

For further support of the new absorption and emission enhancement is obtained from the
absorbance and fluorescence experiment and to get more insight into the coordination of L3
with Hg?*, time-resolved decays of L3 were carried out in the absence and presence of
Hg?*(Aex=320 nm) the decay was monitored at 376 and 480 nm. As shown in figure 3.6, after
the addition of Hg?*, the fluorescence lifetime of L3 at 376 nm was decreased from 1.63 ns to
1.55 ns, and increased to 5.74 ns at 480 nm. These results validate the red shift in the
absorbance and ' fluorescence experiments, and fluorescence quenching at 376 and
enhancement at 480 nm. From this outcome, the fluorescence enhancement at 480 nm could
be due to blocking of intramolecular rotation of L3 by formation of rigid complex on binding

to Hg?* which slams the non radiative relaxation path way and opens the radiative relaxation.
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Figure 3.6 Life time decay profile of L3 in the absence and presence of Hg?*. (in MeCN/H.0
(1:1 v/v, PH 7.0, HEPES buffer) Aex = 320 nm)

3.3.6  Selectivity Studies

In order to evaluate the selectivity of L3 for Hg?" ion, we investigated the fluorescence
change of L3 towards Hg?* ion, via treating L3 with 1 equivalent of Hg?" blend with 10
equivalents various metal ions. As shown in Figure 3.7, the presence of other competitive
metal ions did not induce a significant change in the ratiometric fluorescence emission
(lsg0/1376) of L3-Hg?*. From this, we can conclude that L3 exhibited an excellent selectivity

towards Hg?* in the presence of potential interfering metal ions. Additionally, to investigate
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the counter ions effect, we have checked L3 with different Hg?" salts other than Hg(ClOa)2
such as Hg(ClO4)2 such as Hg(NO3)2 , HgCl> and Hg(SO4)2. Chemosensor L3 emission ratio
(laso/1376) in all cases induced similar change (Figure 3.8). It confirmed that the Hg?* sensing
is not affected by counter anions.
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Figure 3.7 Interference effect of various cations with L3-Hg?* in emission spectra (blue bar
for fluorescence intensity ratio (lsso/lz7e) of L3+cations (1:10 equiv.) and red bars
show fluorescence intensity of L3+Hg?*+other cations (1:1:10 equiv.)
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Figure 3.8 Fluorescence Emission responses of L3 (10 uM, in MeCN/H.O (1:1 v/v, PH 7.0,
HEPES buffer) in the presence of different counter ions (a) Fluorescence intensity (b)

Fluorescence intensity ratio (laso/l376).
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3.3.7 Solvent System and pH Studies

To find out the most suitable solvent system for fluorescence studies, the proportion of
CH3CN:H20 was varied to identify the ratio of CH3CN to H2O at which L3 is effectively
detecting Hg?*. L3 was readily soluble in pure CHsCN and insoluble in water. The solvent
selection was done by gradual addition of water into CH3CN solution of L3, keeping its
concentration fixed at 10 uM, and monitoring the fluorescence intensity of L3 in the absence
and prescience of Hg?" upon excitation at 320 nm, the fluorescence intensity of L3 was
almost constant but the intensity of L3+Hg?* starts to decrease as the water volume fractions
increases over 1:1 (V/V) of CH3CN to H20 which allowed setting the ideal working solvent
system as 1:1(V/V) of CH3CN:H20 mixtures.

To investigate the suitable pH range for sensing application, the pH dependence of L3 on the
ratiometric detection performance of L3 towards Hg?* were studied at pH range of (2-12) in
the absence and presence of Hg?*. It was observed that the L3 was stable in pH range of 3-9
(Figure 3.9a), and pH of 5-9 was the stable range for L3-Hg?" (Figure 3.9b). However a
decrease in the intensity was observed in both L3 and L3-Hg?* at lower and higher pH ranges.
The overall pH effect for the fluorescence intensity ration (laso/lsz) for the L3 and L3-Hg?*
was constant in the pH range of 5-9 (Figure 3.10). This wide range pH stability is an
important for using the chemosensor for Hg?* ion sensing in both biological and
environmental samples. Hence, all the experiments were carried out in neutral pH [in
MeCN/H20 (1:1 v/v, PH 7.0, HEPES buffer)] as optimized experimental condition.
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Figure 3.9 Fluorescence intensity of (a) L3, (b) L3-Hg?* at different pH value.
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Figure 3.10 Fluorescence intensity ratio (laso/la7e) for L3 and L3-Hg?*at different pH values.

3.3.8 Nature of Binding Interaction of L3 with Hg?*

The complex formation was established by IR, and *H-NMR to understand the binding mode
of L3 with Hg?*. The FT-IR spectra were recorded with and without Hg**. L3 exhibited a
characteristic series of stretching vibrations among which the (-SH), (-C=0) and (C-N) bands
at 2518 cm™, 1702 and 1662 cm™, and 1239 cm™, respectively. Upon addition of Hg?*, the
peak corresponding to (-SH) was disappeared and the (-C=0) peaks were decreased in
intensity and the (-C-N) peak shifting to 1253 cm, (Figure 3.21), which implies the coupling
with (-SH), (-C=0) and (C-N) groups of the 1,8-Naphthalimide moiety. Furthermore, *H
NMR titration shows —SH proton peak appeared as a singlet at 3.33 ppm in free L3 gradually
vanished upon addition of Hg?*, this signifies that the deprotonation of ~SH proton by Hg?*
(Figure 3.22).

Accordingly, the observed spectroscopic data from IR and NMR clearly demonstrate that
chemosensor L3 coordinate with Hg?* through amide oxygen and sulphur of thiol group. We
have also found that the melting temperature of L3 is increased in the presence of Hg?*. When
L3 coordinate to Hg?*, the binding of cation stabilizes the structure and the temperature at
which the L3 dissociates increased from 210.6 to 265°C. Thus, the probable mechanism is

depicted in scheme 3.2.
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Scheme 3.2. Proposed sensing mechanism of L3 with Hg?".

3.3.9 Theoretical Calculation

For further understanding of the interaction mechanism of L3 with Hg?* in terms of molecular
and electronic level, the structure of L3 and L3-Hg?* have been optimized by density
functional theory (DFT) and the vertical excitation (absorption) energy and oscillation
strength (f) using time-dependent density functional theory (TD-DFT) calculation methods
were carried out with Gaussian 09 program. All calculations have been done in gas phase with
B3LYP hybrid function and 6-31G (d) basis set for L3 and LANL2DZ for L3-Hg?* complex.
And the long range corrected functionality CAM-B3LYP, using 631+G(d,p) basis set for L3
and LANL2DZ method for L3-Hg?* complex [45-48]. As shown in Figure 3.11, the
optimized structure of L3 appeared to be in twisted through the amide linkage in such a way
that the 2-mercapto-phenyl moiety and 1,8-naphthalimide are almost in perpendicular planes
and in the L3-Hg?* they are in the same plane. This could be due to the relaxation in the

structure of L3 is blocked in L3-Hg?* complex.

The electron density in HOMO-LUMO levels in L3, the HOMO is localized on 2-mercapto-
phenyl moiety, whereas the LUMO mostly restricted on the 1,8-naphthla ring. With the
introduction of Hg?*, HOMO of the complex spread over the Hg?* central metal ion and 2-
mercapto-phenyl moiety, on the other hand the LUMO is mainly laid on 1,8-naphthalimide.
Complex formation of L3 with Hg?" stabilizes the molecule and decreases the HOMO-LUMO
energy gap from 3.563 eV in L3 to 2.223 eV in L3-Hg?" (Figure 3.12); this was supported by
red shift of absorbance and fluorescence bands to longer wavelength (332 nm to 438 nm, and
376 nm to 480 nm respectively) via coordination with Hg?*. This result was also in good
accordance with fluorescence lifetime experiment result, which show upon complexation with
Hg?*, the intramolecular rotation of the L3 is restricted, which blocks the pathway for non-
radiative processes and converts into strong emitters. In addition to that the TD-DFT CAM-
B3LYP provided the best agreement with experimental results (Table 3.2). According to our
TD-DFT of CAM-B3LYP/6-31+G(d,p) calculations, the vertical transition energies of L3 are

329 and 319 nm for S2 and S3 excited states respectively. The absorption wavelengths of
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these two states lie closely and agree with the experiment result. So, S3 the transition from
HOMO-1 to LUMO that have large oscillator strengths (0.3182) transitions is considered to
the experimental absorption peak at 332 nm. The 3" extetion (S3) the transition from HOMO-

2 to LUMO that have transition energies of L3+Hg?" of 2.7786 eV and wavelength 446 nm

large oscillator strengths (0.2156) transitions is considered to the experimental absorption

peak at 438 nm (Figure 3.13).
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Figure 3.11 Optimized structures of L3 and L3+Hg?*
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Figure 3.12 HOMO-LUMO band gaps of L3 and L3+Hg?*
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Table 3.2 Excitation energies and oscillator strengths of L3 opt freq td cam-b3lyp/6-31g(d)

geom=connectivity

Excited Excitation Wavelength | oscillator strengths(f)
State energies (eV) | (nm)
L3 1 3.6236 342.16 0.0007
2 3.7663 329.19 0.0001
3 3.8755 319.91 0.3182
L3-Hg® |1 2.0415 607 0.0033
2 2.1844 567 0.0165
3 2.7786 446 0.2156
L3

LUMO

HOMO-1

Figure 3.13 TD-DFT of CAM-B3LYP, function combined with 6-31G (d) basis sets for L3
and with Lanl2DZ method for L3-Hg?".

89



Chapter 32019

3.3.10 Reversibility Studies Applied as Logic Circuit Devices

It is very practical if a sensor can be reversed and reused. As it is well known, iodide ions (1)
have strong binding ability to Hg?"; therefore, we use KI for competitive bind Hg?* from the
L3-Hg?* complex. To identify the reusability of L3 for Hg?* sensing, the reversibility of L3
coordination toward Hg?* via addition of Kl to L3-Hg?" solution in (in MeCN/H20 (1:1 v/v,
PH 7.0, HEPES buffer) was studied. Importantly, high reversibility in colorimetric and
ratiometric fluorimetric was obtained (Figure. 3.14a, b). On titration of L3-Hg?" with KI, the
fluorescence intensity at 480 nm is apparently decreasing and that of 376 nm is increasing
gradually, after the addition of 10 equiv. of Kl the fluorescence intensity returns almost to the
free sensor L3 which can be used for further sensing. This phenomenon is because of stable
mercury-iodide complex formation due to the strong affinity I~ for Hg?* [49-52]. This
reversibility character advocates the applicability of L3 as “Off-On—Off” naked eye and

ratiometric sensor.

Furthermore, the “off-on-off” cycle could be repeated numerous times with negligible
reduction in emission ratio (laso/lsze) by alternate addition of Hg?* and Kl (Figure 3.14c).
Subsequently, INHIBIT logic gate has been constructed on the basis of the repeated On-Off
behaviour of L3 by Hg?" and KI as two input signals, which can be symbolized as a
combination of AND and NOT gates, [53,54] using input 1 (Hg®") and input 2 (KI) and

emission intensity ratio (lsso/l376) as an output as revealed in the truth table (Figure 3.14d).
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Figure 3.14 (a). Visual Colorimetric reversibility (b). Fluorometric reversibility. (Inset: visual
fluorometric reversibility) (c). ‘‘off-on—off”’ reversibility cycles of chemosensor L3
upon sequential addition of Hg?* and KI. (d). Switch circuit diagram and Truth table

corresponding to a logic gate based on Hg?* and KI.
3.3.11 Analysis of Real Sample

To investigate the reliability and practical applicability of our method, the analysis of Hg?*
concentration in water samples was applied; to eliminate matrix effect a standard addition
method was used [55-57]. A 0.2 um nylon filtered water sample from a Ganga canal and
drain water around IIT Roorkee were used for analysis without advance pre-treatment. 1 mL
of the water samples were blended with standard solutions of Hg?" at (0.1, 0.2, and 0.4 uM)
concentration (HEPES-buffered solution (CH3CN:H20, 1:1, v/v, pH 7.0) to prepare 3.0 mL
solution [58,59]. The mixtures were analyzed by fluorescence titration against L3 solution
(Figure 3.15). The concentration of standards is subtracted from the calculated Hg?
concentration to obtain Hg?* concentration in the water sample. The concentration Hg?* is
calculated from the fluorescence intensity ratio (lago/lz76) of mingled solution by the Linear
correlation equation of (Y= 3.724[Hg?*] - 0.1446).
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The Hg?* concentrations were found to be 0.022 uM and 0.043 uM for canal water and drain

water respectively. As shown in table 3.3 the samples were also analyzed by ICP-MS for the

verification of accuracy of the method; and concentration of Hg?* in canal water and drain

water were obtained as 0.021 uM and 0.041 uM respectively, which are in good accordance

with calculated concentration from fluorescence analysis. This reveals the efficiency of the

chemosensor for detection of Hg?" in actual samples.

