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Metal ions exist globally. Therefore, the study of the design strategies, mechanistic insights, and applications
of fluorescent Schiff base sensors for metal ion detection constitutes an active topic of research. Further,
theoretical studies on these systems using various spectroscopic techniques add new flavor in terms of
providing a better understanding of the photo-electronic properties of Schiff base sensors and their
complexes with metals. The presented review article starts with the general introduction of fluorescent
Schiff base sensors for metal ion detection, and consists of two main sections. The first section illustrates

Received 12th December 2021, the strategies and different mechanistic insights into metal ion detection using Schiff base sensors. The
Accepted 24th January 2022 second section demonstrates the application of fluorescent Schiff base sensors in metal ion sensing,
DOI: 10.1039/d1ma01175h biomedical imaging, environmental monitoring, and optoelectronic systems. Additionally, a summary of the

reviewed fluorescent Schiff base sensors is presented in a table format. Finally, the conclusion and future
rsc.li/materials-advances scope of fluorescent Schiff base sensors for metal ion detections are discussed.
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1. Introduction

The metal ions constitute an active topic of research owing to
their global existence. In the human body, metal ions enjoy
special status because of their participation in numerous
biological processes. In our surroundings, metal ions are pre-
sent in food, soil, and water." However, the presence of metal
ions at concentrations above or below the permissible limit
(Table 1) may cause hazardous effects on the environment and
human beings.>” In the past, various methods such as induc-
tively coupled plasma atomic emission spectroscopy, induc-
tively coupled plasma mass spectroscopy, electrochemical
detection, and ion chromatography have been reported for
metal ion detection.®™°

However, these methods suffer from limitations such as
inadequate practical applications, expensive instruments,
time-consuming processes, complicated procedures, etc.
Recently, significant attention has been paid to developing
fluorescent chemosensors for metal ion detection owing to
their excellent selectivity, sensitivity as well as rapid response
tirne.4,‘11,12

In recent years, the design and synthesis of fluorescent
chemosensors are of central importance because of their
straightforward synthesis, tailor-made properties, and rapid,
selective, and sensitive detection of the analyte on-site."*™°
Here, positive metal ion detection may result in visible color
change, fluorescence color change, a shift in emission wave-
length or intensity (blue-shift or red-shift) or may result in the
appearance of new emission maxima.>*"?® Fluorescent chemo-
sensors for metal ion detection generally contain Schiff

base,>**®  pyridine,>®*°  pyrene,>'?*  anthracene,***
quinoline,*>*®  naphthalene,®”  urea,*®*°  coumarin,*>*!
phenolphthalein,**** and rhodamine***> groups as the
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Table 1 Permissible concentration levels of metals in drinking water by

WHO (World Health Organization) and recommended daily amount (RDA)
of metal ions in the human body

Metal ion In drinking water (mg 1”") In human body Ref.
Mg?* 50 ~300-400 mg day ' 3 and 5
ca** 75 — 5

AP 0.03 mg 1" 3-10 mg day ' 3 and 4
sn>* 1-2pg I — 2

Pb>* 0.05 93.5 ug day ™" 5

crt 0.05 50-200 mg day * 4

Mn** 0.1 mg/l 2.3 mg day " 2-4
Fe’'/Fe*" 0.3 8 mg day ' 3-5
Co** 0.001 5-40 pg day ' 3-5
Ni** 0.0008 80-130 pg day ' 3-5
cu™ 1.0 2 mg day 3-5
Zn** 5.0 8 mg day ' 3 and 4
Hg?" 0.001-65 — 4and 5
cd* 0.005 — 4and 5

binding site. Among various fluorescent chemosensors, Schiff
base-based sensors have shown outstanding results owing to
their simple synthesis, and provide a suitable electronic and
geometrical environment for coordination with single metal
ions as well as with multiple metal ions simultaneously. Schiff
bases commonly include hydrazone, acyl hydrazone, salicyli-
mine, azine, and other groups, and provide nitrogen and
oxygen atoms for coordination with metal ions.**™° Schiff
base-based chemosensors may show the aggregation-induced
emission (AIE) phenomenon because of the free rotation
around the C=N bond. Additionally, the excited-state intra-
molecular proton transfer (ESIPT) process was exhibited by
chemosensors containing the salicylimine group.”*>*

Nowadays, Schiff base sensors and their complexes with
metal ions have become a hot topic of research owing to their
practical application in numerous scientific areas such as in
environmental monitoring and in biological cell imaging of
target ions within the cells, tissues, and organelles.*>*™>°
Furthermore, the tailor-made and multi-stimuli responsive
properties of Schiff bases enable their application in optoelec-
tronic systems.®®®> The molecular switching properties of
Schiff base sensors have been applied in the construction of
molecular keypads and logic gates.®***

In the past, significant research work has been done in
developing fluorescent Schiff base sensors for metal ion
detection.®>®>””" However, to the best of our knowledge, no
review has been reported on metal ion detection using fluor-
escent Schiff base sensors. In this review article, we start with
the general introduction of fluorescent Schiff base sensors for
metal ion detection and then divide the article into main
sections. The first section illustrates the strategies and different
mechanistic insights into metal ion detection using Schiff base
sensors. The second section demonstrates the practical appli-
cations of fluorescent Schiff base sensors in metal ion sensing,
biomedical imaging, environmental monitoring, and optoelec-
tronic systems (Fig. 1). Additionally, a summary of the reviewed
fluorescent Schiff base sensors is presented in a table format
(Table 2). Finally, the conclusion and future opportunities of

Mater. Adv,, 2022, 3, 2612-2669 | 2613
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Fig. 1 Practical applications of fluorescent Schiff base sensors.

fluorescent Schiff base sensors for metal ion detection are
discussed.

2. Strategies and mechanistic insights
into fluorescence-based metal ion
detection

The general approach for metal ion detection involves sensor-
metal ion coordination interactions. A Schiff base sensor con-
tains a binding functional unit that can coordinate with a metal
ion, causing enhancement/quenching of emission intensity,
ratiometric fluorescence change, or enhancement/quenching
of fluorescence color of the solution, leading to chelation-
enhanced fluorescence (CHEF) or chelation-enhanced quench-
ing (CHEQ) effect. The commonly used mechanisms for metal
ion detection are formation/disruption of self-assembly/disas-
sembly, aggregation/disaggregation, photo-induced electron
transfer (PET), intra/intermolecular charge transfer (ICT), metal

2614 | Mater. Adv., 2022, 3, 2612-2669
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to ligand charge transfer (MLCT), ligand to metal charge transfer
(LMCT), Forster resonance energy transfer (FRET), excited state
intramolecular proton transfer (ESIPT), inner filter effect (IFE),
metal-induced chemical change and C=N isomerization.

2.1 Self-assembly/disassembly

Self-assembled molecules are versatile materials for a variety of
applications, including analyte detection and fluorescence imaging.
In the sensing system, the fluorescence of the sensor can be
modulated by analyte interaction and the self-assembly process. In
the literature, various strategies such as self-assembly-disassembly
driven detection of metal ions, metal ion-induced disassembly, self-
assembly coupled with the ATE phenomenon, etc. have been used for
fluorescence-based detection of metal ions.’***** Herein, we will
discuss the self-assembly-based mechanism for metal ion detection
using fluorescent Schiff base molecules.

Wau et al. developed pyrene-based Schiff base 1 with AEE (Aggre-
gation emission enhancement) properties for fluorescence-based

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of the reported fluorescent Schiff base sensors, fluorescence response, excitation wavelength (1ey), emission wavelength (1em), metal
ion, limit of detection (LOD), Recovery rates (%) + RSD (%) (relative standard deviation) in the spiked samples, mechanism, application, and references

Recovery rates (%)

Fluorescence Metal + RSD (%) in the

Sensor response Solvent Jex (NM)  Aeyy (nm) jon  LOD spiked samples Mechanism Application Ref.

1 Turn-on H,O-DMF 370 455 cu** 35nM — Cu®" induced self- Metal ion sensor, 72
(1:1, viv) assembly fluorescence ima-

ginzg of intracellular
cu™*

2 Turn-off 99% 390 526 Cu®* 0.261 ppb  95t0 120 + <0.5 in Disassembly of self- Metal ion sensor, 73
HEPES tap water, pond assembled cell imaging of
buffer- water, and indus- aggregates HelLa cells, logic
CH;CN trial waste water circuit, TLC strips

3 Blue shift of CH;CN 393 454.5 cu*' 2.5 uM — Coordination of Metal ion sensor 32

emission, sensor 3 with Cu**
turn-on blocks the PET
process

4 Turn-off H,O0/ 400 585 cu®* 32.8nM — Coordination of Metal ion sensor, 41
DMSO (v/v, Cu®" with sensor 4 fluorescence ima-
1:1) caused activation ging of intracellular

of the PET process Cu*"
betweer21+coumarin
and Cu
5 Blue shift of Tris-HCl 430 516 Zn*"  0.144 uM — PET and CHEF Metal ion sensor 74
emission, buffer effect
turn-on (CH;0H/
H,0=9:1,
v/IV)
6 Turn-on, red- CH;OH- 340 440 cu®** 1.2 pMand 98.3 to 101.6 + PET and ICT Metal ion sensor, 75
shift in the  tris buffer and 0.9 uM for  <1.5 for Cu®**, and process logic gate, cell
case of Cu*" (1:1) Pb** Cu’*and  100.7 to 109.8 + imaging
Pb*, <2 for Pb*" in
respectively water samples