(a)

y=3.724 [Hg*"| - 0.1446

R’=0.99

(480/1376)

[Hg™|(uM)
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=
=
1

= =
b £
1 1
ne»
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Figure 3.15 (a). Calibration curve of standard solutions of Hg?* (0.05-0.5uM), (b). Canal

water and drain water, linear correlation of (laso/ls76) to [Hg?*] in water samples spiked

with different concentration of [Hg?*] in the standard addition experiments. ([L3]=10
UM, Aex = 320 nm).

Table 3.3 Determination of Hg?* ion concentration in real samples by using standard addition

method
Added | (l4s0/l376) Total Percentage [Hg?*] (uM)
Sample [Hg?*] recovered recovery by La by IPC-MS
(nM) [Hg**]( uM) (%0)

0.1 0.307 |0.121267454 | 121.2675 | 0.022073 + 0.02135 ¢
Canal 0.2 0.6874 |0.223415682 | 111.7078 0.000956 0.000197

0.4 1.4252 | 0.421535983 105.384

0.1 0.38548 0.142342 142.3416 | 0.042803 + 0.04117
Drain 0.2 0.75888 0.24261 121.305 0.000476 0.010824

0.4 1.50684 0.443459 110.8647
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3.4 Comparative Study

The performance of L3 which is recognized for selective detection of Hg?* ion and it was also
compared with some recently reported 1,8-Naphthalimide based fluorescent chemosensors for
Hg?* detection (Table 3.4). The chemosensor is synthesized easily in single straight forward
reaction from commercially available starting materials, and it exhibits comparable
performance with most of recently reported fluorescence chemosensors in detection of Hg?*
in aqueous solution. In addition, its colorometric and ratiometric behaviour could make it
more attractive over intensity-based probes and it could be used as competent method for

monitoring of Hg?* ion level in different samples in good extent.

Table 3.4 A comparative study of L3 with some previously reported 1,8-Naphthalimide based

fluorescence Hg?* sensors.

LOD linear ranges Mode of Ref.
Fluorescence sensor
analyse
Perylene bisimide 5nM 0.1-1 x 10"M | Quenching | [60]

O
0) @)

Naphthalimide based fluorescent dyad | - Quenching | [61]

OO Q

1,8-naphthalimide fragment with a 1x10°M | 0-1.3x 10° M | Enhanceme | [62]

phenyl- thiourea unit nt

0
SU e Ya
J.k N
H N N
__/ 0
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Histidine-functionalized 1,8- 1.785x107"M | 0.1-2 x 10°® | Quenching | [63]
naphthalimide based fluorescent M
chemosensor
O o .
O~
N\
O NH
A single thiourea-appended 1,8- 82.1 nM 0-90 x 10°® | Enhanceme | [64]
naphthalimide chemosensor M nt
W
S. HN O N Bt
>—N,H 0)
ks
1,8-Naphthalimide based Naked-Eye | 1.74x10%M | 0-1.2x 10°® | Ratiometric | This
and Ratiometric Fluorescent Sensor M work
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3.5 Conclusion

The designed and synthesized 2-(2-mercaptophenyl)-1H-benzo[de]isoquinoline-1,3(2H)-
dione (L3) a highly sensitive, selective and reusable naked eye and ratiometric chemosensor
for detection of Hg?*. L3 exhibits maximum absorption at 332 nm and fluorescence emission
at 376 nm after Hg?* ion addition to L3 solution a new absorption at 438 nm accompanied
with color change from colorless to yellowish green and the new yellowish green
fluorescence emission was enhanced rapidly with increasing Hg?* ion concentration. The
prepared chemosensor L3 selectively detect Hg?* with detection limit of 1.74x10® M which is
low enough for sensing submicromolar concentration of Hg?* ion. The binding mechanism of
L3 with Hg?" also adequately demonstrated by IR, *H-NMR and DFT computer-based
theoretical calculations. Furthermore, the photo-physical properties of L3 has been restored
and reused through metal displacement approach via addition of KI as strong coordinator of
Hg?*. The “off-on—off”’ reversibility has been used to build the logic gate method. Assessing
the performance by fluorescence, we found that the fluorescent probe L3 can efficiently

detect Hg** and more suitable for real-time analysis.
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Spectral characterization of L3, and L3+Hg?*" by IR, NMR and HRMS
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Figure 3.16 IR spectrum of receptor L3 recorded in KBr pellet.
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4.1 Introduction

Accumulation of heavy metals in the body of humans and animals could lead to many adverse
health effects and serious illnesses over time [1,2]. Owing to its high affinity towards thiol
group of proteins and enzymes, Hg?* ion is one of the most hazardous and widespread global
pollutants [3-5]. Due to its widespread exposure and its deleterious effects on human health,
myriad of qualitative and quantitative detection methods of mercury have been devised, and
the search for new Hg?* ion detection with high selectivity, sensitivity and environmentally
and biologically compatible chemosensor is still on progress [6,7]. Owing to their Turn-On
character and high selectivity and sensitivity AIE based fluorescent chemosensors have been
rapidly developing and thereby attracted tremendous research interest. AIE active molecules
are fluorogenic molecules with high emission intensity in an aggregated or solid state, but
weak or non-fluorescent when diluted [8,9]. The aggregate formation happens in poor
solvents, especially, when hydrophobic organic fluorophores dissolve in agueous media. AIE
Is very important aspect in fluorescence chemosensing to overcome the aggregation induced

quenching in hydrophobic organic fluorophores.

Amino acids are highly water-soluble and environmentally and biologically compatible [10],
and they can act as one of the best receptor units owing to their effective coordination with
metal ions through their chelating moieties [11,12]. Hence, a variety of amino acids based
chemosensors for different metal ions detection in aqueous system have been reported [13—
19]. Amino acids containing thio group are known to form a very stable complex with Hg?*
ion [20-22], and are very effective Hg?" receptors as per HSAB principles [23-25]. Due to
this, it is an important aspect to incorporate thio-amino acids as a core scaffold in designing
and preparation of new Hg?" ion chemosensors. The conjugation of fluorophores signal unit
with amino acid as a receptor part is a promising development for designing of a new water-
soluble fluorescent chemosensor [26-28]. Among the various fluorophores, 1,8-
naphthalimides have been extensively used in a wide variety of fluorescent chemosensors due

to their high fluorescence quantum yield and natural photo-stability [29-35].

In continuation to our line of designing suitable Hg?* chemosensors in the previous work
[36,37], herein, we report relatively simple and straightforward preparation and photophysical
characterization of amino acid functionalized 1,8-naphthalimides for impressively selective
and sensitive detection of Hg?* ions in aqueous solution. Developing Turn-On chemosensors

in aqueous solution is more vital strategy in constructing fluorescence sensors, the presence of
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carboxylic and thiol groups in the chemosensor helps to increase water solubility and its
selectivity for Hg?* ion detection. The amino acid functionalized 1,8-naphthalimides L4 and
L5 are designed and synthesized by treating 1,8-naphthalic anhydride with thiol containing
amino acids, L-methionine and L-cysteine respectively. The collective effect of hydrophobic
1,8-naphthalic core fluorophore with the specific amino acid functionalities leads the
chemosensors to AIE active species and structurally optimized receptor which plays an
important role in achieving a specific substrate for Hg?* detection in aqueous media though
chelation induced AIE.

4.2 Experimental Section

4.2.1 Reagents and Instrumentation

Stock solutions of all cations were prepared using their perchlorates which were purchased
from Himedia and Loba Chemie, India. CH3OH and deionized water were used for electronic
spectral and fluorescence studies. IR spectra were recorded with KBr pellet on the bruker
Alpha FT-IR spectrometry in the range of 4000-400 cm™. *H-NMR and *3C-NMR spectra of
compounds were recorded in DMSO-dg on a Bruker spectrospin DPX 500 MHz spectrometry
with TMS internal standard were used, and the chemical shift were reported as parts per
million (ppm) scale downfield from TMS. The multiplicities were reported as abbreviations
viz s = singlet, d = doublet, t = triplet and m = multiplet. Absorption and emission spectra
were recorded using Specord S600 PC double beam spectrophotometer (path length 1cm) and
Horiba RF-5301PC (path length 1cm) with standard quartz cell. Melting points were
measured in the optimelt system and particle size by using Beckman Coulter Delsa Nano
particle size analyzer. The fluorescence quantum vyield and lifetime were measured and
analyzed using fluorescence spectrometer FLS 980 (Edinburgh Instruments) and HORIBA

Jobin Yvon, fluorocube fluorescence lifetime system respectively.

4.2.2 Synthesis and Characterization of Chemosensors

To a stirring suspension of 1,8-naphthalic anhydride (1 mmol) in ethanol (5 ml), 1.5 mmol
amino acid (L-methionine or L-cysteine) and 10 drops of triethylamine were added and the
resulting suspension was stirred at 100 °C for 4 hrs (Scheme 4.1). After the completion of the
reaction as indicated by TLC, it cooled down to room temperature, and triturated with diluted

HCI, the solid product formed was collected by filtration, washed with water and air dried
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[38]. A white solid product was obtained in 75% vyield. The structures of L4 and L5 were
characterized by IR, *H-NMR, 3C-NMR, and HRMS spectroscopy (Figure 4.16-4.19).

Oy, 0~ 0 Ethanol 0 /R L4:n=2,

+ -
)\M/S\ > N

OO HO,C” S R 100°C, 4 hrs O coqr  LSin=1

O R=H

Scheme 4.1. Synthesis of chemosensors L4 and L5.

2-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-4-(methylthio)butanoic acid (L4): MP:
201.7 °C; IR (KBr, v/em™): 3258 (acid -OH), 1759 (acid -C=0), 1695, 1656 (amide -C=0),
1588, 1437, 1382, 1354 (aromatic frame), 722, 667 (C-S-C); *H NMR (500 MHz, DMSO-ds,
d/ppm): 12.75 (s, 1H), 8.53 (d, J = 7.2 Hz, 2H), 8.50 (d, J = 8.1 Hz, 2H), 7.90 (t, J = 7.7 Hz,
2H), 5.71 (dd, J = 8.1, 3.8 Hz, 1H), 2.55 (s, 4H), 2.00 (s, 3H). **C NMR (126 MHz, DMSO-
de, 6/ppm): 171.3, 163.8, 135.2, 131.8, 131.7, 128.0, 127.82, 122.2, 52.5, 31.0, 28.6, 15.0.
HRMS (ESI+) m/z calcd. C17H1sNO4S [M+Na]™: 352.0619 found 352.0625 (Figure 4.16-
4.19).

2-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-3-mercaptopropanoic acid (L5): MP:
273.2 °C, IR (KBr, v/cm™): 3476, 2927 (acid -OH), 2604 (-SH), 1771, 1743(acid -C=0),
1701, 1650 (amide -C=0), 1587, 1437, 1378, 1354 (aromatic frame), 655(C-SH); *H NMR
(500 MHz, DMSO-ds, 8/ppm): 13.03 (s, 1H), 8.47 (d, J = 8.1 Hz, 2H), 8.40 (d, J = 7.1 Hz,
2H), 7.83 (t, J = 7.7 Hz, 2H), 5.86 (dd, J = 8.9, 5.0 Hz, 1H), 3.63 (dd, J = 14.5, 4.9 Hz, 1H),
3.44 (dd, J = 14.4, 9.2 Hz, 1H), 2.55 (s, 1H). *3C NMR (126 MHz, DMSO-ds, 8/ppm): 170.4,
163.6, 135.4, 131.8, 131.7, 127.8, 121.8, 115.0, 52.9, 37.4, HRMS (ESI+) m/z calcd.
C15H1:NO4S [M+H]": 302.3240 found 302.3058 (Figure 4.20-4.23).

4.2.3 Absorbance and Fluorescence Measurements

Both the absorption and fluorescence emission measurement experiments were conducted in
MeOH/H20 (1:99, v/v. HEPES buffer, pH 7.0) using 1cm path length quartz cuvette. A stock
solution of L4 and L5 (1.0 mM) were prepared in CH3OH and diluted to 10 uM within
MeOH/H,O (1:99, v/v. HEPES buffer, pH 7.0), then the absorption and fluorescence
measurements were carried out by placing 2 ml of 10 uM solution of L4 or L5 followed by 10
ul aqueous solution (1 mM) perchlorates salt metal ions ( Na*, K*, Mg?*, Ba?*, Mn?*, Zn?*,
Cu?*, Co?*, Ni?*, Ag*, AI**, Fe?*, Fe*, Pb?*, Cd?*, Cr®*, and Hg?*) in 1.0 cm path length
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quartz cuvette. All fluorescence spectra of L4 and L5 have been carried out in 1 nm silt width.
Freshly prepared 10 uM solution of each species were used for quantum yield and
fluorescence lifetime measurements using 330 nm as excitation wavelength. The quantum
yield was measured using fluorescence spectrometer FLS 980 and calculated via an
integrating sphere method. While, fluorescence lifetime measurement was done by
fluorescence lifetime spectroscopy (FLS) with manual lifetime scan process and calculated by

exponential fit to determine their fluorescence decay time.
4.3 Results and Discussion

4.3.1 Aggregation-Induced Emission (AIE) Properties of L4 and L5

Due to the combined effect of the hydrophobic 1,8-naphthalimide with the hydrophilic amino
acidic functionalities, the chemosensors are soluble in methanol but slightly soluble in pure
water, which leads to slight aggregation behaviours and weak fluorescence in aqueous media.
The absorption peaks of L4 and L5 in methanol are located at 331 nm and 332 nm
respectively. Meanwhile, the absorption spectra showed tailing caused by the Mie-scattering
effect in water, and red-shift to 343 and 341 nm for L4 and L5 respectively (Figure 4.1),
which implies the formation of nano-aggregates [39-41]. The bathochromic shift with

spectral broadening is the attribute of strong possibility of J-aggregates formation [42].

(a) (b)
0.204 ——L4 in MeOH 0.25 THay H,0
— L4 in H,0 !
0.204 —— L5 in MeOH
0.154
2 20.151
= <
0.10
0.10
0.05 e
0.00 0.00 1
250 300 350 400 450 250 300 350 400 450

Wavelength (nm) Wavelength (nm)

Figure 4.1 Absorption spectra change of (a). L4, (b). L5 (10 uM) in pure MeOH and
MeOH/H20 (1:99, v/v. HEPES buffer, pH 7.0).

In general AIE active compounds are non-fluorescent in dilute solution turned into strong
emitter upon aggregation [43,44] in the presence of poor solvents and in solid state due to
effective restriction of the intermolecular rotations and vibrations suppress the non-radiative

relaxation pathways [45-48]. Interestingly, the AIE characteristics of chemosensors (L4 and
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L5) were further confirmed by emission intensity enhancement with red shift 377 to 395 nm
and 381 to 386 nm for L4 and L5 respectively. Upon increasing in fraction of water (Figure
4.2) and remarkable increase in quantum yield from (® in meon = 0.033 for L4, 0.053 for L5)
to (@waer = 0.089 for L4, 0.095 for L5). The formation of small nano aggregates of
chemosensors in water was also supported by dynamic light scattering (DLS) technique. As
shown in Figure 4.3 the particle size of L4 and L5 in water is greater than in MeOH, showing
the chemosensors are slightly aggregated in water. All the above findings apparently signify

that the chemosensors agree with the AIE features.
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Figure 4.2 Fluorescence intensity of 10 uM (a) L4, (b) L5 in CH3OH solution with different
fraction of water (0, 10, 20, 40, 60, 80, 99%).
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Figure 4.3 Dynamic light scattering results of L4 and L5 in CH30OH and water.
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4.3.2 Absorption Behaviour towards Various Cations

The interaction of the chemosensors with different metal ions in UV-vis absorption spectra
were tested in the presence of a variety metal ions (Na*, K*, Mg?*, Ba?*, Mn?*, Zn?*, Cu?*,
Co?*, Ni%*, Ag*, APFY, Fe?*, Fe3*, Pb?*, Cd?*, Cr¥, and Hg?") in MeOH/H,0 mixtures (1:99
v/v). The chemosensors L4 and L5 in MeOH/H>0 (1:99, v/v.) solution revealed absorption
maxima at 343 nm and 341 nm for L4 and L5 respectively, associated with the m—m*
transition of 1,8-naphthalimide. The absorption intensity remained unchanged for various
metal ions, except, for Hg?' (Figure 4.4). Furthermore, the binding properties of the
chemosensors with Hg?* ion were studied by UV-visible studied absorption titration, upon
gradual addition of Hg?*, the absorbance at 343 and 341 nm were decreased gradually with
two isosbestic points at 311 and 364 nm for L4, and at 306 and 362 nm for L5 (Figure 4.5).
The presence of two isosbestic points during UV-Visible absorption titrations indicates the
formation of two inter-converting species [49], most probably, ligand and ligand-
Hg?* complex.

(b)
0.20 4 0.20 1
0.15 1 0.154
<« <
0.101 0.104 \\ Hg"
L5, L5+ other metal ions

0.05 0,05 A" _#
0.00 T T T T 0.00 T T - | )

250 300 350 400 450 500 250 300 350 400 450 500

Wavelength (nm) Wavelength (nm)

Figure 4.4 Absorption spectra of (a). L4, (b). L5 (10 uM) in MeOH/H20 (1:99, v/v. HEPES
buffer, pH 7.0)) in the presence of 10.0 equiv. various cations.
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Figure 4.5 Absorption titrations spectral responses of (a). L4, (b). L5 towards varying Hg?*
ion concentrations (0-2 equiv.) (In MeOH/H.0 (1:99, v/v. HEPES buffer, pH 7.0).

4.3.3 Emission Behaviour towards Various Cations

In order to investigate the potential of the chemosensors to be applied for metal ion-sensing
and to understand the effect of various metal ions on the photoemission property of
chemosensors, the fluorescence spectra of chemosensors were tested in the presence of a
variety of metal ions (Na*, K*, Mg?*, Ba**, Mn?*, Zn?*, Cu?*, Co?', Ni?*, Ag*, AI**, Fe?', Fe**,
Pb?*, Cd?*, Cr¥, and Hg?") in MeOH/H.0 (1:99, v/v. HEPES buffer, pH 7.0). As shown in
Figure 4.6, Hg?" ion drastically enhanced the fluorescence intensity of the chemosensors and

there were trivial response by other metal ions.
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Figure 4.6 fluorescence spectra of (a). L4, (b).L5 (10 uM, in MeOH/H20 (1:99, v/v. HEPES
buffer, pH 7.0). in the presence of 10.0 equiv. various cations.
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For further understanding of sensing mechanism and sensitivity, the fluorescence spectra were
monitored with consecutive addition of Hg?* under the optimized condition (Figure 4.7). The
fluorescence intensity increased with gradual increase of Hg?* concentrations, after the
addition 5 equivalent of Hg?*, the fluorescence intensity of L4 at 395 nm was significantly
enhanced by 20-folds and quantum yield increased from (® = 0.089) to (® = 0.77) while the
fluorescence intensity of L5 at 386 nm was enhanced by around 21-folds and quantum yield
increased from (® = 0.095) to (® = 0.75) only by addition of 3 equivalents of Hg?*, and the
fluorescence intensity was not further enhanced by addition of excess Hg?*. The fluorescent
enhancement of the chemosensors is possible due to the selective chelation induced
fluorescence enhancement (CHEF) effect. The coordination of receptors with Hg?" increases
the rigidity of the molecular assembly by restricting the free rotations of the chemosensors
resulting in significant enhancement of the fluorescence intensity via CHEF effect. Moreover,
increasing in Hg?* ion concentration induces further aggregation of the chemosensor-Hg?*
complex thereby facilitates the aggregation induced emission enhancement (AIEE) behaviour
of the chemosensors and drastically enhancing fluorescence intensity. Likewise, the
fluorescence sensing ability of the sensor can be observed by the naked eye under UV
irradiation shows a visible emission color change in the chemosensor with Hg?* (inset Figure
4.7).

35000

35000 30000

30000

ity

25000

25000 4
20000

[
>
>
>
=
1

15000

Fluorescence intens
Fluorescence intensity

10000 4

i ) L} ] 1 | ) T ) 1
350 400 450 500 550 350 400 450 500 550
Wavelength (nm) Wavelength(nm)

Figure 4.7 Fluorescence Emission titrations spectral responses of (a). L4, (b). L5 towards
varying Hg?" ion concentrations ((In MeOH/H20 (1:99, v/v. HEPES buffer, pH 7.0)).

In verifying the grounds for enhancement of fluorescence intensity, the dynamic light
scattering (DLS) and fluorescence life time techniques were performed to visualize the
aggregation of the chemosensor-Hg?* ion complex. Though the chemosensors grouped into
slight aggregates in aqueous, still due to the slight solubility in water most of chemosensors
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are in free state and the aggregates are small in size. Hence, the slightly aggregated
chemosensors were further aggregated into 10 times larger size particles due to addition of
Hg?* as observed by DLS (Figure 4.8). This supports the formation of nano aggregates which
could prompt the AIEE property via CHEF.

)

t L4in r .
. In wate t L4 + HgZt

Figure 4.8 Dynamic light scattering results of L4 and L5 in the absence and presence of Hg?*
in MeOH/H-0 (1:99, v/v. HEPES buffer, pH 7.0).

4.3.4 Fluorescence Lifetime

The fluorescence lifetime is one of the most important characteristics of light-emitting
materials. The lifetime determines the time available for the fluorophore to interact with its
environment, and the information can be available from its emission [50]. The time-resolved
decays of L4 and L5 in methanol, water and upon addition of Hg** were measured using
excitation wavelength of 330 nm and the decays were monitored at 395 and 386 nm for L4
and L5 respectively. The fluorescence lifetime of L4 in methanol increased from 0.46 ns to
2.5 ns and 7.7 ns in water and upon addition of Hg?* ion respectively (Figure 4.9a), as well as
the fluorescence lifetime of L5 was increased from 0.40 ns to 2.3 ns, and 8.5 ns in water and
in the presence of Hg?" ion respectively (Figure 4.9b). Prolonged fluorescence lifetime is an
indication of aggregation and molecular interaction [51-53]. This increase in lifetime of
ligand metal complex advocates stabilization of excited complex which increases the

fluorescence intensity by over-crowding the intramolecular rotation of the chemosensors by
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formation of rigid aggregates which can transfer them into strong emitters by beating the non-

radiative relaxation pathway.
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Figure 4.9 Lifetime decay profile of (a). L4, (b). L5 in absence and presence of Hg?" in
MeOH/H20 (1:99, v/v. HEPES buffer, pH 7.0). (Aex=330 nm)

4.3.5 Stoichiometry

The stoichiometry of coordinating species was examined by the method of continuous
variation (Job’s plot) and found to be 2:1 with respect to chemosensor to Hg?* (Figure 4.10)
for both L4 and L5. The mass spectra provides additional evidence of 2:1 stoichiometry, the
HRMS (ESI+) m/z measurement of the mixture of L4 and 2 equivalent of Hg?* shows a peak
at m/z 881.65 which corresponds to Hg?*(L4). complex (Figure 4.24) as the calculated
[2L4+Hg?"+Na]" mass is 881.08 and the peak for the mixture of L5 and 2 equivalent of Hg?*
appeared at m/z 803.54 which corresponds to Hg?*(L5). complex (Figure 4.25) as calculated
mass of [L5+Hg?*+H]* is 803.04.
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Figure 4.10 Job’s plot (a). L4+Hg?*, (b). L5+Hg?* (in MeOH/H20 (1:99, v/v. HEPES buffer,
pH 7.0).) the total concentration were 10 uM.

4.3.6 Limit of Detection (LOD) and Association Constants (Ka)

The detection limit was calculated through standard deviations and linear fitting according to
the IUPAC definition [54-56] and found to be 22 nM for L4 and 5.6 nM for L5 from the

fluorescence titration result fit into the straight line as given in Figure 4.11.

LOD = 3.3 % O'/K
Where o is the standard deviation of standard solution of regression lines and K is the slope

of the graph

Table 4.1 Fluorescence intensity and standard deviation of blank receptors

L4 L5
S.NO F.intensity 'F. intensity L4

1 1572.774  1869.305 3.3*7.3227/1054.5 = 0.0229*10°molar= 22nM
2 1575.594 ~ 1877.407

3 1588.008  1889.368

4 1576.639  1887.398

5 1579.392  1892.82 L5

s 1592.309  1878.517 3.3%8.231/4827.8=0.00565*10°molar = 5.6nM

1586.395  1886.937
STDEV 7.327887  8.273156
K 1054.526  4827.87
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Figure 4.11 The linear fit graph of fluorescence intensity ratio as a function of Hg?
concentration. (a) L4, (b) L5.

Considering the 2:1 complex formation, the binding constant (Ka) was calculated on the basis
of modified Benesi-Hildebrand linear regression analysis [10,19,57] from the titration curve
(Figure 4.12), and found to be 3.4x10° and 4.6x10° M for L4 and L5 respectively, this
advocates high binding affinity of L4 and L5 towards Hg?*.

-3
3.5x107 4 (a) 6.0x10° (b) .
Equation y=a+b'x Bl s w0l Yea+bx
3.0){10“" Intereapt 0. 992265-SRG04C0SERY N L 14114264 + 3.16373E5
| Slope 2.05298E-14 £ 9.17209E-16| 5.0x107 4 siope 2.38278E-14 £ 4.15241E-16 |
Pearson's r 0.98251 Residual Sum of Squares 4.31834E-T
s = Jud
2.5x10" o [R-sauereicon) Egz::i ‘ *’wa”"smm ™ /
Adj. R-Square S0 1 4.0,‘“]'3_ Adj. R-Square 0.90278 |
3 ]
_2.0x10° - u
- E 3.0x10°
& 1.5x10 1 s =
= , 2.0x10° -
1.0x10™
4 1.0x107 - u
5.0x107 1 ¢ =
0.0#
0.0 ' L v ! ! ) T T T T T
0.0 50x10" 1.0x10" 1.5x10" 2.0x10" 2.5x10" 0.0 50x10°  1.0x10"  1.5x10"  2.0x10"  2.5x10"
2412 2412
1([Hg™T") 1/([Hg™T)

Figure 4.12 Benesi-Hilderbrand Plot for Ka determination of (a) L4, (b) L5 towards Hg?".