7 Turn-off THF-H,0 365 484 Cu** Lessthan1 — Metal to ligand Metal ion sensor 76

(9:1, vv) uM charge transfer,
CHEQ

8 Turn-off Aqueous 405 517 Cu** 12.3nM — Ligand to metal Metal ion sensor, 77
medium charge transfer secondary sensor

for CN™ (turn-on),
logic gate, cellular
imaging

9 Turn-off DMF/water 400 525 and Cu** 9.12 nM — FRET Metal ion sensor 78
mixtures 630

10 Turn-on PBS buffer 360 415 and A" 10 nM — ESIPT, metal- Metal ion sensor 79
at pH 7.4 548 template

aggregation

11 Turn-off Aqueous 350 438 Cr(vi) 0.175 uM 99 to 104 + <2 in Inner filter effect Metal ion sensor, 80

medium ground and tap secondary sensor
water, 102.5 £ <2 for ascorbic acid
in human serum, (turn-on), tap
and 101.5 to 105 + water, ground
<2 in vitamin C water
tablets

12 Turn-on CH3CN- 305 389 A**  88.7 nM and 97.8 to 103.8 = <1 Metal induced Metal ion sensor, 81
H,0 (7:3, and  63.1 nM for for AI>* and 96.5 to chemical change, tap water
vIv) cr* Al and 104.8 £ <1.5 for C=N

crt, cr*t in tap and isomerization
respectively deionized water

13 Turn-on Ethanol 491 547 Mg*" 0.516 uM — PET process, CHEF Metal ion sensor 82

effect

14 Ratiometric HEPES 370 545 and Ca®* 0.3 uM — ICT process Metal ion sensor 83

fluorescence buffer 483
change solution
(pH = 7.2)

15 Turn-on HEPES 365 488 A" 15.0 nM 94.4 + 2.2 in tap  PET process, CHEF Metal ion sensor, 84
buffer water effect test paper, tap
solution water

16 Turn-on, Methanol 316 550 AP 14 nM — CHEF effect Metal ion sensor 85

blue-shift

17 Turn-on DMF-H,0 390 490 AP 6.7 1M — ICT process, CHEF Metal ion sensor 86
(v/v, 9:1) effect and C—=N

isomerization
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv,, 2022, 3, 2612-2669 | 2615