4.3.7 Selectivity Studies

The specificity of the chemosensors towards Hg?" was further attested by monitoring their
preference in the presence of other possible interfering metal ions (Na*, K*, Ba?*, Ca?*, Mg?*,
Cr¥*, Mn?*, Co?*, Ni?*, Cu?*, Zn?*, Pb?*, Ag*, Fe?*, Fe3*, AI**, and Cd?*) (Figure 4.13). The
chemosensors L4 and L5 were treated with 10 equivalents of different metal ions in the
presence of 1 equivalent Hg?" ion. The mixing of other cations into mixture of chemosensors

and Hg?" did not impose any change to fluorescence intensity enhancement inflicted by Hg?*
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ion, which showed outstanding selectivity. The excellent selectivity of the chemosensors in

the presence of potential interfering metal ions was essentially due to stronger affinity of thio

groups of the amino acids to Hg?".
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Figure 4.13 Interference effect of various cations, with (a) L4 emission spectra at 395 nm

(Blue bars
the fluores

represent the fluorescence intensity of L4+cations and show

cence intensity of L4+Hg?*+other cations, and (b) L5 emission spectra at

386 nm (green bars represent the fluorescence intensity of L5+cations and red bars

show the fluorescence intensity of L5+Hg?" +other cations.
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4.3.8 Binding Mode of L4 and L5 with Hg#*

The binding mode of L4 and L5 with Hg?" were established by recording IR, *H NMR and
HRMS spectra of L4 and L5 in the absence and presence of Hg?* ion.

L4 shows a characteristic vibration bands at 3258 (acid —OH), 1759 (acid —C=0), 1695,
1656 (amide —C=0) and 722, 667 (C-S-C) among the major ones. Upon addition of Hg®*,
the peaks corresponding to (C-S—-C) and the acid group were diminished in intensity with
slight shift (Figure 4.26) reveals the coupling of Hg?* with the thio ether and acidic group of

the amino acid. The characteristic bands of amide group of naphthalimide ring shows no

significant change confirms that naphthalimide moiety is not involved in the coordination.

The binding mode was further investigated by *H NMR spectroscopy (Figure 4.27). The
addition of Hg?* to L4 in DMSO-ds leads to deprotonation of —COOH and a slight change of
chemical shifts in other protons. The —=CH proton nearby carboxylic group shows up-field
shift from 5.71 ppm to 5.69 ppm, while the —CHz shifted downfield from 2.00 ppm to 2.10
ppm and the four protons of the two CH> groups at2.55 ppm (s, 4H) of amino acid chain were

resolved into 2 different peaks at 2.63 ppm (s, 2H) and 2.55 ppm (s, 2H) indicating Hg?* is

binding with carboxylic and thiol ether group.

L5 exhibited a distinctive stretching vibration bands at 3476 cm™ and 2927 cm™ (acid —OH),
2604 cm™ (—=SH), 1771 cm™ and 1743(acid —C=0), 1701 and 1650 (amide —C=0) and 655
cm? (C—SH) among the major ones. Upon addition of Hg?*, the peaks corresponding to
(—SH) at 2604 cm™* and the acid group at 1771 cm™ were disappeared, while the —C—S band
at 655 cm™ was shifted to 648 cm™ and the peak at 1743 (acid —C=0) was decreased in
intensity (Figure 4.28), reveals the coupling of Hg?" with —SH and acidic group of the amino
acid and the insignificant shift in the amide (N—C=0) of the naphthalimide ring shows

naphthalimide moiety is not involved in the coordination. The binding mode was further
investigated by *H NMR spectroscopy as shown in Figure 4.28 the treatment of L5 with Hg?*
ion leads to deprotonation of —SH and —COOH groups and a noticeable change of chemical
shifts in other protons. The CH proton nearby carboxylic group shows up-field shift from 5.81
ppm to 5.72 ppm and the protons of the CH.group of amino acid chain were shifted towards

downfield by 0.2 ppm (from 3.57 to 3.77) while the naphthalimide ring protons show little up-
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field shift. The IR and 'H NMR analysis suggested that Hg?* ion is coordinated with
carboxylic and thiol groups by Hg—O and Hg—S bond.

As per the spectroscopic data from IR, NMR and HRMS and the stoichometric calculation,
L4 and L5 coordinate with Hg?* through acidic oxygen and sulphur of thio groups in 2:1
binding. Based on those observations, the probable binding mechanism of chemosensors with

Hg?* is presented in scheme 2

0 S— O O 0 00
S ANE G AR A N
N _Hg?* N N _Hg** N
)= o W O o D)
0 O =S ©) O O o
2+
(L4+Hg”") (L5+Hg™)

Scheme 2. Proposed sensing mechanism of chemosensors with Hg?*
4.3.9 pH Selection

The choice of a suitable pH value has enormous significance for the detection procedure,
because the spectroscopic properties of the carboxylic acid derivatives strongly depend on
pH. The pKa for 4-methylthiobutyric acid (in L4) is 4.80 and pKa for 3-mercaptopropionic
acid (in L5) is 4.34 [58]. At lower pH the carboxylic acids functionality will be in protonated
form, while they will be deprotonated at higher pH.

The investigation of suitable pH value for sensing application was studied at pH range of (3-
10) with and without Hg?*ion. It was observed that high fluorescence emission of free
chemosensors and low fluorescence intensity of complex was shown at low pH and the
decreasing in the intensity at higher pH ranges was observed for both free chemosensors and
complexes which might be due to deprotonation of chemosensors and mercury hydroxide
formation. The overall pH effect for the fluorescence intensity for both chemosensors (L4 and
L5) and complexes (L4+Hg?" and L5+Hg?") were constant in the pH range of 6-9 (Figure
4.14). This wide range pH stability is an important for its practical applications in both
environmental and biological analysis. On this bases, we have selected the neutral pH
(CH30H:H20 1:99 v/v, HEPES buffer, pH 7.0) as optimized experimental condition for our
study.
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Figure 4.14 Fluorescence intensity of chemosensors (L4 and L5) and complexes (L4 + Hg?*

and L5 + Hg?") at different pH values.

4.3.10 Reversibility Studies

It is very useful if a sensor is reversible and can be reused. The reusability of chemosensors
(L4 and L5) for Hg?* sensing was studied via addition of Kl to the complex of chemosensor
(L4 or L5) and Hg?" in MeOH/H20 (1:99, v/v. HEPES buffer, pH 7.0) solution. Importantly,
chemosensors (L4 or L5) exhibits high reversibility (Figure 4.15), upon addition of 10 equiv.
of KI, the fluorescence intensity returned almost to the free chemosensors which can be
further reused. This is by the virtue of the high affinity of I-to Hg?" ion, it is possible to form

stable mercury iodide complex [59-63].
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Figure 4.15 Fluorometric reversibility (a) L4, (b) L5 upon sequential addition of Hg?* and
KI.

4.4 Conclusion

Our new method presented several important features such as rapid detection, high sensitivity
and selectivity towards Hg?* versus other interfering tested metal ions. The uniqueness of the
present work over the previous ones is possessing Hg?" selectivity via chelation-mediated
aggregation-induced emission enhancement (AIEE) in (In MeOH/H20 (1:99, v/v) solution.
The substrates employed in this work, the amino acids and 1,8-naphthalamide are biologically
compatible and they can be further used for biological study. The ability of L4 and L5 to form
chelated coordination complexes with Hg?* ions is an important aspect in governing the
fluorescence response; therefore, it could have great potential as a simple, cost effective

selective and sensitive chemosensor for Hg?* ion detection in aqueous solution.
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Spectral Characterization of L4,

and HRMS

L5, L4+Hg?* and L5+Hg?* by IR, NMR
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Figure 4.16 IR spectrum of receptor L4 recorded in KBr pellet.
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Figure 4.17 *H-NMR spectrum of receptor L4 recorded in DMSO-ds.
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Figure 4.18 *C-NMR spectrum of receptor L4 recorded in DMSO-ds.
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Figure 4.19 HRMS of receptor L4 recorded in CH3CN.

125




Chapter 4| 2019

7.2
7.0 ¥
1085.79cm-1, 4.69%T
6.5
1029 280me1 Y 5857
6.0 1968.76cm-1, 6.88%T
55
2336.77cm1, 6.28%T

5.0

=

5 45

855.090m, 5,055 T
40 5%
2604.41cm-1, 4.70%T 538.94cm-1, 4.82%T
1772.36cm-1, 3.82%T
35
3476.91cm-1, 3.65%T 246.87cm-1, 3.98%T
3007 skonlr. 3 5157 1695.83em1, 2 94%T
30
1378 99cm-1, 3.09%T
25 2927 04om-1, 3.91%T 1550 591, 2.93%T & TT7.18cm1, 3.09%T
1557.280m1. 301KT 1437 SBamd, 3 36%T 1236 340m-1, 3.125%T
21
4000 3500 3000 2500 2000 1500 1000 500 450
-1

Figure 4.20 IR spectrum of receptor L5 recorded in KBr pellet.
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Figure 4.21 'H-NMR spectrum of receptor L5 recorded in DMSO-ds.
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Figure 4.22 C-NMR spectrum of receptor L5 recorded in DMSO-ds.

Intens. 6.:+MS, 0.5-1.5min #30-87, -Peak Bkgrnd
302.3058
5000
O
N
CO,H
4000
O
3000
2000
318.3017
10004 303.3122
2077942 320.0751
. 312.0662 3171688
301.1415 313.2683
£99.1622 304.3215  306.2602 321.0739
0 ol it Mk 1\ WY SN
300 305 310 315 320 325 'z

Figure 4.23 HRMS of receptor L5 recorded in CH3CN.
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Figure 4.25 HRMS of receptor L5+Hg?* recorded in CHsCN.
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Figure 4.26 IR spectrum of receptor L4+Hg?* recorded in KBr pellet
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Figure 4.27 'H-NMR spectra of L4 with Hg?* as HgCl, in DMSO-ds.
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Figure 4.28 IR spectrum of receptor L5+Hg?" recorded in KBr pellet
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Figure 4.29 'H-NMR spectra of L5 with Hg?" as HgCl, in DMSO-ds.
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5.1 Introduction

The development of organic sensors with high selectivity and sensitivity for the toxic heavy
metal ions has rigorous impact on both human health and the environment [1,2]. Mercury
(Hg?") ion has been getting more attention for its pain-staking threats as highly toxic heavy
metals, and its prolonged effects to environment and biological system [3-5]. It could build
up in our body from the food chain though the utilization of contaminated sea-food and agro-
products [6]. Hg?* ion exposure is particularly serious due to the strong affinity to sulphur-
functionalities of proteins and enzymes [7], can lead dysfunction of proteins and enzymes,
which causes wide variety of diseases related to neurotoxicity, and hepatotoxicity [8-11].
Therefore, over the past years, lots of efforts have been made to develop a specific and

selective detection of Hg?* ion [12].

Fluorescence chemosensor are more attractive and implemented in broad research areas due
to operational simplicity, excellent specificity and sensitivity, fast response, real-time
application, small sample size applicability and non-destructive sample handling [13].
Nevertheless, mostly organic fluorophores possess strong fluorescence emission with only in
diluted solutions, while increasing their concentration largely weakened or quench their
fluorescence intensity due to aggregation [14]. The aggregation caused quenching (ACQ)
phenomenon might be resulted due to strong n-r stacking and non radiative decay [15,16],
especially the detection of analyte in aqueous medium, in which the hydrophobic organic
fluorophores tend to aggregate and experience ACQ which limits the sensitivity [17]. To
overcome this limitation, researchers have been putting big effort to develop fluorophores
with new fluorescence features over the past few decades. Tang et al. in 2001 [19] revealed a
new class of fluorogenic molecules which are strong fluorescent in an aggregated state, but
weak or non-fluorescent when get diluted [20]. This unique photophysical property which is
happened as a result of the restriction of intermolecular motion (RIM) closes the non-
radiative the non-radiative relaxation pathway and opens radiative relaxation is known as
aggregation induced emission (AIE) [21,22]. Subsequently, owing to their Turn-On character,
AIE based fluorescent probes for detection of various ions has been developed rapidly and

attracted tremendous research interest.

The ratiometric fluorescence sensors with well resolved dual emission have many excellent
advantages over the single emission band intensity based fluorescence Turn-On or turn-off

counter parts [23]. The analyte induced two emission intensities change at separate wave
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lengths in ratiometric fluorescent sensors overcomes some disadvantages of the intensity
based sensors by minimizing the dependence in sensor concentration and increasing signal to
noise ratio [24-26]. Therefore, designing of non-cytotoxic, AIE active and ratiometric sensor

for Hg?* in aqueous medium would be highly demanding.

Naphthalimide scaffolds are explored extensively in various applications [27] and considered
as one of the most excellent fluorophore due to their high stability, high quantum yield and N-
imides site which can be modified easily by introducing different functionalities under cost-
effective synthetic routes [28], and they are well known to form aggregation in aqueous
solution [29-31]. Another important feature of the naphthalimide derivatives is their
significant potential in medicinal chemistry [32] owing to their capabilities to impart
biological activities such as anti-cancer [33], and anti-microbial [34].

Other important group of compounds is sulfonamides (sulfa-drugs) are an important kind of
widely used antibiotic drugs and were the first effective chemotherapeutic agents employed
systematically for the prevention and treatment of bacterial infection in humans [35-37]. And
N-Substituted sulfonamides are well-known anti-bacterial drugs [38], the modification of
substituent on a ligand might improve the efficacy of the antimicrobial by supporting in drug
transport across the cell membrane, rising the viable does or enabling targeting to the active
agent of drug [39]. Furthermore, it has been well accepted that hybrid molecules via the
combination of different scaffolds into a single molecule may lead to the improved cytotoxic
effectiveness of compounds with synergistic effect [40,41]. In this regard, recently researchers
are trying to modify the sulfonamide group and prepare novel compound with better anti-
microbial activity by conjugating sulfonamide with various scaffolds [42]. Accordingly,
incorporating photophysical and anti-microbial nature of naphthalimide derivatives with the
biological active sulfonamide might give very active pharmaceutical and photo-physical

quality.

Considering the binding affinity of naphthalimide scaffolds for Hg?* [43,44] and Ag* [45] ions
of reported chemosensors, biological and environmental compatibility of sulfonamide group,
and fluorogenic property, herein, we report synthesis, characterization and fluorescence
sensing and biological activity of novel fluorescent sulfamethizole functionalized 1,8
naphthalimide based AIE active ratiometric chemosensor Hg?* ion detection and Ag* complex
of the chemosensor for biological application. The chemosensor is designed by introducing a
sulfamethizole into recognition unit and naphthalimide as a fluorogenic moiety. A novel

hybrid chemosensor was synthesized by combining the structural features of naphthalimide
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and sulfamethizole compound using straight forward and convenient method. Naphthalimide
moieties monomer emits at around 380 nm are known to form excimers emission at visible
wavelength range higher than 450 nm [46,47]. Hg?* ion binding with the sulfamethizole
moieties could bring the naphthalimide moieties monomer molecules close to engage in
intramolecular excimers formation via metal ion-induced assembly that Turn On the
fluorescence intensity of the excimer and off the monomer emission. In the absence of Hg?*
ion, L6 exhibits monomeric emission at 390 nm, addition of Hg?" ion inflicts gradual
monomer emission quenching and excimer emission enhancement, this monomer-excimer
conversion induced fluorescence intensity variation at 390 nm and 483 nm which gives a
ratiometric result. Furthermore, the chemosensor and its silver complex exhibited excellent
biological activity. The chemosensor have three basic advantages (i) the ligand exhibit AIE
activity, (ii) ratiometric character, with splendid selectivity and low detection limit and (iii)

outstanding biological activity.
5.2 Experimental Section

5.2.1 Reagents and Instrumentation

Sulfamethizole and 1,8-naphthalimide were purchased from Sigma-Aldrich (India) and all
cations solutions were prepared using their salts of perchlorate and solvents of AR grade were
obtained from different commercial suppliers and were used without further purification. The
reactions were monitored by thin layer chromatography (TLC) on 0.25 mm silica gel plates
using UV light for visualization. The IR spectra were recorded in the range 4000-400 cm™ by
Alpha-FTIR spectrometer BRUKER using KBr pellet. All *H-NMR and *C-NMR spectra
were recorded on JEOL 400 MHz spectrophotometer in DMSO-de solvent and TMS internal
standard were used, and the chemical shift were reported as parts per million (ppm) scales
downfield from TMS. The multiplicities were reported as abbreviations viz s = singlet, d =
doublet, t = triplet and m-= multiplet. Absorption was recorded via Specord S600 PC double
beam spectrophotometer, while SHIMADZU RF-5301PC spectro fluorophotometry was used
for emission study with 1cm standard quartz cell. DMSO and deionized water was used for
absorption and emission studies as per requirements. HORIBA Jobin Yvon, fluorocube

fluorescence Lifetime system was used for fluorescence lifetime.

5.2.2 General Procedure

The stock solution of compound L6 (1 mM) was prepared in DMSO and further diluted to 10

uM in DMSO/water (1:99 v/v, HEPES buffer pH 7.2). Metal ion solutions were prepared in
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deionized water using their respective perchlorate salts. 340 nm was used as excitation
wavelength and the fluorescence emission was recorded in the range of 350-600 nm. And the
experiments were carried out at room temperature. The excitation wavelength was 340 nm,
and the emission was measured from 350 to 600 nm. All the experiments were performed at

room temperature.
5.2.3 Synthesis and Characterization of Chemosensor

Synthesis of 4-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-(5-methyl-1,3,4-thiadiazol-
2-yl)benzenesulfonamide was prepared from sulfamethizole and 1,8-naphthalic anhydride by
amidation reaction following the reported procedure [48]. To a suspension of 1.2 mmol of
sulfamethizole and 1.0 mmol 1,8-naphthalic anhydride in 5 ml of ethanol in round-bottom
flask 10 drops of triethylamine was added and the reaction mixture was refluxed at 80 °C for
10 hrs (Scheme 5.1). After stirring for 10hrs the reaction mixture was slowly cooled down to
room temperature and diluted with dil. HCI solution was added slowly to the reaction mixture,
and it was stirred to get white solid, yield of 85% was obtained after washing with water and
air dried. Then, the product was characterized by IR, *H-NMR, 3C-NMR, and HRMS
spectroscopy (Figure 5.10-5.13).

4-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-(5-methyl-1,3,4-thiadiazol-2-yl)
benzene sulfonamide (L6): white solid, 85% yield; MP: 169.6 °C; IR (KBr, v/cm™): 3445 (-
NH),1775-1649 (N-C=0), 1548 (C=C aromatic), 1438 (thiadiazole ring),1235,1187 (SO,),
and 923 (N-S of SO;), 697 (C-S-C); *H NMR (400 MHz, DMSO-dg, 8/ppm): 14.09 (s, 1H),
8.47 (m, 4H), 7.91 (d, J = 8.5 Hz, 2H), 7.87 (t, J = 7.6 Hz, 2H), 7.58 (d, J = 8.5 Hz, 2H), 2.46
(s, 3H). 1°C NMR (100 MHz, DMSO-ds, 8/ppm): 168.8, 164.1, 155.4, 142.32, 140.2, 135.2,
131.94, 131.4, 130.7, 128.4, 127.8, 127.0, 123.0, 16.6.HRMS (ESI+) m/z calcd.
C21H14N404S, [M+H]": 451.0535 found 451.0512.

N
Oy 0.0 _N R
L 0 ) TEA,EtOH _@_Q »—s
S~ 0 N S—NH
Q0T T e GO
(0] 6

L

Scheme 5.1. Synthesis of chemosensor L6.

142



Chapter 5| 2019

5.2.4 Synthesis and Characterization of Silver Complex

To a suspension of 1.0 mmol of 4-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-(5-
methyl-1,3,4-thiadiazol-2-yl)benzenesulfonamide and 1.0 mmol of silver nitrate (AgNO3) in 5
ml water in round bottom flask, 2.0 mmol of KOH in 2 ml of water were added and the
mixture was stirred at room temperature for 3 hrs [49,50]. Diluted with more water and
filtered to get black solid, it washed with water and air dried, obtained 93% vyield, and
characterized by IR, *H-NMR and $3C-NMR (Figure 5.14-5.16).

L6+Ag*" complex: black, MP: 314.5 °C; IR (KBr, v/cm™): 3445, 1700, 1650, 1561, 1440,
1376, 1355, 1271, 1235,1186, 1080, 1028, 985, 775, and 685; *H NMR (400 MHz, DMSO-ds,
d/ppm): 8.38 (d, J = 8.3 Hz, 2H), 8.33 (d, J = 7.2 Hz, 2H), 7.99 (d, J = 8.3 Hz, 2H), 7.74 (t, J
= 7.7 Hz, 2H), 7.47 (d, J = 8.3 Hz, 2H), 1.78 (s, 3H). 3C NMR (125 MHz, DMSO-ds, &/ppm):
165.9, 164.0, 141.51, 140.4, 135.2, 131.9, 131.4, 130.7, 128.2, 127.7, 127.1, 122.7, 16.7.

5.3 Results and Discussion

5.3.1 Aggregation Induced Emission (AIE) Character of L6

Initially absorption spectrum of the chemosensor L6 was studied in DMSO and DMSO/water
mixtures. The Absorption maximum of L6 at 281 nm was blue shifted by 14 nm to 264 nm
and the n—x absorption band was red shifted by 10 nm from 333 nm to 343 nm in DMSO and
DMSO/water (1:99 v/v) respectively (Figure 5.1a). In general, the absorption spectra tailing
and red-shift implies the formation of nano-aggregates [51,52], possibly due to J-aggregates
[53]. The red shift accompanied by tailing in DMSO/water (1:99 v/v) of L6 might be due to

light-scattering effects, which indicates the formation of aggregates in aqueous.

For further exploration of the AIE properties of L6, the fluorescence intensity of L6 was
scanned in various fractions of DMSO/water mixtures. The AIE profile of L6 showed that the
emission intensity of L6 at 390 nm increased along with increasing water fraction in the
DMSO/water mixtures. The fluorescence intensity of the ligand enhances rapidly with
increasing water fraction is 90% (Figure 5.1b). However, L6 showed no fluorescence
enhancement until the fraction of water reaches 30%. This result clearly indicates that the
chemosensor underwent aggregation. Naphthalimide moieties have large m-conjugation which
increases the hydrophobicity which helps it to exhibit m—n stacking in an aqueous medium

which subsequently results in AIE nature.
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Figure 5.1 (a) The absorption spectrum of L6 in DMSO and DMSO/water (1:99 v/v), (b)
Fluorescence intensity of L6 (10 uM) solution in DMSO with various water fraction
(0, 10, 20, 40, 60, 80, 90%).

5.3.2 Absorption Behaviour towards Various Cations

The UV-visible absorption spectra of L6 in the presence of various biological and
environmental important metal ions (Na*, K*, Mg?*, Ba*, Mn?*, Zn?*, Cu?*, Co?', Ni**, Ag*,
AR Fe?, Fe®*, Pb?*, Cd?*, Cr¥*, and Hg?") have been done in DMSO/water(1:99, viv,
HEPES buffer, pH 7.2) solution as revealed in Figure 5.2a, L6 exhibits absorption centered at
267 nm and 343 nm, Hg?" ion addition undergoes increases in absorbance at 267 nm with
slight red shift with hypochromic effect at 343 nm. The UV titration disclose in Figure 5.3a,
gradual addition of Hg?" employs distinct increase in absorption intensity at 267 nm and
decreasing in absorption intensity at 343 nm along with two isosbestic points at 320 nm and
362 nm, this indicates the complex formation of L6 with Hg?* ion. And gradually addition of
Ag" ion undertake increases in absorbance at 267 nm and decreases in absorbance at 343 nm
with slight blue shift to 339 nm (Figure 5.3b) with two isosbestic points at 327 nm and 365
nm. Hence, there was no significant effect induced by other tested metal ions.
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Figure 5.2(a). Absorption spectra (b). Fluorescence spectra L6 (10 uM) in the presence of
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Figure 5.3 UV-visible absorption titrations spectra of L6 (10 uM) towards varying
concentrations (0-5 equiv.) (a) Hg*" ion, (b) Ag" ion (in DMSO/water (1:99, viv,
HEPES buffer, pH 7.2)).

5.3.3 Fluorescence Emission Change towards Various Metal ions

Selectivity is a significant parameter for evaluating performance of fluorescence sensing. To
assess the binding competence of the chemosensors to be used for metal ion-sensing, the
fluorescence emission spectra of chemosensors were recorded in the presence of 10
equivalent of variety of metal ions (Na*, K*, Mg?*, Ba?*, Mn?*, Zn?*, Cu?*, Co?*, Ni?*, Ag*,
A, Fe?*, Fe®*, Pb?*, Cd?*, Cr¥, and Hg?*) using 340 nm as excitation wave length in
DMSO-water (1:99 v/v, HEPES buffer pH 7.2). L6 exhibited characteristic monomeric
emission at 390 nm. The monomeric emission spectra of L6 were quenched and a new band
centered at 483 nm and 478 nm was appeared in the presence of Hg?* and Ag* ions
respectively, whereas no significant response was shown by other metal ions (Figure 5.2b).
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The fluorescence spectra were monitored with consecutive addition of Hg?" and Ag* ions
concentrations under optimized condition. As shown in Figure 5.4a upon increasing in Hg?*
ion concentration the emission intensity centered at 390 nm was quenching gradually while
the excimeric emission at 483 nm was enhanced significantly with iso-emissive point at 445
nm with remarkable fluorescence color change from blue to green which can detect by naked
eye under a UV lamp (Inset Figure 5.2b). As per Ag® ion, when the concentration increases,
the emission band centered at 478 nm start to emerge with progressive quenching at 390 nm
gives iso-emissive point at 455 nm (figure 5.4b). The red shifted emission centered at 483 nm
can be due to an excimeric species obtained from the intramolecular interaction between the
naphthalimide moieties in the completion of L6 with Hg?" ion. Addition of Hg?* alight a
ratiometric response with considerable increase in intensity ratio (lsga/lzge) from0.19 to 6.63
in pure L6 and in addition of 5 equivalent of Hg?* ion respectively. Hg?* ion at 5 equivalents
was enough to saturate the fluorescence intensity. Considering the change in the emission
intensity of L6 in the absence and presence of Hg?" ion at 390 nm, and 483 nm showed
“OFF-ON” switch to Hg?" ion (in DMSO/water (1:99, v/v, HEPES buffer, pH 7.2).
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Figure 5.4 Fluorescence emission titration responses ofL6 (10 uM) towards varying (a) Hg?*
ion concentrations, (b) Ag® ion concentrations (0 -5 equiv.) ion (in DMSO/water
(1:99, v/v, HEPES buffer, pH 7.2).