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma01175h

Open Access Article. Published on 17 February 2022. Downloaded on 12/5/2025 7:29:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Materials Advances Review
Table 2 (continued)
Recovery rates (%)
Fluorescence Metal + RSD (%) in the
Sensor response Solvent Jex (Nnm)  Aeyy (nm)  ion  LOD spiked samples Mechanism Application Ref.
18 Turn-on Ethanol 428 502 AP* 38.7 nM — PET phenomenon, Metal ion sensor 87
CHETF effect
19 Turn-on Ethanol 350 391 APY 01 M — PET process, CHEF Metal ion sensor 88
effect
20 Turn-on Ethanol 410 480 A" 31.9nM — PET process, CHEF Metal ion sensor 89
effect
21 Turn-on Ethanol- 420 475 and AP* 182 nM — PET process Metal ion sensor, 90
H,O (v/v, 508 solid state sensor
3:1)
22 Turn-on, Aqueous 389 460 A" 0.6.9 pM — ICT phenomenon Metal ion sensor 91
blue-shift medium
23 Turn-on Ethanol 363 420 APY 0.2 uM — PET phenomenon, Metal ion sensor 92
CHETF effect
24 and Turn-on DMSO- 493 and A" 149 nM and — PET process, CHEF Metal ion sensor 93
25 H,0 476 for 15.1 nM for effect
sensors 24 sensors 24
and 25, and 25,
respectively respectively
26 and Turn-on Methanol 410 506 and APP* 47.9nM and — CHETF effect Metal ion sensor 94
27 489 for 82.8 nM for
sensors 26 sensors 26
and 27, and 27,
respectively respectively
28 Turn-on Ethanol 394 478 A** 4.2 ppm — CHETF effect Metal ion sensor 95
29 Turn-on DMF 378 481 AP 12uM — ICT process, CHEF Metal ion sensor 96
effect
30 Turn-on Methanol- 334 521 APT 01587 yM — PET process, CHEF Metal ion sensor 97
H,0 (9:1, effect
VIV)
31 Turn-on DMSO- 320 460 Sn**  0.314 M — PET process, ICT  Metal ion sensor 98
H,0 (1:1, process, C=N iso-
VIV) merization and
CHETF effect
32 Turn-on CH;CN- 273 537 cr*t 022 pM — PET process, CHEF Metal ion sensor 99
H,0 (95/ effect
5%)
33 Turn-on CH3;CN- 360 663 cr*t 0.3 uM — PET process, CHEF Metal ion sensor 100
H,O (95/ effect
5%)
34 Turn-off DMF 280 356 and Fe**  37.5nM 103 £ 1.9 and 97.5 LMCT Metal ion sensor 101
372 =+ 2.1 in distilled
water and tap
water, respectively
35 Turn-on Aqueous 256 505 Fe**  48.0 nM — PET process, CHEF Metal ion sensor 102
medium effect
36 Turn-on, red- CH;CN- 300 370 Fe*'  0.15 pM 104.8 £ 0.04, 100.8 ICT process, CHEF Metal ion sensor, 103
shift H,O (1:1, + 0.03, 97.0 £ 0.03, effect tap water, tablets,
v/v) and 93.3 + 0.05 in dark chocolate and
tap water, tablets, tomato juice
dark chocolate and
tomato juice,
respectively
37 and Turn-off DMF/ 318 and 446 and Fe**  4.28 uM and 99.7 to 101.9 + Electron/energy Metal ion sensor, 104
38 HEPES 304 for 426 for 0.83 uM for <1.0 in bottled transfer water samples
buffer sensors 37 sensors 37 sensors 37  water, and 100.1 to
(7:3,v/v) and 38, and 38, and 38, 100.3 £ <0.8 in tap
respectively respectively respectively water
39 Turn-on Ethanol 298 350 Co*"  0.782 pM 97.2 t0 98.8 & <3.5 AIE phenomenon Metal ion sensor, 105
in lake water, and lake water, tap
99.6 to 102.5 + <2 water
in tap water
40 Turn-off CH;CN- 384 429 cu®* 0.503 pM 102 £ 0.49 in tap LMCT Metal ion sensor, 106
H,O0 (9/1, water, and 100.5 + tap water, drinking
v/v) 0.76 in drinking water
water
11 Turn-off DMSO 278 307 cu*' 0.037 pM — Electron transfer =~ Metal ion sensor 107
42 Turn-off CH;CN 296 542 cu** 2.4 M — — Metal ion sensor 108
2616 | Mater. Adv, 2022, 3, 2612-2669 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (continued)
Recovery rates (%)
Fluorescence Metal + RSD (%) in the
Sensor response Solvent Jex (Nnm)  Aeyy (nm)  ion  LOD spiked samples Mechanism Application Ref.
43 Turn-off, CH;CN/ 310 435 cu** 10 pM — Nitrogen coordina- Metal ion sensor 109
blue-shift H,O (1:1, tion and cation-n
vIv) interaction
44 Turn-on CH;CN 340 369 cu** 1.54 nM — ICT process, C=N Metal ion sensor 110
isomerization and
CHETF effect
45 Turn-off Aqueous 386 554 cu”  0.35 pM — Electron transfer ~ Metal ion sensor 111
medium
46 and Turn-on DMF 364 and 411 and Ccu”* 1 nM for — CHETF effect Metal ion sensor 112
47 365 for 416 for sensor 47
sensors 46 sensors 46
and 47, and 47,
respectively respectively
48 Turn-on CH;CN 298 335 and Cu** 27.4 nM — ICT process and  Metal ion sensor 113
381 C—N
isomerization
49 Turn-off CH;CN/ 365 624 cu**  0.67 pM — Ligand to metal Metal ion sensor, 114
PBS (v/v charge transfer fluorescence bio-
=9/1) (LMCT) imaging
50 Turn-on Ethanol/ 242 450 Zn** 0.5034 M — (i) Restriction in ~ Metal ion sensor, 115
HEPES rotation of the fluorescence bio-
buffer (95/ C=N group, (ii) imaging
5, V/V) blockage of the PET
process, (iii) Zn**
induced dis-
aggregation of sen-
sor 50
51 Turn-on DMF 430 509 Zn** 8.6 nM — CHEF effect and  Metal ion sensor 116
C—N
isomerization
52 Turn-on DMF-H,0 380 500 Zn**  2.59 M — PET process and  Metal ion sensor 117
(9:1, vv) C—N
isomerization
53 Turn-on Ethanol 430 498 Zn*"  0.173 uM — PET process, C—=N Metal ion sensor 118
isomerization and
CHETF effect
54 Turn-on Water— 340 427 Agh 3.15uM — PET process, and  Metal ion sensor, 119
DMSO CHEF effect real samples
(3:1v/v)
55 Turn-off, red- DMSO- 365 500 Hg®"  0.907 uM — Intramolecular Metal ion sensor, 120
shift buffered charge transfer lake water, tap
H,O0 (9/1, water, distilled
VIV) water
56 Turn-on Methanol/ 365 503 Hg™ 20 uM — CHEF effect Metal ion sensor 121
H,0 (8:2,
VIV)
57 Turn-on CH,CN- 349 415 and Hg®" 22.68 nM — ESIPT process and Metal ion sensor 122
H,0 (9/1, 473 C—N
VIV) isomerization
58 Turn-on Aqueous 355 417 Hg®"  0.270 uM 99.5 to 101.0 = <3 Metal induced Metal ion sensor, 123
medium in drinking water chemical change  drinking water, and
and tap water tap water
61 Turn-on 10% 246 425 cd* 2.7nM — Interaction Metal ion sensor 124
methanol between Cd>* and
solution (v/ nitrogen contain-
v, 0.2 M ing moieties in
PBS, pH sensor 61
7.0)
62 Turn-on CH;CN- 380 510 cd** 14.8 nM 99.5 to 100.5 + CHEF effect and  Metal ion sensor, 125
H,0 (8:2, <1.5 in double C—=N double distilled
vIv) distilled water, and isomerization water, and tap
99.2 to 101.0 + water
<1.5 in tap water
63 Turn-off Ethanol 341 385 Ag', 0132 puM,  99.43 £ 0.14, PET process Multi-metal ion 126
cu®*  0.088 uM, 100.65 + 0.38, and sensor, water
and and 0.037  101.4 £ 0.39 for samples
Fe**  uM, for Ag®, Ag*, Cu®* and Fe*',
Cu’"and  respectively.
Fe3+1
respectively
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 2612-2669 | 2617
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Table 2 (continued)
Recovery rates (%)
Fluorescence Metal + RSD (%) in the
Sensor response Solvent Jex (Nnm)  Aeyy (nm)  ion  LOD spiked samples Mechanism Application Ref.
64 Turn-off THF/water 259 622 Co?', 3.26 nM, — The heavy metal ~ Multi-metal ion 127
(6:4, viv) Cu**  89.1 pM and ion effect and sensor, distilled
and  0.387 nM for paramagnetic water, tap water
Hg>* Co*, cu** behavior triggered
and Hg*", non-radiative decay
respectively
65 Turn-on with DMSO- 460 540 Co**, 0.007 ppb, — The coordination = Multi-metal ion 128
Hg”" and H,0 (9:1, Cu*"  0.29 ppb, and desulfurization sensor, tap, lake,
turn-off with v/v) and and 0.20 mechanism for drink, ditch and
Co*" and Hg>*  ppb, respec- Hg>" and disrup-  ground water
cu* tively, for tion of the intra-
Cco*', cu** molecular H-bond
and Hg>" in the presence of
Co™" or Cu
66 Turn-on, red- CH;CN 355 500 AP, 0117 pM,  — Excimer formation Multi-metal ion 129
shift cr’’ 0111 uM and PET process  sensor, multi-metal
and and 0.106 ion sensor, living
Fe**  uM for AI*, cell imaging
Crzi and
Fe
67 Turn-on Ethanol 510 572 and Zn**, 0.664 UM — Opening of the lac- Multi-metal ion 130
580 for Fe**  and 0.212 tam ring sensor, distilled
Zn** and uM for Zn** water, lake water,
Fe**, and Fe**, running water, well
respectively respectively water, and Yangtze
river
68 Turn-off, red- DMSO- 310 550 cu®, 64.8 M, — Coordination of Multi-metal ion 131
shift H,0 (1:1, Hg*', 52.7 uM and Cu**, Hg**, and Ag" sensor
v/v) Ag'  63.7 uM for with phenolic
Cu™’, Hg™" hydroxyl O, imine
and Ag" N atoms and thiol
S, hydrogen
bonding
69 Turn-off DMF 341 393 Fe*', 2.06 uM, — CHEQ Multi-metal ion 132
Fe*™  2.17 uM, and sensor
and 2.48 uM for
Cu2+ Fez+, Fe3+
and Cu*",
respectively
70 Turn-on Ethanol- 420 and 490 and Zn**  0.134 uM — PET process, CHEF Multi-metal ion 133
HEPES 520 for 583 for and and 0.139 effect for Zn>" and sensor, solid state
buffer Zn®*and Zn**and Fe** uM for zn** opening of the sensor
(9:1,viv) Fe*, Fe®’, and Fe** spirolactam ring
respectively respectively for Fe**
71 Turn-on, red- CH;CN 350 539 and Zn*"  0.040 uM — ICT process and Multi-metal ion 134
shift 565 for and and 0.011 CHETF effect sensor
Zn**and Hg** pM for Hg*"
Hg™, and zZn*",
respectively respectively
72 Turn-on DMSO- 300 460 and Zn**  0.32 M and — PET process Multi-metal ion 135
H,0 (1:99, 434 for and  0.01 pM for sensor
vIv) Zn**and Ga** Zn®" and
G a3+, Ga3+,
respectively respectively
73 Turn-on CH;CN 333 536 A" 0.31 yM and — ESIPT process and Multi-metal ion 136
and  0.25 uM for C=N sensor
cr’* AP and cr** isomerization
74 Turn-off THF-H,O 385 537 cu**  70.6 nM and — ICT process, CHEQ Multi-metal ion 137
response (7:3, vv) and  0.116 uM for for Cu*" and PET  sensor
with Cu** Zn**  Cu** and process, CHEF for
and turn-on ™, Hg?"
re.st{)logsg+ respectively
wi g
75 Turn-on CH;CN 380 495 Fe**  4.57 yM and — ESIPT process and Multi-metal ion 138
and 2.75 uM for C—N sensor
cr’* Fe’* and isomerization
Cr3+
K
respectively
2618 | Mater. Adv, 2022, 3, 2612-2669 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (continued)
Recovery rates (%)
Fluorescence Metal + RSD (%) in the
Sensor response Solvent Jex (Nnm)  Aeyy (nm)  ion  LOD spiked samples Mechanism Application Ref.
77 and Turn-on DMSO- 405 for 505 for AP 14.8 nM and — ESIPT process, Metal ion sensor, 139
78 H,O (1:2, sensors 77 sensors 77 42.3 nM for C=N isomeriza-  secondary sensor
vIv) and 455 for and 509 for sensors 77 tion and CHEF for F~ (turn-off),
sensor 78 sensor 78 and 78, effect filter paper, cell
respectively imaging
79 Turn-on DMSO- 450 525 Zn*"  0.52 pM — ICT Metal ion sensor, 140
H,O0 (1:9, secondary sensor
v/v, HEPES for PPi (turn-off),
buffered) test paper strips
and bioimaging of
intracellular Zn®*
in HeLa cells
80 Turn-off with THF-H,O 360 620 Co**- 0.0937 uM, Metal ion binding Multi-metal ion 141
Co®" and (1:99) Hg®™- 0.0221 uM, in the cavity of the sensor, sequential
Cu** and Ccu?*  and 0.0988 sensor through sensor for Co*'-
turn-on with uM for Co*, oxygen and nitro- Hg>*-Cu®", test
Hg?" Hg®" and gen atoms strip, living cell
Ccu*, imaging
respectively
81 Turn-on Ethanol- 330 511 zZn** 1.2 nM PET process, C—=N Metal ion sensor, 142
H,O0 buf- isomerization and secondary sensor
fered (9:1, CHEF effect for PPi (turn-off),
v/v) INHIBIT type logic
gate
82 Turn-off H,0- 450 521 Cu*"  24.0 nM — Sensor 82 carbonyl Metal ion sensor, 143
CH;CN and imino group  secondary sensor
(1:1, viv) binding with Cu>"  for glutathione
PBS (turn-on), bio-
buffered imaging of Cu®" in
living cells and
zebrafish
83 Turn-on, Methanol- 315 512 Zn**  0.078 uM — ESIPT and PET Metal ion sensor, 144
blue-shift water (3:1, process and CHEF secondary sensor
v/v) effect for ATP (turn-off),
live cell imaging
84 Turn-on Aqueous 350 588 A" 1.68 uM — AI*" induced Metal ion sensor, 145
medium hydrolysis of sensor secondary sensor
84, forming the free for CN™ (turn-off),
-CHO group AI** detection in
A549 cells through
live cell imaging
85 Turn-off DMSO- 338 419 Cu** 2.1 ppb — Cu** induced Metal ion sensor, 146
HEPES hydrolysis of the  secondary sensor
buffer imine functionality for PO,*" (turn-on),
4:6,v/v of sensor 85 aper strips
pap p
86 Turn-on 90% aqu- 410 520 A" 1.62 uM — CHETF effect and Metal ion sensor, 147
eous C=N secondary sensor
methanol isomerization for nucleotides and
phosphate ions
(turn-off), live cell
imaging
87 Turn-on, red- Ethanol 400 500 A" 63.0 nM — Schiff base hydro- Metal ion sensor, 148
shift lysis and CHEF live cell imaging in
effect living HeLa cells
88 Turn-on Methanol/ 310 343 A" 0.64 uM — ICT process, C—=N Metal ion sensor, 149
H,0 (9:1, isomerization and live cell imaging
v/V) CHEF effect
89 Turn-on, red- DMSO- 393 467 cu®" 0.26 pM — Strong coordina-  Metal ion sensor, 150
shift H,0 (1:1, tion of sensor 89  live cell imaging
VIV) with Cu®*
solution
90 Turn-on DMSO- 346 472 Zn**  0.018 uM — ESIPT, CHEEF effect Metal ion sensor, 151
H,0 (3/7, living cell (African
v/v) Monkey Vero cells)
solution imaging
91 Turn-on Ethanol- 545 584 Fe**  28.1 nM — Opening of the Metal ion sensor, 152
H,O0 (1/1, spirolactam ring  living cell (SMMC-
VIV) 7721 cells) imaging
solution
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.,, 2022, 3, 2612-2669 | 2619
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Table 2 (continued)
Recovery rates (%)
Fluorescence Metal + RSD (%) in the

Sensor response Solvent Jex (Nnm)  Aeyy (nm)  ion  LOD spiked samples Mechanism Application Ref.