5.34 Competitive Experiment

To evaluate the selective ratiometric detection of the sensor for Hg?* ion, the selectivity of the
sensor was tested by competitive experiment to determine the possible interferences by other
cations. The fluorescence changes of 10 uM L6 in DMSO/water (1:99, v/v, HEPES buffer,
pH 7.2) were carried out in the presence of 1 equivalent Hg?* blend with 5 equivalents of

various metal ions (Figure 5.5). The ratiometric response (lass/ls90) of L6 and L6-Hg?" system
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remained the same with or without the other metal ions (Figure 5). Hg?" and Ag* ions induced
a selective ratiometric response, and the competitive experiment between Hg?* and Ag* was
done by addition of Hg?* to a mixed solution of L6 and Ag* the chemosensor was selective to
Hg?* ion over Ag® ion with insignificant effect in the fluorescence ratio. All the results
confirmed the selectivity and sensitivity of L6 towards Hg?* ion.
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Figure 5.5 Interference effect of various cations with L6-Hg?* (fluarescence intensity ratio

(l2s3/l390) of L6 + Hg?* + other cations (1:1:10 equiv.)
5.3.5 Stoichiometry and Limit of Detection (LOD)

The Job’s plot of fluorescence intensity ratio (lsga/lzso) (Figure 5.6a) that is dependent on the
complex formation was plotted as a function of mole fraction of Hg?* to determine the
stoichiometry between L6 and Hg?* and the maximum of the plot was obtained at 0.34 mole
fraction, exemplify 2:1 stoichiometry between L6 and Hg?" ion [54]. The detection limit of L6
for Hg?* ion detection was calculated from the fluorescence titration data. The emission
intensity ratio (lsss/lsgo) of L6 was measured 7 times for calculation of the standard deviation
of the blank receptor and the obtained standard deviation was used for determination of limit
of detection. The slope of linear fit graph of fluorescence intensity ratio response (lsga/lsq0) of
fluorescence titration measurements was plotted against the concentration of Hg?* ion to
determine the slope (Figure 5.6b). Calculated from the slope and standard deviation as Limit
of detection = 3 s/m [55,56] and found to be 14.7 nM.
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Figure 5.6 (a) Job’s plot (the total concentration were 10 uM), (b) The linear fit graph of
intensity ratio (lssa/lsso) as a function of Hg?* ion concentration. (in DMSO-water
(1:99 v/v, HEPES buffer pH 7.2)

5.3.6 Fluorescence Lifetime

As shown in Figure 5.7, the fluorescence lifetime of L6 at 390 nm was 2.64 ns and after the
addition of Hg?* it decreased to 1.43 ns, and the fluorescence lifetime of L6+Hg?* at 483 nm
was 14.8 ns. These results validate fluorescence quenching at 390 nm is due to conversion of
the monomers to the excimer that results a red shift in fluorescence to 483 nm. The long
emission lifetime at 483 nm confirms the excimeric nature of the emitting species, as it is
known excimers have significantly longer life time than monomer aggregates this is due to the
excimer formation time associated with migration of the free excited molecules to the

excimer-formation sites [57].
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Figure 5.7 Fluorescence lifetime decay profile of L6 in the absence and presence of Hg?* ion
(in DMSO/water (1:99 v/v, HEPES buffer pH 7.2), ex = 340 nm)
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5.3.7 Binding Mode of L6 with Hg?* ion

The complex formation was established by IR, and *H-NMR to understand the binding mode
of L6 with Hg?". The FT-IR spectrum experiment was carried out in the absence and
presence of Hg?*. L6 exhibited a characteristic series of stretching vibrations among which
are 3445 (-NH), 1775-1649 (N-C=0), 1548 (C=C aromatic), 1438 (thiadiazole ring), 1235,
1187 (SO2), and 923 (N-S of SO), and 697(C-S-C) bands and respectively. Upon addition of
Hg?*, the three strong bands corresponding to SO2 group showed significant changes of 1235
to 1239 cm™ and 1187 and 923 cmget disappeared respectively, which could be ascribed to
binding of Hg?* to SO, functional group. While, thiadiazole ring vibration band is shifted to
1412 cm™ and 697 cm™ of C-S-C stretching in thiadiazole ring diminished in the complex
(Figure 5.17). Which implies the coupling of Hg?* with (-SO2) and thiadiazole ring of
sulfamethizole moiety. Moreover, the binding mode was investigated by *H NMR (Figure
5.18), the *H NMR titration shows that the —NH proton peak appeared as a singlet at 14.09
ppm is vanished upon addition of Hg?*, this reviles that the deprotonation of —NH proton by
Hg?* and noticeable change of chemical shifts in other protons. The four proton of
naphthalimide ring (H-3, 5) that appeared as multiplet at 8.47 ppm divided into two resolved
doublets and up field to 8.44 ppm (H-3) and 8.40 ppm (H-5) at the same time the doublet (H-
2) at 7.91ppm is down field shift to 7.92 ppm while triplet (H-4) at 7.87 ppm and doublet (H-
1) at 7.58 ppm also shifted to 7.81 and 7.54 ppm. The shift in the naphthalimide ring shows
that the heave metal effect in binding of Hg?* ion and the downfield of (H-2) in the Meta and
up-field shift of (H-1) in the ortho position to sulfamethizole moiety illustrates the
interactions of Hg?* with the sulfonamide. Accordingly, the spectroscopic data from IR, NMR
and the Stoichometric calculation L6 coordinate with Hg?" through (-NH), (-SO2) and
thiadiazole ring of sulfamethizole moiety in 2:1 stoichiometry. Based on those observations,

the possible binding interaction of L6 with Hg?* ion is demonstrated in scheme 5.2.

Scheme 5.2: proposed mode of binding of L6 with Hg?*
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5.3.8 pH Selection

The pH effect in the photophysical properties of L6 were examined in the absence and
presence of 5 equivalent of Hg?" in the pH range of 3 to 12 in DMSO:H20 (1:99, v/v). The
fluorescence intensity of L6 was not changed significantly in pH range of 3-8, the
fluorescence intensity was remarkably high in acidic media while quenched in basic media,
this might be due to the solubility difference of L6; at low pH the chemosensor become less
soluble and it can encapsulate into nano-aggregate which enhance the fluorescence intensity
and in the basic pH range above 8 the chemosensor solubility increases which weaken the
fluorescence intensity (Figure 5.19a). While, upon addition of Hg?", at pH 3 there were no
obvious change in fluorescence intensity, this indicates there were no binding of Hg?",and at
pH 4 fluorescence intensity of at 390 nm start to decreases and the new peak centered at 483
nm shows up. The less significant change in acidic media might be due to formation of stable
nano aggregates or protonation of imide and —NH group of L6. In pH range of 5-10, L6
shows good ratiometric response to Hg?*, however, a decrease in the fluorescence intensity at
390 nm and total quenching at 483 nm was observed in L6-Hg?* at higher pH range (Figure
5.19b). The overall pH effect for the fluorescence intensity ration (lssa/lzso) for the L6 and L6-
Hg?* was substantial stable in 5-10 pH range (Figure 5.8). This wide range pH stability is an
imperative for application of Hg?* ion detection in biological and environmental samples.
Hence all experiments were carried out in physiological pH ((in DMSO/water (1:99, viv,

HEPES buffer, pH 7.2).as optimized experimental condition.

6 B— L (Lyg3/1399)

2.
—o— L+Hg™" (I,53/1300)

Figure 5.8 Fluorescence intensity ratio (lass/lss) for L6 and L6-Hg?* at different pH values.
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5.3.9 Reversibility Studies Applied as Logic Circuit Devices

It is very practical if a sensor can be reversed and reused. The strong binding affinity of Hg?*
ion to iodide ion is well-known [58-61]. Therefore, we use KI for competitive binding of
Hg?* by I from the L6-Hg?* complex. To identify the reusability of L6 for Hg?* sensing, the
reversibility of L6 toward Hg?* ion was examined by addition of KI to L6-Hg?* solution in
DMSO/water (1:99, v/v, HEPES buffer, pH 7.2). As expected, splendid reversibility was
acquired, indicating that L6 can be reused reputedly for detection of Hg?* ion, confirming the
high KI affinity towards Hg?" ion while there was Kl alone induces no change in the
fluorescence intensity of L6 (Figure 5.9a). Hg* ion imposes remarkably increasing
fluorescence intensity ratio (lsg3/l390) of L6 due to the excimer formation up on coordination
of L6 with Hg?* ion, thus acting as an ON switch. Treatment of L6-Hg?* complex with KI
induces the excimer to return to monomer L6, which is accompanied by the noticeably
decreases in emission intensity at 483 nm whereas the intensity of emission at 390 nm
increased, this slims down the intensity ratio (lssa/lsso) thus assigned as an OFF switch. The
repeated the ON/OFF behaviour of fluorescence intensity ratio (lsss/lzs0) and fluorescence
color changes under Uv-light from blue to green and then back to blue (Inset Figure 5.9a)
reveals the applicability of L6 as naked eye and ratiometric ON/OFF/ON reversible and

reusable Hg?" ion sensor.

Furthermore, the ON/OFF/ON cycle could be repeated numerous times with negligible
reduction in emission ratio (lss3/1390) by alternating the addition of Hg?* and K1. Subsequently,
two input and two output INHIBIT logic gate has been constructed on the basis of the
repeated On-Off behaviour of L6 by Hg?" and KI as two input signals, in inputs system the
presence and absence of Hg?* and K1 are defined as 1 and O respectively [62] and in output
the quenching and enhancement of fluorescence intensity at 390 and 483 nm is represented as
0 and 1 respectively as shown in the truth table (Figure 5.9b). This can be symbolized as a
combination of IMPLICATION and INHIBIT gates for outputs at 390 and 483 nm
respectively [63-65]. The combined effect in the ratiometric (las3/lzg0) output gives INHIBIT
logic gate (Figure 5.9¢). The combination of these intrinsic properties with diverse chemical

inputs permits the implementation in designing molecular logic gate Circuit devices [66].
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table corresponding to a logic gate based on Hg?* and KI. (c) Switch circuit

diagram.

5.4 Biological Application of Ligand-Sliver Complex

Silver complexes have been widely used for disinfection and silver sulfonamides complexes

are known for their biological activity [36,49,67]. Therefore, we also screened the L6 and L6-

Ag complex as antimicrobial agents and reported in Table 5.1. The anti-microbial activities

were tested against Gram negative strain due to more pathogenic in nature. Under similar

concentrations, these compounds have shown better anti-microbial activities than the most of

the antibiotics available in the market (Table 5.1).

Table 5.1 Anti-microbial activities of L6 and L6-Ag*compounds

Strain | L6 L6+Ag* | Amikacin | Cefotaxime | Cefazidime | Imipenem | Meropenem
AK-83 [ 256 |16 2 512 1024 512 512
AK-44 (512 |32 4096 512 1024 512 256
AK-68 (512 |4 1024 1024 1024 1024 1024
AK-67 [ 512 |4 1024 1024 1024 1024 1024
AK-92 (1024 | 64 1024 1024 1024 1024 1024

(Bacterial strain AK-83, AK-44, AK-68,

AK-67, AK-92 are Gram negative).
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5.5 Conclusion

An effective ratiometric Hg?" ion chemosensor was established. The Hg?*-prompted
monomer-excimer conversion induced fluorescence intensity variation of monomer emission
quenching and excimer emission enhancement based on chelation enhanced fluorescence
emission, with larger bathochromic shift from 390 nm to 483 nm which gave a ratiometric
result. The proposed sensor display high selectivity and splendid sensitive to Hg?* ion over a
variety of tested metal ions in the physiological pH range in aqueous solution, and with
detection limit as low as 14.7 nM. In addition, the better anti-microbial activities of L6 and
L6-Ag* complex have been investigated and compared with antibiotics available in the

market.
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Spectral Characterization of L6, L6+Ag" and L6+Hg? by IR, NMR and
HRMS
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Figure 5.10 IR spectrum of receptor L6 recorded in KBr pellet.
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Figure 5.11 'H-NMR spectrum of receptor L6 recorded in DMSO-ds.