94 Turn-off CH;CN/ 450 540 cu*t — 92.90 to 109.3 £ — Metal ion sensor, 153
PBS (1:1, <2 in water live cell (MCF-7 and
vIv) samples A549 cells) imaging

95 Turn-off HEPES 418 516 cu®* 0.16 pM — MLCT, LLCT Metal ion sensor, 154
buffer two-photon

fluorescence ima-
ging of Cu®" in cel-
lular mitochondria
and in the liver and
intestine of larval
zebrafish

96 Turn-on Ethanol 400 458 AP 111 nM — ESIPT Metal ion sensor, 155

cell (MCF-7)
imaging

97 Turn-on CH,;CN- 440 530 Hg>* 1nM — PET and hydrolysis Metal ion sensor, 156
water (8:2) of the C=N group live cell (MCF-7
mixture cells) imaging

98 Turn-on Buffer 380 458 Zn** 137 pM — PET process, C—N Metal ion sensor, 157
solution isomerization and live cell (A549)
(ethanol/ CHEF effect imaging
Tris-HCI,

v/v, 4/1)

101 Turn-on CH3;0H/ 350 435 AP* 0.05 uM — CHEF effect and  Metal ion sensor, 158
HEPES C=N fluorescence ima-
buffer (3/7, isomerization ging in living cells
VIV) (SW480 cells)

102  Turn-on Ethanol 321 450 APT 0.1 uM — ESIPT process, Metal ion sensor, 159
(0.01%)- C—=N isomeriza-  fluorescence ima-
HEPES tion and CHEF ging in living cells
buffer effect (HepG2 cells)

103 Turn-on DMSO/ 346 555 Zn** 60 nM — PET process, ESIPT Metal ion sensor, 160
H,0 process and CHEF living cell (Vero
(HEPES effect cells) imaging
buffer, v/v
=3/7)

104  Turn-on, red- DMSO- 347 445 Hg®" 2.82 uM — Excimer formation Metal ion sensor, 161

shift H,0 (7:3, and CHEF effect  live cell (HeLa cells)
v/IV) imaging
105  Turn-on CH,;CN 350 430 Cu**  86.3nM — PET process and  Metal ion sensor, 162
CHEF effect live cell (Raw264.7
cells) imaging
106  Turn-on Methanol 373 517 APY 012 pM — PET process Metal ion sensor, 163
live cell (HeLa cells)
imaging

107  Turn-on Methanol 307 430 APY 0137 uM — ESIPT process Metal ion sensor, 164

live cell (HeLa cells)
imaging, in vivo
bioimaging of AI**
in zebrafish larvae

108  Turn-on Phosphate 480 516 AU*" 60 nM — Metal induced Metal ion sensor, 165
buffer- chemical change  PC12 cell and zeb-
ethanol rafish imaging
(7:3, viv)
solution

109  Turn-on Buffered 370 450 Zn**  0.50 pM — Complexation of  Metal ion sensor, 166
CH;CN- Zn** with oxygen, live cell (MCF-7
water (1:1) nitrogen and sulfur cells) imaging

atoms of sensor
109

110 Turn-off Buffered 400 566 cu** 154 nM — Excited state Metal ion sensor, 167
ethanol- energy/electron live cell (HeLa cells)
water (1:1, transfer imaging
v/V)

111 Turn-on DMSO- 377 479 APF* 979 nM — PET process and  Metal ion sensor, 168
H,0 (9:1, CHEF effect live cell (HeLa cells)

v/V) imaging
2620 | Mater. Adv, 2022, 3, 2612-2669 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (continued)
Recovery rates (%)
Fluorescence Metal + RSD (%) in the
Sensor response Solvent Jex (Nnm)  Aeyy (nm)  ion  LOD spiked samples Mechanism Application Ref.
112 Turn-on, red- Aqueous 350 460 zZn**  10.4 nM — C—N Metal ion sensor, 169
shift medium isomerization bacterial cells, viz.
Staphylococcus aur-
eus and E. coli
113 Turn-on Methanol- 392 448 A" 0.804 pM For AI**, 96.33 and ESIPT, PET pro- Metal ion sensor, 170
H,O0 (1/9, and 96.24 in water and cess, C=N iso- drug samples such
v/v) Zn** suspension, merization and as Gelucil and Zin-
respectively CHETF effect covit, live cell
For Zn>*, 98.60 and (HeLa cells)
95.05 in water and imaging
suspension,
respectively
114  Turn-on Methanol- 340 442 Pb>* 8 nM 105 £ 1.7, 117 PET process and  Metal ion sensor, 171
water (2:1, +1.6, and 93 +1.3 CHEEF effect BSA medium,
VIV) in tap water, river environmental
water and urine samples such as
samples, tap water, river
respectively water and urine
samples
115 Turn-on CH;3CN- 360 430 APT 50 pM — PET process, CHEF Metal ion sensor, 172
H,0 (1:1, effect BSA medium, live
vIv) cell (human
embryonic kidney
(HEK)) imaging
116  Turn-on Methanol- 310 373 AT 0.903 pM 98.5% to 101.91% PET process, C—=N Metal ion sensor, 173
water (2:1, in food samples isomerization and BSA medium
v/IV) CHEF effect
117  Turn-off Aqueous 370 540 Cu*, — Host-guest Anticancer 174
and medium Fe** interaction
118
119- - DMSO- — 422 nm for — — — Energy dependent, Anticancer 175
124 H,0 (2:8, 119-121, antitumor mecha-
vIv) and nism of oxidation
474 nm for
122-124
125  Turn-on Ethanol- 397 550 nm Fe** 0.8 ppb — ESIPT Cancer cells 176
H,O (4:6,
vIv)
126  Turn-off DMSO 360 475 cu** — PET process and  Optical sensor, cat- 177
CHETF effect or due alytic oxidation,
to structural and Lewis acid-
change in the base colour
ligand upon indicator
complexation
127  Turn-off DMSO- 414 549 Hg®" 0.284nM  118.5 to 154.0, Hg”' interaction ~ Adsorption, real 178
H,0 (1:1, 108.0 to 114.0, and with the nitrogen water samples, and
vIv) 97.7 to 112.0 in lake atom of the imine logic gate
water, tap water,  group and with the
and mineral water, oxygen atom
respectively
128  Turn-on DMF-H,0 360 and 483 and A" 32nMand — PET and ESIPT Metal ion sensor, 179
and (v2v=1:9) 300 for 467 for 29.0 nM process, CHEF lake water and tap
129 sensors Sensors with sensors effect water
128 and 128 and 128 and 129,
129, 129, respectively
respectively respectively
130  Turn-off, DMF/H,O 450 560 cu®*  28.1nM 94 to 105 + <2 in Paramagnetic nat- Metal ion sensor, 180
hypso- (213, vIv) tap water, 106 to  ure of Cu”* and real samples such
chromic shift 117 + <2.7 in CHQF mechanism as water and food
river, and 87 to 93
+ <2.6 in simu-
lated urine samples
131 Turn-on Methanol 401 524 APT 7.4 nM 100.96 to 101.84 + ICT process and  Metal ion sensor, 181
<0.5 in ultrapure CHEF effect ultrapure water, tap
water and 100.0 to water
100.10 £ <1.0 in
tap water
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 2612-2669 | 2621
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Table 2 (continued)
Recovery rates (%)
Fluorescence Metal + RSD (%) in the
Sensor response Solvent Jex (Nnm)  Aeyy (nm)  ion  LOD spiked samples Mechanism Application Ref.
132 Turn-on CH;CN 353 487 and Mg®>" 19.1 ppb — C=N isomeriza-  Metal ion sensor, 182
532 tion and CHEF tap, ground and
effect lake water
133 Turn-off THF-H,O 428 565 cu** 16.4 nM 99.10 to 102.90 + ESIPT process, Metal ion sensor, 183
, VIV <2.01 in lake water running water,
4/1, v/ 2.01 in lal LMCT ing
and 98.49 to 102.37 artificial lake
+ <2.07 in tap
water
134  Turn-on DMF- 350 531 AP*  86.5 nM 99.7 to 101.7 £+ PET process and  Metal ion sensor, 184
HEPES <0.5 in yellow river CHEF effect yellow river and tap
11, viv an .0 to 103. water
1:1, v/ d 99.0 to 103.4 +
<0.5 in tap water
135 Turn-on Tris-HCl 350 526 A" 0.34 uM 100.5 to 102.3 £  PET process and  Metal ion sensor, 185
buffer <0.3 in yellow river CHEF effect yellow river and tap
<1, viv and 99.5 to 102.8 water
1:1, v/ d 2.8 +
solution <0.3 in tap water
136  Turn-on Ethanol- 273 473 and A" 0.108 pM — PET process Metal ion sensor, 186
HEPES 499 live cell (HeLa cells)
buffer imaging, lake, river
5:5, VIV and distilled water
9 / d distilled
137 Turn-on, THF-H,O 490 550 Zn**  38.9 nM — ESIPT, PET, non- Metal ion sensor, 187
blue-shift (1:1,vW) radiative process  inkless rewritable
mixture and CHEF effect  paper, self-erasing
paper, live cell
(SiHa cells)
imaging
138  Turn-on — — Strong — — Enol to keto form Rewritable paper 188
emission photoisomerization and UV sensor
band
between
550 and
700
141 Turn-on CH;CN- 350 463 cu®' 0.23 pM CHEF effect Metal ion sensor, 189
H,0 mechanochromic
mixture fluorescence
143  Turn-off HEPES 432 508 Cu*  0.212 uM — PET process Multi-metal ion 190
buffered and and 71.9 nM sensor, solid state
methanol- Zn**  for Cu®" and piezochromic
H,0 (4/1, Zn*, luminescence
VIV) respectively
145 Turn-on THF-H,0 367 408 and — — — AIE, ICT Anti-counterfeiting 191
481 and printed
electronics
146  Turn-on DMSO 372 504 and >t — — ICT process Color tunable 192
and 444 for
147 Sensors
146 and
147,
respectively
148- Turn-on DMSO 365 447,440, Zn*" — — Relaxation due to  Organic white light 193
152 436, 433, intra-ligand emitting devices
and 430 for transition
complexes
148, 149,
150, 151,
and 152,
respectively
153 Blue CHClj;, 345-370 430-460 n*t — — Combination of Blue fluorescent 194
fluorescent  THF, etha- monomer-excimer OLED
nol, emission
CHL,CN,
and solid
state
2622 | Mater. Adv, 2022, 3, 2612-2669 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Metal
ion

Fluorescence

Sensor response Solvent Jex (NM)  Aem (nm) LOD

Recovery rates (%)
+ RSD (%) in the

spiked samples Mechanism

Application

Ref.

154

155

156
and
157

158

159

160

161

Turn-on

Turn-on

Turn-on

Turn-on

Turn-on

Turn-on

Turn-off

HEPES
buffered
ethanol-
H,0 (9:1,
v/IV)

Methanol-
water (1:1,
VIV)

Methanol

Aqueous
medium

DMSO-
water (9:1,
v/V)

CH;CN

CH,CN-
H,0 (7:3)

375

370

375

359

482

400

344

520

464

465 and
464 for
Sensors
156 and
157,
respectively
454

With Zn**
(545) and
cd* (560)

542

531

Zn2+

Al3+

A13+

Zn2+

Fe3+

1.59 uM

10 uM

0.525 pM
and 2.38 pM
for sensors
156 and 157,
respectively

0.477 M

0.81 yM

— PET process, C—N
isomerization and
CHEF effect

— PET process

— CHEF effect

— ESIPT process,
C—N isomeriza-
tion, and CHEF
effect

For Zn?', 83 to 91 in CHEEF effect
drinking water, and

for Cd*", 103 to 104

in drinking water

89 to 104.7 + <0.2 CHEEF effect
in tap water, 94 to

98.7 £ <0.2 in

river water, and

97.3 to 109.5 &+

<0.2 in bottled

water

98.56 + 0.19, 98.81 ICT process and
+ 0.35,97.91 + C—=N

0.21, 98.81 + 1.03, isomerization
98.46 + 0.28, 97.96

+0.23, and 94.51 +

Metal ion sensor,
logic gate, TLC
supported paper
strips, and bioima-

ging of intracellular

Zn*" in Vero cells
(African green
monkey kidney
cells)

Metal ion sensor,
secondary sensor
for PO,*~, logic
gate, BSA medium,
live cell (rat L6
myoblast cells)
imaging

Metal ion sensor,
logic gate

Metal ion sensor,
logic gate, keypad
lock, and fluores-
cence imaging of
Zn** in rice
seedlings
Multi-metal ion
sensor, logic gate,
TLC plates, and
drinking water
Metal ion sensor,
logic gate, live cell
imaging (HeLa
cells), real samples

Metal ion sensor,
logic gate, test
paper, water sam-
ples and fluor-
escent bioimaging

195

196

199

200

201

detection of Cu**.”> In H,O-DMF (1:1, v/v) solution, sensor 1 was
weakly fluorescent (Fig. 2 and Table 2). In the presence of Cu™,
sensor 1 displayed strong fluorescence enhancement (4.5-fold) at
455 nm (Je = 370 nm). The LOD was 35 nM for Cu®>*. The
recognition mechanism was attributed to Cu®* induced self-
assembly. TEM and SEM results confirmed the spherical particle
morphology and aggregation of sensor 1 in the presence of Cu*".

2.2 Aggregation/disaggregation

Recently, Schiff base sensors with AIE properties have attracted
tremendous attention for metal ion detection. Schiff base-
based sensors are excellent AIE active molecules in which free

© 2022 The Author(s). Published by the Royal Society of Chemistry

0.26 in tap water,
lake, well, mineral
water, distilled
water, purified
water and human
serum albumin,
respectively

rotation around the C—=N band is restricted upon coordination
with metal ions, leading to emission change. These sensors are
weakly emissive in dilute solution but emit strongly upon
aggregation assisted by probe-metal ion interaction in solution
or in solid-state.

Singh et al. developed probe 2 with AIE and ESIPT properties
for Cu®" detection in an aqueous medium (Fig. 3A and
Table 2).”* On excitation at 390 nm, the fluorescence spectrum
of probe 2 displayed green emission at 526 nm, attributed to
the AIE + ESIPT process. Upon gradual addition of an increas-
ing concentration of Cu®', the emission spectrum of probe 2
revealed quenching of emission intensity and saturation was

Mater. Adv., 2022, 3, 2612-2669 | 2623
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Fig. 2 The sensing mechanism for Cu®* detection using sensor 1. Reproduced with permission from ref. 72 Copyright 2018, Elsevier.
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Fig. 3 (A) The chemical structure of sensor 2. (B) SEM images of (a) sensor 2; (b and c) sensor 2 + Cu?*; TEM images of (d) sensor 2; (e and f) sensor 2 +
Cu?*; (inset) SAED of aggregates. Reproduced with permission from ref. 73 Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

achieved after the addition of 1 uM Cu>". The limit of detection
was 0.261 ppb for Cu®". The coordination of probe 2 with Cu*"
resulted in the disassembly of self-assembled aggregates of
probe 2 from self-assembled nanorods into smaller spherical
nanostructures (Fig. 3B).

2.3 Photoinduced electron transfer (PET)

PET is a process where electron transfer occurs from the donor
to the acceptor in the excited state. The coordination of metal
ions with the Schiff base sensor may favor or disrupt the PET
process, resulting in emission change.

Chakraborty et al. developed pyrene-based Schiff base 3 with
AIE properties for fluorescence-based detection of Cu®* (Fig. 4
and Table 2).** Sensor 3 was found to be selective for Cu®>" with
an LOD of 2.5 uM. Sensor 3 was weakly fluorescent because of
the PET process between the imine bond and the pyrene ring.
The complexation of sensor 3 with Cu®>" blocked the PET
process and resulted in fluorescence enhancement.

2624 | Mater. Adv., 2022, 3, 2612-2669

Wang et al. developed coumarin-based Schiff base 4 with
AIRE (Aggregation induced ratiometric emission) properties
and employed it as a turn-off sensor for Cu®" detection (Fig. 5
and Table 2).*' The complexation of Cu*" with sensor 4 caused
activation of the PET process between coumarin and the Cu®*
center, resulting in fluorescence quenching.

Dong et al. synthesized Schiff base 5 as a turn-on sensor for
Zn*" detection.”* Sensor 5 showed excellent sensitivity for Zn**
over other tested metal ions. In the off-state, the PET process
occurs from the HOMO of the azomethine group to the HOMO
of the conjugated aromatic ring, whereas in the on-state the
PET process is inhibited due to coordination of Zn>* with the
nitrogen atom and oxygen atom of the azomethine group, and
electron transfer occurs from the LUMO to the HOMO of the
conjugated aromatic ring (Fig. 6A, B and Table 2).

2.4 Intra/intermolecular charge transfer (ICT)

In the ICT process, energy relaxation of the excited molecule
occurs via the charge transfer phenomenon. Charge transfer

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 PET-based mechanism for Cu?* detection with sensor 3. Repro-
duced with permission from ref. 32 Copyright 2018, Elsevier.

can be intramolecular where redistribution of charge occurs
within the excited molecule or intermolecular in which charge
is transferred from the excited donor molecule to the neighbor-
ing acceptor molecule.