154



Chapter 5| 2019

—168.83

—164.14

—155.43
16.62

200 190 180 170 160 150 140 130 120 110 100
f1 (ppm)

Figure 5.12 *C-NMR spectrum of receptor L6 recorded in DMSO-ds.

x10 6 |Cpd 7: C21 H14 N4 O4 S2: +ES| MFE Spectrum (0.049-0.717 min) Frag=175.0V AP-MZ.d

2 4510512
1.75 (IC21 H14 N4 04 S2]+H)+

1.5
1.25 |
1
0.75 ‘
0.5
0.25 939.0465
ol (ZM+K)+

150 200 250 300 350 400 450 500. 550 600 650. 700 750 800 850 900 95
Counts vs. Mass-to-Charge (m/z) 2

Figure 5.13 HRMS of L6

155



Chapter 5| 2019

L0002

—— EFPPrE

1500

2000

0oL 08 08 0L 09 05 O¥ g oz 0ol
[o4] soUBWSUE |

500

1000

2500

3000

3500

Wavenumber cm-1

Figure 5.14 IR spectrum of receptor L6+Ag™* recorded in KBr pellet.

LISL'L —

78£6'S —

w8EY'L
16LY'L
8YTL’L
wrL'L %

PEIL’L
ILL6°L
0866°L V
€81¢€°8
79¢¢€°8
£9¢€°8
T€LE8
6£6¢°8

0°C

oz

10°C

Fes1
Fooz

-86'C

=00'C
10T
10T
68T
00T

5.5 4.5 35 2.5 1.5 0.5

6.5

13.5 12.5 11.5 10.5 9.5

14.5

Figure 5.15 *H-NMR spectrum of receptor L6+Ag* complex recorded in DMSO-ds.

156



Chapter 5| 2019

€T2L9T —

bbbl Tt
1€90°£CT /
vah.nwﬁ/
S8CT'8TT ~k
98€L°0€T —
SESE'TET
6SS8°TET
SL0T'SET
wmnm.o:\

£80S'TH¥T

02€0¥9T ~
€6¢6'39T —

190 180 170 160 150 140 130 120 110 100
f1 (ppm)

200

KER

— FZ'850E

— G.8rre

1000

Figure 5.16 *C-NMR spectrum of receptor L6+Ag* recorded in DMSO-ds.

08 09 [0)4 0¢
[94] @oUE)IWSUEL |

500

1500

2000

2500

3000

3500

Wavenumber cm-1

157

Figure 5.17 IR spectrum of L6+HgCl2recorded in KBr pellet.



Chapter 5| 2019

3283 2EE8E 5%
s~ §3s% 85858 42
I N o5 o o5 o5 oo e e ~ e
HN™ N Y (BN P BN
080 2+
+
o, "
s
O N_o
I
(fj
A4
5 . . .
145 14.0 135
fl (ppm)
M4 142 140 18 16 14 12 87 86 85 84 83 82 81 80 79 78 77 76 15
fl (ppm)
N7 NH - b4 o o o~ o~
080 T [ N N/
|
O
e - rp”
il ' |
N 1
— e
144 140 U
st f1 (ppm) — 7
g 3 £
144 42 140 18 136 134 12 $7 86 85 84 83 82 S1 80 79 78 77 76 15
fl (ppm)
Figure 5.18 'H-NMR spectra of L6 with Hg?* (as HgCl) in DMSO-ds.
[ETE 10004 5.
o0 @ Y e B, (®) =
-~ o014 ;' o9
. :wu.uz -5 800 - \ f?'! d
= 800+ / am X 0107w L (Ligs/li00) m —=.b .‘E‘ Y i o
@ | ] 2] ' ® L/l
g / ] s \.. *® oo
= 600 E 6004 . L
g g o
£ =
g S
£ 400+ $ 400+
=] =
£ =
= 200- =
! 200
3
0-
T T T T 0 T T T T =
400 450 500 550 400 450 500 550 600

Wavelength (nm) Wave length (nm)

Figure 5.19 Fluorescence intensity of (a). L6, (b). L6-Hg?* at different pH value.

158



Chapter 5| 2019

5.6 Reference

[1]

[2]

3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

Y. Ding, Y. Tang, W. Zhu, Y. Xie, Fluorescent and colorimetric ion probes based on
conjugated  oligopyrroles, Chem. Soc. Rev. 44 (2015) 1101-1112.
doi:10.1039/c4cs00436a.

N. Ullah, M. Mansha, I. Khan, A. Qurashi, Nanomaterial-based optical chemical
sensors for the detection of heavy metals in water: Recent advances and challenges,
Trends Anal. Chem. 100 (2018) 155-166. doi:10.1016/j.trac.2018.01.002.

Y. Ding, S. Wang, J. Li, L. Chen, Nanomaterial-based optical sensors for mercury ions,
Trends Anal. Chem. 82 (2016) 175-190. doi:10.1016/j.trac.2016.05.015.

S.A. El-Safty, M.A. Shenashen, S.A. El-Safty, Mercury-ion optical sensors, Trends
Anal. Chem. 38 (2012) 98-115. doi:10.1016/j.trac.2012.05.002.

G. Chen, Z. Guo, L. Tang, Fluorescent and colorimetric sensors for environmental
mercury detection, Analyst. 140 (2015) 5400-5443. doi:10.1039/c5an00389;.

Y. Jiang, Q. Duan, G. Zheng, L. Yang, J. Zhang, Y. Wang, H. Zhang, J. He, H. Sun, D.
Ho, An ultra-sensitive and ratiometric fluorescent probe based on the DTBET process
for Hg** detection and imaging applications, Analyst. 144 (2019) 1353-1360.
doi:10.1039/c8an02126k.

B.D. de Grefiu, J. Garcia-Calvo, J. Cuevas, G. Garcia-Herbosa, B. Garcia, N. Busto, S.
Ibeas, T. Torroba, B. Torroba, A. Herrerab, S. Pons, Chemical Science solution and
HEK cells nuclei by means of DNA interacting fluorogenic probes, Chem. Sci. 6 (2015)
3757-3764. doi:10.1039/c5sc00718f.

M. Goudarzi, M. Kalantar, H. Kalantar, The Hepatoprotective Effect of Gallic Acid on
Mercuric Chloride-Induced Liver Damage in Rats, Jundishapur J Nat Pharm Prod. 12
(2017). doi:10.5812/jjnpp.12345.Research.

M.H. Hazelhoff, M.S. Trebucobich, T.R. Stoyanoff, A.A. Chevalierc, A.M. Torres,
Amelioration of mercury nephrotoxicity after pharmacological manipulation of organic
anion transporter 1 (Oatl) and multidrug resistance- associated protein 2 (Mrp2) with
furosemide, Toxicol. Res. 2 (2015) 1324-1332. doi:10.1039/c5tx00100e.

M.T. Boroushaki, H. Mollazadeh, A. Rajabian, K. Dolati, A. Hoseini, M. Paseban, M.
Farzadnia, Protective effect of pomegranate seed oil against mercuric chloride-induced
nephrotoxicity in rat Protective effect of pomegranate seed oil against mercuric
chloride-induced nephrotoxicity in rat, Ren Fail. 6049 (2014) 1581-1586.
d0i:10.3109/0886022X.2014.949770.

159



Chapter 5| 2019

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

B. Du, P. Li, X. Feng, G. Qiu, J. Zhou, L. Maurice, Mercury Exposure in Children of
the Wanshan Mercury Mining Area , Guizhou , China, Int. J. Res. Public Heal. 13
(2016) 1107. doi:10.3390/ijerph13111107.

P.D. Selid, H. Xu, E.M. Collins, M.S. Face-collins, J.X. Zhao, Sensing Mercury for
Biomedical and Environmental Monitoring, Sensors. 9 (2009) 5446-54509.
d0i:10.3390/s90705446.

T. Puangsamlee, Y. Tachapermpon, P. Kammalun, K. Sukrat, C. Wainiphithapong, J.
Sirirak, N. Wanichacheva, Solvent control bifunctional fluorescence probe for selective
detection of Cu?* and Hg?* via the excimer of pyrenylacetamide subunits, J. Lumin. 196
(2018) 227-235. d0i:10.1016/}.jlumin.2017.11.048.

F. Wu, G. Xu, X. Zeng, L. Mu, C. Redshaw, G. Wei, Characterization of the
Aggregation-Induced Enhanced Emission of N,N’-bis (4 -methoxysalicylide) benzene-
1,4-diamine, J Fluoresc. 25 (2015) 1183-1189. do0i:10.1007/s10895-015-1605-2.

L. Le Bras, K. Chaitou, S. Aloise, C. Adamoac, A. Perrier, Aggregation-caused
quenching versus crystallization induced emission in thiazolo[5,4-b]thieno[3,2-¢e]-
pyridine (TTP) derivatives: theoretical insights, Phys.Chem.Chem.Phys. (2019) 46-56.
d0i:10.1039/C8CP04730H.

Y. Bao, De Keersmaecker, Herlinde, S. Corneillie, F. Yu, H. Mizuno, G. Zhang, J.
Hofkens, B. Mendrek, A. Kowalczuk, M. Smet, Tunable Ratiometric Fluorescence
Sensing of Intracellular pH by Aggregation-Induced Emission-Active Hyperbranched
Polymer Nanopatrticles, Chem. Mater. 27 (2015) 3450-3455.
doi:10.1021/acs.chemmater.5b00858.

M. Yeh, C. Huang, T. Lai, F..Chen, N. Chu, D.T. Tseng, S. Hung, H. Lin, Effect of
Peptide Sequences on Supramolecular Interactions of Naphthaleneimide/Tripeptide
Conjugates, Langmuir. 32 (2016) 7630-7638. doi:10.1021/acs.langmuir.6b01809.

Y. Sun, X. Liang, S. Wei, J. Fan, X. Yang, Fluorescent Turn-On detection and assay of
water based with aggregation-induced emission enhancement, Spectrochim. Acta Part A
Mol. Biomol. Spectrosc. 97 (2012) 352—-358. doi:10.1016/j.saa.2012.06.017.

J. Luo, Z. Xie, JW.Y. Lam, L. Cheng, H. Chen, C. Qiu, H.S. Kwok, X. Zhan, Y. Liu,
D. Zhu, B.Z. Tang, Aggregation-induced emission of 1-methyl-1,2,3,4,5-
pentaphenylsilole, Chem. Commun. (2001) 1740-1741. doi:10.1039/b105159h.

X. Wen, Q. Wang, Z. Fan, Highly selective Turn-On fluorogenic chemosensor for
Zn(I1) detection based on aggregation-induced emission, J. Lumin. 194 (2018) 366-373.
d0i:10.1016/j.jlumin.2017.10.064.

160



Chapter 5| 2019

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Y. Chen, X. Min, X. Zhang, F. Zhang, S. Lu, L. Xu, X. Lou, F. Xia, X. Zhang, S. Wang,
AlE-based superwettable microchips for evaporation and aggregation induced
fluorescence enhancement biosensing, Biosens. Bioelectron. 111 (2018) 124-130.
d0i:10.1016/j.bi0s.2018.04.011.

X. Wen, Q. Wang, Z. Fan, An active fluorescent probe based on aggregation-induced
emission for intracellular bioimaging of Zn?" and tracking of interactions with, Anal.
Chim. Acta. 1013 (2018) 79-86. doi:10.1016/j.aca.2018.01.056.

Y. Wang, H. Wu, W. Wu, Y. Yu, X. Zhao, Z. Xu, Z. Xu, Y. Fan, Aggregation-induced
ratiometric emission active monocarbazone: Ratiometric fluorescent probe for Cu?* in
either solution or = aggregation states, J. Lumin. 204 (2018) 289-295.
doi:10.1016/j.jlumin.2018.08.042.

Y. Zhou, X. He, H. Chen, Y. Wang, S. Xiao, N. Zhang, D. Li, K. Zheng, An ESIPT/ICT
modulation based ratiometric fluorescent probe for sensitive and selective sensing Hg?*,
Sensors Actuators B. Chem. 247 (2017) 626—631. doi:10.1016/j.snb.2017.03.085.

L. Long, L. Zhou, L. Wang, S. Meng, A. Gong, C. Zhang, ratiometric fluorescent probe
for iron (111) and its application for detection of iron (I11) in human blood serum, Anal.
Chim. Acta. 812 (2014) 145-151. d0i:10.1016/j.aca.2013.12.024.

L. Wu, Y. Wang, T.D. James, A hemicyanine based ratiometric fluorescence probe for
mapping lysosomal pH during heat stroke in living cells, Chem. Commun. 54 (2018)
5518-5521. doi:10.1039/c8cc02330a.

Y. Sun, X. Liang, J. Fan, Q. Han, Studies on the photophysical properties of 1,8-
naphthalimide derivative and aggregation induced emission recognition for casein, J.
Lumin. 141 (2013) 93-98. doi:10.1016/j.jlumin.2013.02.053.

P. Gopikrishna, N. Meher, P.K. lyer, Functional 1,8-Naphthalimide AIE/AIEEgens:
Recent Advances and Prospects, ACS Appl. Mater. Interfaces. 10 (2018) 12081-12111.
doi:10.1021/acsami.7b14473.

C. Liu, Y. Hang, T. Jiang, J. Yang, X. Zhang, J. Hua, A light-up fluorescent probe for
citrate detection based on bispyridinum amides with aggregation-induced emission
feature, Talanta. 178 (2018) 847-853. doi:10.1016/j.talanta.2017.10.026.