Rout et al. designed triazole-based Schiff base 6 as a turn-on
fluorescent sensor for Cu®>* and Pb*>* detection (Fig. 7 and
Table 2).”> In methanol-tris buffer (1:1) medium, the free
sensor displayed weak emission at 440 nm (lex = 340 nm),
attributed to the PET process from the triazole and imine
moiety to the fluorophore. In the presence of Cu®*/Pb*", the
fluorescence spectrum of sensor 6 displayed an increase in
emission intensity attributed to blockage of the PET process
and strengthening of the ICT process. The limit of detection
was 1.2 uM and 0.9 pM for Cu®>" and Pb>", respectively.
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Fig. 5 PET-based mechanism for Cu?*
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2.5 Metal to ligand charge transfer (MLCT)

Pannipara et al. developed an AlE-active Schiff base 7 as a turn-
off sensor for Cu”** detection (Fig. 8 and Table 2).”° In the THF-
H,O (9:1, v/v) mixture, sensor 7 showed intense emission at
484 nm. Upon addition of Cu®" to the solution of sensor 7, a
significant decrease in fluorescence intensity was observed,
attributed to metal to ligand charge transfer between Cu>*
and sensor 7, resulting in the CHEQ effect.

2.6 Ligand to metal charge transfer (LMCT)

Bhardwaj et al. developed chromone-based fluorescent organic
nanoparticles (FON-8) for Cu** and CN™~ detection in an aqu-
eous medium (Fig. 8 and Table 2).”” The fluorescence spectrum
of FON-8 showed a gradual decrease in emission intensity at
517 nm (lex = 405 nm) upon the addition of an increasing
concentration of Cu®*, attributed to ligand to metal charge
transfer. The limit of detection was 12.3 nM for Cu”". From the
DFT method, for sensor 8, the HOMO was located on the
naphthalene moiety and the LUMO was located on the whole
sensor 8. Howevetr, in the case of the 8-Cu®" complex, the LUMO
was shifted toward the metal center, demonstrating ligand to
metal charge transfer.

2.7 Forster resonance energy transfer (FRET)

FRET is a non-radiative process where energy transfer occurs
from excited donors to acceptor molecules. The metal-Schiff
base complexation may inhibit or trigger the FRET process
resulting in emission change.

detection with sensor 4. Reproduced with permission from ref. 41 Copyright 2018, Elsevier.
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Fig. 6 (A) Sensing mechanism of sensor 5 for Zn>*

detection. (B) Orbital energy diagrams showing (a) fluorescence quenching by the PET process; (b)

fluorescence enhancement due to the CHEF effect. Reproduced with permission from ref. 74 Copyright 2017, Elsevier.
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Fig. 8 Chemical structure of sensors 7 and 8. Reproduced with permis-
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Yang et al. developed a novel method for Cu®" detection
through the AIE and FRET strategy in an aqueous medium
(Fig. 9 and Table 2).”® The Schiff base sensor 9 exhibited AIE
properties with green emission at 525 nm. In the presence of
Cu*", sensor 9 underwent fluorescence quenching and the limit
of detection was 0.132 uM. However, through the sensor 9-NiR
FRET system, the LOD for Cu®" was reduced to 9.12 nM upon
monitoring emission intensity at 620 nm.

2.8 Excited-state intramolecular proton transfer (ESIPT)

In the ESIPT process, generally, the transfer of protons occurs
from the donor (NH, OH, etc.) to the acceptor (carbonyl,
nitrogen, etc.). ESIPT based sensors generally show two emis-
sion bands, one due to the enol-form, and the other due to the
tautomeric keto-form. Additionally, ESIPT based sensors show
a large Stokes shift, high quantum yield, a low energy gap, etc.
Usually, salicylimine type Schiff bases exhibit the ESIPT phe-
nomenon because of keto-enol tautomerization.*®*°

Quenching

Fem

Nile red

Fig. 9 FRET-based sensing mechanism for Cu?* detection with sensor 9.
Reproduced with permission from ref. 78 Copyright 2019, Elsevier.
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Puri et al. developed Schiff base sensor 10 with AIE proper-
ties for fluorescence-based detection of AI** in methanol
solution.”® On excitation at 360 nm, sensor 10 displayed emis-
sion at 548 nm accompanied by a large Stokes shift (188 nm),
attributed to the ESIPT phenomena. Upon addition of AI** to
the solution of sensor 10, further enhancement in emission
intensity was observed with emission maxima at 476 nm and a
Stokes shift of 116 nm, attributed to metal-template aggrega-
tion (Fig. 10 and Table 2).

2.9 Inner filter effect (IFE)

The inner filter effect is a radiative process where the excitation
and/or emission energy of the probe is absorbed by the absor-
ber in the sensing system. Earlier, it was considered as a source
of error in fluorescence measurements. Nowadays, researchers
have shown more interest in developing IFE-based sensors
because (i) this approach is simple and straightforward, i.e. it
does not require sensor-analyte interaction, and (ii) absorber’s
absorbance change transforms exponentially into emission
change, resulting in increased sensitivity. The basic require-
ment for IFE to act is spectral overlap between the absorber’s
absorbance band and the excitation and/or emission band of
the sensor.>**

Abbasi and Shakir et al. developed IFE-based Schiff base
sensor 11 for Cr (VI) detection in an aqueous medium (Fig. 11A
and Table 2).*° On excitation at 350 nm, sensor 11 showed
emission maxima at 438 nm. Upon addition of Cr(vi), the
fluorescence of sensor 11 was adequately quenched. The sen-
sing mechanism was attributed to IFE, based on the good
overlap between the absorption band of Cr(vi) (centered at
260 nm, 350 nm, and 440 nm) and the excitation band (at
350 nm) and/or emission band (at 438 nm) of sensor 11
(Fig. 11B). The limit of detection for Cr(vi) was 0.175 pM.

2.10 Metal-induced chemical change and C=N isomerization

Sometimes, the interaction of metal ions with the sensor
results in some chemical reaction that changes the chemical
structure of the ligand, resulting in emission change.

Hu et al. developed fluorene-naphthalene-based Schiff base
sensor 12 for AI** and Cr*" detection.®" In CH;CN-H,O (7:3, v/v)
solution, free sensor 12 was weakly emissive (1ex = 305 nm).
In the presence of AI** or Cr’", sensor 12 underwent fluores-
cence enhancement 722 times and 923 times, respectively. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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limit of detection was 0.887 nM and 0.631 nM for AI** and Cr**, C=N to O = C-NH occurred in the presence of AI** or Cr**, and
respectively. The recognition mechanism was a reaction-based then coordination, which resulted in inhibition of C=N iso-

process, wherein first oxidation of the C—=N group of sensor 12 merization and in strong emission (Fig. 12 and Table 2).
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3. Applications
3.1 Metal ion sensors

Some metal ions are very crucial for life such as Fe**, zn**, K,
etc., whereas others such as Hg>*, Pb*>*, Cd*", etc., may cause
serious environmental and health issues." Accordingly, detec-
tion of metal ions present in trace amounts is important.
Recently, fluorescent Schiff base sensors for metal ion detec-
tion have grabbed significant attention because of their sim-
plicity, selectivity, sensitivity, real-time detection, fast response
time, and non-destructive properties. In addition, Schiff bases
are eminent hard bases and have electron-rich oxygen and
nitrogen donor atoms for coordination with metal ions.

(o) 13 C

CO,CH3

Fig. 13 Chemical structure of sensors 13—-28.
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3.1.1 Mg”" sensor. Magnesium is an essential mineral for
human beings, playing several important functions such as
blood pressure regulation, bone development, muscle contrac-
tion, immune system improvement, catalysis of many enzyme-
driven biochemical reactions, acting as a cofactor for many
enzymes, etc.’®> However, both excess intake or deficiency of
magnesium ions results in serious diseases such as Alzheimer’s
disease, hypertension (due to excess intake of magnesium), and
hypocalcemia, diabetes, migraine (due to deficiency of
magnesium).>°*>°” Thus, the detection of magnesium using
fluorescent chemosensors is an interesting area of research.

Wang et al. developed Schiff base 13 as a turn-on sensor for
fluorescence-based detection of Mg>" (Fig. 13 and Table 2).** In
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ethanol solution, sensor 13 displayed weak emission at wave-
length 547 nm (e, = 491 nm). Upon addition of Mg?", sensor 13
displayed a 70-fold increase in fluorescence intensity at 547 nm.
The detection limit was 0.516 uM for Mg”*. Job’s plot showed
1:1 (13/Mg>") stoichiometry and the association constant was
3.33 x 10* M~ as calculated using the Benesi-Hildebrand
equation. The chelation of sensor 13 with Mg”* through oxygen
and nitrogen atoms resulted in blockage of the PET process,
causing fluorescence enhancement through the CHEF effect.

3.1.2 Ca®" sensor. Calcium ions play key roles in human
biology, for example, signal transduction, muscle contraction,
bone formation, etc. However, the abnormal concentration of
calcium ions in the body is an indicator of serious health
problems.**® Excess calcium ion concentration (hypocalcae-
mia) in the body can cause hyperparathyroidism, sarcoidosis,
and cardiac arrhythmias,?*® whereas its deficiency (hypocalcae-
mia) may lead to osteoporosis, vitamin D deficiency, and
hypoparathyroidism.>*® Therefore, the use of fluorescent sen-
sors for Ca®* detection is a topic of immense interest for health
monitoring and diagnostic purpose.

Saleh et al. reported Schiff base sensor 14 as a ratiometric
fluorescent sensor for Ca®>* (Fig. 13 and Table 2).** In HEPES
buffer solution (pH = 7.2), the free sensor showed a broad band
with emission maxima at 545 nm (Ze, = 370 nm). The fluores-
cence titration with Ca** revealed ratiometric fluorescence
change with the simultaneous increase in emission intensity
at 483 nm and decrease in emission intensity at 545 nm. The
limit of detection was 0.3 uM Ca”" and the stoichiometry of the
complex was 1:1 (14 : Ca**). The binding of Ca*>" with sensor 14
at the coordination sites, i.e., OH, C—=N, SH, decreases the ICT
process present in the sensor and results in ratiometric fluores-
cence change.

3.1.3 AP’ sensor®®°7*"?°_ Aluminum is the third most
abundant element (8.3%) in the earth crust after oxygen and
silicon. While aluminum has no biological role, over-exposure
to aluminum may lead to neurotoxicity and Alzheimer’s
disease.>'”?'® AI*" is a hard acid and coordinates well with
hard bases such as oxygen and nitrogen atoms of the Schiff
base ligand.

Wang et al. synthesized an imidazo[2,1-b]thiazole-based
Schiff base (15) as a turn-on sensor for AI** detection (Fig. 13
and Table 2).* In HEPES buffer solution, sensor 15 was almost
non-fluorescent. Upon addition of AI**, the fluorescence spec-
trum of sensor 15 displayed emission enhancement at 488 nm
(Zex = 365 nm) along with a color change of the solution from
colorless to bluish-green (Fig. 14). The complexation stoichio-
metry was 1:1 (15/A1**). The limit of detection and the associa-
tion constant for AI** were 15.0 nM and 7.42 x 10* M,
respectively. The sensing mechanism could be attributed to
inhibition of the PET process and the CHEF effect.

Chang et al synthesized dansyl-based sensor 16 for
fluorescence-based detection of AI’** (Fig. 13 and Table 2).*°
In methanol solution, sensor 16 exhibited weak emission at
550 nm (/e = 316 nm). Fluorescence titration with AI**
a prominent increase in emission intensity accompanied by a
blue shift of the emission maxima from 550 nm to 448 nm

revealed
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Fig. 14 Fluorescence spectrum of sensor 15 in the presence of different
metal ions. Inset: photographs of 15 (L) and 15 + Al** solution under UV
lamp illumination. Reproduced with permission from ref. 84 Copyright
2021, Wiley-VCH GmbH.

(AZghize = 102 nm). Job’s plot revealed the 1:1 (16:AI*") stoi-
chiometry of the complex (Fig. 15A). The association constant
was 9.40 x 10° M~ " and the limit of detection was 14 nM for
AP’". In the "H NMR titration experiment, the presence of a
broad peak at 9.9 ppm and two singlets of the imine protons
suggested AI** coordination at the imine site, thus inhibiting
C—=N isomerization, causing the CHEF effect (Fig. 15B).

Hossain et al. developed coumarin-based Schiff base che-
mosensor 17 for AI** detection (Fig. 13 and Table 2).*® Sensor
17 exhibited high selectivity for AI** among various other metal
ions in DMF-H,O (v/v, 9:1). Upon addition of Al**, sensor 17
underwent a ~34-fold increase in fluorescence intensity at
490 nm (Aex = 390 nm). The stoichiometry of the complex was
1:1 (17:AI*") and the detection limit was 6.7 uM for AI**. The
turn-on fluorescence response of sensor 17 with AI** was
associated with the combined effect of ICT, CHEF, and C—N
isomerization.

Li et al. designed and synthesized chromone-based sensor
18 as a turn-on sensor for AI** (Fig. 13 and Table 2).” In ethanol
solution, sensor 18 showed weak emission in the range of 440-
690 nm. Among various metal ions, sensor 18 underwent 171-
fold fluorescence enhancement with AI** at 502 nm (ley, =
428 nm) and to a lesser extent with Mg>* and Zn**, whereas
other metal ions had an insignificant effect on the fluorescence
spectrum of sensor 18. The limit of detection was 38.7 nM for
AI**. The binding constant was 1.74 x 10° M~ ' and the
stoichiometry of the complex was 1:1 (18:AI**). The turn-on
mechanism could be ascribed to the deactivation of the PET
phenomenon upon chelation of AI** with sensor 18, forming a
rigid system, and causing the CHEF effect.

Li et al. prepared pyrazine-based sensor 19 for fluorescence-
based detection of AI’* (Fig. 13 and Table 2).%® Sensor 19 was
weakly fluorescent with emission at 391 nm (4, = 350 nm) in
ethanol solution. Upon addition of various metal ions, viz. AI*",
Ca2+’ Ba2+, Mg2+, Fes+’ CI'3+, C02+, Cu2+, Ni2+, Pb2+, Hg2+, cd?t
and Zn?*", sensor 19 showed a drastic increase in fluorescence
intensity at 488 nm with AI*" and to a lesser extent with Fe®**

Mater. Adv., 2022, 3, 2612-2669 | 2629
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Fig. 15 (A) Fluorescence titration of sensor 16 with the increasing concentration of A" in CHzOH. (B) *H NMR titration of sensor 16 with the increasing

concentration of Al®*

and Cr*" ions, whereas other metal ions had an insignificant
effect. The binding constant was 1.35 x 10" M~ " as calculated
using the Benesi-Hildebrand equation. The detection limit was
0.1 uM. Job’s plot revealed the 1:1 (19:AI’") stoichiometry of
the complex. The complexation of AI** with sensor 19 caused
the deactivation of the PET process and resulted in turn-on
emission through the CHEF effect.

Liu et al. synthesized chromone-based Schiff base sensor 20
and evaluated it for AI** detection (Fig. 13 and Table 2).*° In
ethanol solution, sensor 20 (4 = 410 nm) was non-fluorescent.
On addition of various metal ions to the solution of sensor 20,
only AI** caused significant (~500-fold) fluorescence enhance-
ment at 480 nm. The association constant of the complex was
1.21 x 10* M~ ! as calculated using the Benesi-Hildebrand
equation. The detection limit was 31.9 nM for AI**. Job’s plot
and ESI mass spectra revealed the 1:1 (20:AI**) stoichiometry
of the complex. The coordination of AI** caused inhibition of
the PET phenomenon and resulted in turn-on fluorescence
through the CHEF effect.

Liu and Yang further synthesized chromone-based Schiff
base sensor 21 for AI** detection (Fig. 13 and Table 2).°° Sensor
21 exhibited high selectivity and sensitivity for AI** detection
among various other metal ions. In ethanol-H,O (v/v, 3:1),
upon addition of AI*, sensor 21 underwent a drastic increase in
fluorescence intensity at 475 nm and 508 nm (/e = 420 nm).
The detection limit was 0.182 uM for AI**. Job’s plot revealed
2:1 (21:AI’") stoichiometry and the association constant was
9.24 x 10° M, Sensor 21 coordinates with Al** through two
nitrogen atoms of azomethine groups forming a 2:1 (21:Al*")
complex, which inhibits the PET process and results in a turn-
on fluorescence response. Sensor 21 also found potential
application in the detection of AI** in solid-state.

Qin and Yang prepared bis-Schiff base sensor 22 for Al
detection (Fig. 13 and Table 2).°! In an aqueous solution, free
sensor 22 was weakly fluorescent with emission maxima at
506 nm (/ex = 389 nm). Among various metal ions, sensor 22
displayed strong fluorescence enhancement only with AI** and
to a lesser extent with Zn**. Fluorescence titration with Al**
showed an increase in fluorescence intensity with a blue shift of

l3+

2630 | Mater. Adv, 2022, 3, 2612-2669

in CD3zOH. Reproduced with permission from ref. 85 Copyright 2015, Elsevier.

the emission maxima from 506 nm to 460 nm (AAgpie = 40 nm).
The detection limit was 0.69 uM for AI**. Job’s plot revealed 1: 1
(22: AI**) stoichiometry and the binding constant was 1.67 x
10* M. The turn-on fluorescence response could be attributed
to the inhibition of the ICT phenomenon due to the chelation
of sensor 22 with AI** through imine nitrogen, the oxygen atom
of the carboxylate group, and the oxygen atom of the phenolic
hydroxyl group.

Qin et al. designed Schiff base sensor 23 for fluorescence-
based detection of AI** (Fig. 13 and Table 2).°> In ethanol
solution, the fluorometric behavior of sensor 23 toward various
metal ions revealed high selectivity only for AI**. The detection
limit was 0.2 uM. The complexation stoichiometry was 1:1
(23:A1’") and the binding constant was 7.54 M '. In the
presence of Al**, sensor 23 underwent a drastic increase in
emission intensity at 420 nm (L., = 363 nm). The sensing
mechanism could be attributed to the inhibition of the PET
phenomenon due to the chelation of the -C=N- group nitro-
gen atom with AI**, causing the CHEF effect.