S. Ge, B. Li, X. Meng, H. Yan, M. Yang, B. Dong, Y. Lu, Aggregation-induced
emission, multiple chromisms and self-organization of N-substituted-1,8-
naphthalimides, Dye. Pigment. 148 (2018) 147-153. doi:10.1016/j.dyepig.2017.08.013.
A. Kumar, P.S. Chae, New 1,8-naphthalimide-conjugated sulfonamide probes for TNP
sensing in  water, Sensors Actuators B. Chem. 240 (2017) 1-9.

161



Chapter 5| 2019

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

d0i:10.1016/j.snb.2016.08.149.

S. Banerjee, E.B. Veale, C.M. Phelan, S.A. Murphy, G.M. Tocci, L.J. Gillespie, D.O.
Frimannsson, J.M. Kelly, T. Gunnlaugsson, Recent advances in the development of 1,8-
naphthalimide based DNA targeting binders, anticancer and fluorescent cellular imaging
agents, Chem. Soc. Rev. 42 (2013) 1601-1618. doi:10.1039/c2cs35467e.

A. Wu, P. Mei, Y. Xu, X. Qian, Novel Naphthalimide—Benzoic Acid Conjugates as
Potential Apoptosis-Inducing Agents : Design, Synthesis, and Biological Activity,
Chem Biol Drug Des. 78 (2011) 941-947. d0i:10.1111/j.1747-0285.2011.01232.x.

S. Radha, K.K. Mothilal, A. Thamaraichelvan, Elangovana, Synthesis, characterization
and biological studies of sulfadiazine drug based transition metal complexes, J. Chem.
Pharm. Res. 8 (2016) 202-211.

M. Meshki, M. Behpour, S. Masoum, Application of Fe doped ZnO nanorods-based
modified sensor for determination of sulfamethoxazole and sulfamethizole - using
chemometric methods in voltammetric studies, J. Electroanal. Chem. 740 (2015) 1-7.
doi:10.1016/j.jelechem.2014.12.008.

S. Alyar, S. Cihan, H. Alyar, S. Adem, A. Kalkanci, U.O. Ozdemir, Synthesis,
characterization , antimicrobial activity, carbonic anhydrase enzyme inhibitor effects,
and computational studies on new Schiff bases of Sulfa drugs and their Pd(l1), Cu(ll)
complexes, J. Mol. Struct. 1171 (2018) 214-222. doi:10.1016/j.molstruc.2018.06.004.
M. Mondelli, F. Pavan, P.C. De Souza, C.Q. Leite, J. Ellena, O.R. Nascimento, G.
Facchin, M.H. Torre, Study of a series of cobalt(ll) sulfonamide complexes: Synthesis,
spectroscopic characterization, and microbiological evaluation against M.tuberculosis
Crystal structure of [Co(sulfamethoxazole)2(H20)2]H20, J. Mol. Struct. 1036 (2013)
180-187. doi:10.1016/j.molstruc.2012.09.064.

G. Alzuet, J. Borra’'s, F. Estevan, M. Liu-Gonza’'lez, F. Sanz-Ruiz, Zinc complexation
to N-substituted sulfonamide ligands Preparation, properties and crystal structure of
copper (1) doped {[zZn (sulfamethizolate)2(py)]*xH20}, Inorganica Chim. Acta. 343
(2003) 56-60.

B.D. Wright, P.N. Shah, L.J. McDonald, M.L. Shaeffer, P.O. Wagers, M.J. Panzner, J.
Smolen, J. Tagaev, C.A. Tessier, C.L. Cannon, W.J. Youngs, Synthesis,
characterization, and antimicrobial activity of silver carbene complexes derived from
4,5,6,7-tetrachlorobenzimidazole against antibiotic resistant bacteria, Dalton Trans. 41
(2012) 6500-6506. doi: 10.1039/C2DTO0055E.

C. Dilek, K. Ismail, L. Nabih, D. Mustafa, A. Suleyman, S.C. T, Synthesis and

162



Chapter 5| 2019

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

cytotoxic activities of novel copper and silver complexes of 1,3-diaryltriazene-
substituted sulfonamides, J. Enzyme Inhib. Med. Chem. 34 (2018) 116-122.
d0i:10.1080/14756366.2018.1530994.

G. Borthagaray, M. Mondelli, M.H. Torre, Essential Transition Metal lon Complexation
as a Strategy to Improve the Antimicrobial Activity of Organic Drugs, J. Infect. Dis.
Epidemiol. 2 (2016) 1-8. doi:10.23937/2474-3658/1510014.

H. Shaki, A. Khosravi, K. Gharanjig, A. Mahboubi, photophysical and biological
properties of derivatives Investigation of synthesis, characterization, photophysical and
biological properties of novel antimicrobial fluorescent naphthalimide derivatives,
Mater. Technol. 31 (2016) 322—331. doi:10.1179/1753555715Y.0000000058.

A. Kumar, H. Kim, N-(3-Imidazolyl ) propyl dansylamide as a selective Hg?* sensor in
aqueous media through electron transfer, Spectrochim. Acta Part A. 148 (2015) 250—
254. doi:10.1016/j.saa.2015.03.091.

P. Thirupathi, P. Saritha, K. Lee, Ratiometric fluorescence chemosensor based on
tyrosine derivatives for monitoring mercury ions in aqueous solutions, Org. Biomol.
Chem. 12 (2014) 7100-7109. doi:10.1039/c40b01044b.

H. Goh, T.N. Kyu, A. Singh, N. Singh, D.O. Jang, Dipodal colorimetric sensor for Ag*
and its resultant complex for iodide sensing using a cation displacement approach in
water, Tetrahedron Lett. 58 (2017) 1040-1045. doi:10.1016/j.tetlet.2017.01.098.

M. Licchelli, O. Biroli, A. Poggi, D. Sacchi, C. Sangermani, M. Zema, Excimer
emission induced by metal ion coordination in 1,8-naphthalimide-tethered
iminopyridine ligands, Dalton Trans. (2003) 4537-4545. doi:10.1039/B308439F.

D.W. Cho, M. Fujitsuka, K.H. Choi, M.J. Park, U.C. Yoon, T. Majima, Intramolecular
Exciplex and Intermolecular Excimer Formation of 1,8-naphthalimide Linker
Phenothiazine Dyads, J. Phys. Chem. B. 110 (2006) 4576-4582.
d0i:10.1021/jp056078p.

K.A. Macgregor, M.J. Robertson, K.A. Young, L. Von Kleist, W. Stahlschmidt, A.
Whiting, N. Chau, P.J. Robinson, V. Haucke, A. Mccluskey, Development of 1,8-
Naphthalimides as Clathrin Inhibitors, J. Med. Chem. 57 (2014) 131-143.
d0i:10.1021/jm4015263.

L. Megumi, J. Helena, B. Nunes, M. Antonio, A. Maria, W. Rogério, P. Paulo,
Copper(Il) and silver(l) complexes with sulfamethizole: synthesis, spectroscopic
characterization, ESI-QTOF mass spectrometric analysis, crystal structure and
antibacterial activities, Polyhedron. 138 (2017) 168-176.

163



Chapter 5| 2019

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

d0i:10.1016/j.poly.2017.09.034.

J. Helena, B. Nunes, R. Enoque, F. De Paiva, A. Cuin, W. Rogério, P. Paulo, Silver
complexes with sulfathiazole and sulfamethoxazole: Synthesis, spectroscopic
characterization, crystal structure and antibacterial assays, Polyhedron. 85 (2015) 437
444, doi:10.1016/j.poly.2014.09.010.

X. Zhang, X. Gan, S. Yao, W. Zhu, J. Yu, Z. Wu, H. Zhou, Y. Tian, J. Wu, Branched
triphenylamine-core compounds :aggregation induced two-photon absorption, RSC
Adv. 6 (2016) 60022-60028. doi:10.1039/c6ra09701d.

A. Emission, K. Santhiya, S.K. Sen, R. Natarajan, R. Shankar, D-A-D Structured Bis-
acylhydrazone  Exhibiting ~ Aggregation-Induced ~ Emission, Mechanochromic
Luminescence, and AI(IIl) Detection, J. Org. Chem. 83 (2018) 10770-10775.
doi:10.1021/acs.joc.8b01377.

Q. Zhao, J. Liu, H. Wang, M. Li, K. Zhou, H. Yangab, Y. Han, Balancing the H-and J-
aggregation in DTS(PTTh2)2/PC70BM to yield a high photovoltaic efficiency, J. Mater.
Chem. C. 3 (2015) 8183-8192. d0i:10.1039/c5tc01205h.

S. Qu, C. Zheng, G. Liao, C. Fan, G. Liu, S. Pu, A fluorescent chemosensor for Sn?*
and Cu?* based on a carbazole-containing diarylethene, RSC Adv. 7 (2017) 9833-9839.
d0i:10.1039/C6RA27339D.

K.H. Jung, S. Oh, J. Park, Y.J. Park, S. Park, K. Lee, A novel fluorescent peptidyl probe
for highly sensitive and selective ratiometric detection of Cd(ll) in aqueous and bio-
samples via metal ion-mediated self-assembly, New J. Chem. 42 (2018) 18143-18151.
d0i:10.1039/c8n;j02298d.

H. Tang, Y. Gao, B. Li, C. Li, Y. Guo, Reaction-based colorimetric and ratiometric
fluorescent probe for highly selective detection of silver ions, Sensors Actuators B.
Chem. 270 (2018) 562-569. doi:10.1016/j.snb.2018.05.064.

O.P. Dimitriev, Y.P. Piryatinski, Y.L. Slominskii, Excimer Emission in J-Aggregates, J.
Phys. Chem. Lett. 9 (2018) 2138-2143. doi:10.1021/acs.jpclett.8b00481.

E.M. Nolan, M.E. Racine, S.J. Lippard, Selective Hg(ll) Detection in Agqueous Solution
with  Thiol Derivatized Fluoresceins, Inorg. Chem. 45 (2008) 2742-2749.
d0i:10.1021/ic052083w.

E. Coronado, R. Gala, C. Marti, E. Palomares, J.R. Durrant, M. Gratzel, Reversible
Colorimetric Probes for Mercury Sensing, J. Am. Chem. Soc. 127 (2005) 12351-12356.
d0i:10.1021/ja0517724.

Z. Wang, J. Yang, Y. Li, Q. Zhuang, J. Gu, Zr-Based MOFs integrated with a

164



Chapter 5| 2019

[61]

[62]

[63]

[64]

[65]

[66]

[67]

chromophoric ruthenium complex for specific and reversible Hg?* sensing, Dalton
Trans. 47 (2018) 5570-5574. doi:10.1039/c8dt00569a.

G. Gangatharan, V. Kumar, M. Palsamy, A. Tamilselvi, A reversible fluorescent
chemosensor for the rapid detection of Hg?* in an aqueous solution: Its logic gates
behavior, Sensors Actuators B. Chem. 273 (2018) 305-315.
d0i:10.1016/j.snb.2018.06.067.

S. Madhu, R. Kalaiyarasi, S.K. Basu, S. Jadhavb, M. Ravikanth, A boron-dipyrrin-
Hg(ll) complex as a fluorescence Turn-On sensor for chloride and applications towards
logic gates, J. Mater. Chem. C. 2 (2014) 2534-2544. doi:10.1039/c3tc32188f.

Y. Wu, J. You, K. Jiang, J. Xie, S. Li, D. Cao, Z. Wang, Colorimetric and ratiometric
fluorescent sensor for F~ based on benzimidazole-naphthalene conjugate: Reversible and
reusable study & design of logic gate function, Dye. Pigment. 140 (2017) 47-55.
doi:10.1016/j.dyepig.2017.01.025.

S. Erbas-Cakmak, S. Kolemen, A.C. Sedgwick, T. Gunnlaugsson, T.D. James, J. Yoon,
E.U. Akkaya, Molecular logic gates: the past, present and future, Chem. Soc. Rev. 47
(2018) 2228-2248. d0i:10.1039/c7cs00491e.

W. Li, G. Wu, W. Qu, Q. Li, J. Lou, Q. Lin, H. Yao, Y. Zhang, T. Wei, A colorimetric
and reversible fluorescent chemosensor for Ag* in aqueous solution and its application
in IMPLICATION logic gate, Sensors Actuators B. Chem. 239 (2017) 671-678.
d0i:10.1016/j.snb.2016.08.016.

R. Gao, S. Shi, Y. Zhu, H. Huang, T. Yao, A RET-supported logic gate combinatorial
library to enable modeling and implementation of intelligent logic functions, Chem. Sci.
7 (2016) 1853-1861. d0i:10.1039/C5SC03570H.

J. Nunes, R.E.F. De Paiva, A. Cuin, W.R. Lustri, P.P. Corbi, Silver complexes with
sulfathiazole and sulfamethoxazole: Synthesis, spectroscopic characterization, crystal
structure and  antibacterial  assays, Polyhedron. 85 (2015) 437-444.
doi:10.1016/j.poly.2014.09.010.

165