Ruo et al. synthesized 5,5’-methylenebis(salicylaldehyde)-
based Schiff base sensors 24 and 25 for AI’* detection (Fig. 13
and Table 2).>* In DMSO-H,0 solution, both sensors 24 and 25
are weakly fluorescent with emission at 491 nm and 473 nm,
respectively. Among various metal ions, sensors 24 and 25
displayed a 70-fold and 40-fold increase in fluorescence inten-
sity at 493 nm and 476 nm, respectively, only with AI’*". The
binding constants of sensors 24 and 25 with AI** were 2.01 x
10* M~" and 5.46 x 10° M, respectively, and the stoichiome-
try of the complex was 1:1 (24/25: Al**). The detection limit of
sensors 24 and 25 for AI’** was 14.9 nM and 15.1 nM, respec-
tively. The "H NMR titration experiment revealed that sensors
24 and 25 chelated with AI** through the nitrogen atom of the
imine moiety and the oxygen atom of the hydroxyl group, which
resulted in deactivation of the PET process and fluorescence
enhancement through the CHEF effect.

Shoora et al. synthesized Schiff base sensors 26 and 27 for
fluorescence-based detection of AI** (Fig. 13 and Table 2).°*
Both sensors 26 and 27 are weakly fluorescent in methanol
solution. Among various metal ions, both sensors 26 and 27

© 2022 The Author(s). Published by the Royal Society of Chemistry
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showed strong fluorescence enhancement with A
lesser extent with Zn>" and Cr**, whereas other metal ions had
an insignificant effect. Fluorescence titration of sensors 26 and
27 with AI** revealed an increase in emission intensity at
506 nm (Jex = 410 nm) and 489 nm (A, = 410 nm), respectively.
The increase in fluorescence intensity was associated with a
change in the color of the solution from colorless to blue, which
can be detected by the naked eye under UV lamp illumination.
The detection limit of sensors 26 and 27 for AI** was 47.9 nM and
82.8 nM, respectively. Job’s plot indicated 1:1 (26/27 : AI**) complex
stoichiometry and the stability constant was 1.41 x 10* M~' and
1.59 x 10* M~ for sensors 26 and 27, respectively. The mechanism
of sensing could be ascribed to the CHEF process.

Zhang et al. synthesized Schiff base sensor 28 as a fluores-
cence turn-on sensor for AI’* (Fig. 13 and Table 2).> In ethanol
solution, free sensor 28 was weakly fluorescent with emission at
478 nm (Aex = 394 nm). Among various metal ions, sensor 28
showed 200-fold fluorescence enhancement at 478 nm only
with AI**, whereas other metal ions had an insignificant effect.
The fluorescence change was associated with a change in the
color of the solution from colorless to blue, which can be
detected by the naked eye under UV lamp illumination. The
limit of detection was 4.2 ppm for AI’**. The association
constant was 1.4 x 10" M~ ' and the complex stoichiometry
was 1:1 (28:AI*"). The coordination of AI** with sensor 28
caused the CHEF effect.

Kumar et al. prepared 4-(N,N-diethylamino)salicylaldehyde-
based Schiff base sensor 29 for AI’* detection in DMF
solution.’® Upon the addition of AI**, sensor 29 displayed a
turn-on fluorescence response (cyan color, le, = 481 nm)
toward AI** over other tested metal ions. Sensor 29 binds with
APP" in a 2:1 manner, forming a six coordinated AI**-complex,
and resulting in inhibition of the ICT process and leading to
turn-on emission through the CHEF effect (Fig. 16, 17 and
Table 2).

Wang et al. synthesized tetrastyrene based sensor 30 (AIE-
active) for fluorescence-based detection of AI*" in methanol-
H,O (9:1, v/v) solution (Fig. 18, Table 2).°” The free sensor 30
was weakly fluorescent. With the addition of AI*", the fluores-
cence spectrum of sensor 30 displayed an increase in emission
intensity at 521 nm (4¢ = 334 nm) and a good linear relation-
ship (0-1.8 x 10> M). The binding ratio and the binding
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Fig. 16 Sensing mechanism for Al** detection with sensor 29. Repro-
duced with permission from ref.96 Copyright 2022, Elsevier.
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metal ions under 364 nm UV light illumination. Reproduced with permis-
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Fig. 18 Sensing mechanism for A®" detection with sensor 30. Repro-
duced with permission from ref. 97 Copyright 2021, Elsevier.

constant were 1:1 (30: Al**) and 2.24 x 10* M, respectively.
The sensing mechanism was attributed to inhibition of the PET
process and the CHEF effect. From the 'H NMR titration
experiment, with the addition of AI**, the disappearance of
proton signals at 10.97 ppm (-OH), a slight shift of proton
signals at 12.17 ppm (-CH=—N-), and splitting of proton signals
at 9.10 ppm (-CH=N-) indicated chelation of AI** with the
nitrogen atom of the imine group, the oxygen atom of the
phenol hydroxyl group and the oxygen atom of aldehyde in
sensor 30.

3.1.4 Sn** sensor. Sn(u) is an essential trace mineral for the
human body.”” In our daily life, stannous chloride (SnCl,) is
widely used in food manufacturing and processing, and to
conserve soft drinks. According to the World Health Organiza-
tion, the maximum limit of tin in canned food is 250 pg per kg.
However, tin consumption above 200 pg per kg can damage
living cells and can lead to serious gastrointestinal
problems.>*?°

Kolcu et al. designed and synthesized sensor 31 as a turn-on
sensor for Sn(n) (Fig. 19 and Table 2).°® In DMSO-H,0 (1:1, v/v)
solution, sensor 31 was non-fluorescent due to C—N isomer-
ization and the PET process. However, in the presence of Sn**,
the fluorescence spectrum of sensor 31 displayed a strong
emission band at 460 nm (/e = 320 nm) along with a color
change of the solution from yellow to deep blue under a UV
lamp. The chelation of Sn** with sensor 31 resulted in inhibi-
tion of the PET process and C—N isomerization, resulting in
fluorescence enhancement through the CHEF effect. The com-
plexation stoichiometry was 1:2 (31/Sn®>*) and the binding
constant was 6.8 x 10° M2 The limit of detection was 0.314
uM for Sn>*.

3.1.5 Cr*' sensor. Cr*" is an essential micronutrient of our
balanced diet. In the human body, Cr** is involved in various

Mater. Adv,, 2022, 3, 2612-2669 | 2631
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Fig. 19 Chemical structure of sensors 31-45.

processes such as maintaining insulin balance, metabolism of
carbohydrates, proteins and fats, etc. However, excess concen-
tration of Cr’* leads to genotoxic diseases, whereas deficiency
of Cr*" causes cardiovascular diseases and diabetes.**" There-
fore, the development of a fluorescent sensor for Cr** detection
is an interesting field of research.

Chalmardi et al utilized Schiff base sensor 32 for Cr’*
detection (Fig. 19 and Table 2).°° In acetonitrile-water
(95/5%), sensor 32 displayed high selectivity for Cr** over other
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metal ions. In the presence of Cr’*, sensor 32 underwent
fluorescence enhancement at 537 nm (/e = 273 nm). The
complex stoichiometry was 1:1 (32:Cr*"). The binding con-
stant was 8.77 x 10* M™' as calculated using the Benesi-
Hildebrand equation. The limit of detection was 0.22 uM for
Cr*". The sensing mechanism could be ascribed to the blockage
of the PET process due to coordination of Cr** with the imine
moiety and the phenolic hydroxyl group of sensor 32, causing
fluorescence enhancement through the CHEF effect.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The same group further reported another Schiff base sensor
33 for Cr*" detection (Fig. 19 and Table 2).*°° In acetonitrile-
water (95/5%), free sensor 33 was weakly fluorescent. In the
presence of Cr*", sensor 33 showed a rapid turn-on fluorescence
response at 663 nm (1ex = 360 nm). The stoichiometry of the
complex was 1:1 (33:Cr’*) and the association constant was
2.28 x 10° M. The detection limit was 0.13 pM for Cr*". The
mechanism of detection was inhibition of the PET phenom-
enon because of Cr’*" coordination with sensor 33, causing
turn-on fluorescence through the CHEF effect.

3.1.6 Fe’/Fe** sensor’®*>**, Iron is one of the essential
elements and it plays a very significant role in living systems
such as in oxygen uptake, oxygen metabolism, the electron
transfer process, and as a cofactor in various enzymatic reac-
tions. However, an unbalanced concentration of iron in living
systems is connected with serious diseases such as anaemia,
heart failure, cell damage, liver damage, etc. Therefore, detec-
tion of iron is important for monitoring health problems and
illness diagnosis. Though iron exists in Fe** and Fe*" forms,
comparatively Fe®" is more stable and highly studied as an
analyte based on the fluorescent sensor.***

He et al. designed carbazole-based Schiff base 34 as an on-
off sensor for Fe*" detection (Fig. 19 and Table 2)."°' Upon
excitation at 280 nm, the fluorescence spectrum of 34 displayed
emission in the range of 330-520 nm in DMF solution. Sensor
34 exhibited high selectivity for Fe** among various other metal
ions. 60% quenching in fluorescence intensity of sensor 34
was observed with 10 equivalents of Fe*". Job’s plot revealed
1:1 (34/Fe*") complex stoichiometry. The binding constant was
7.98 x 107° M " and the limit of detection was 37.5 nM. The
mechanism of interaction could be attributed to the charge
transfer process (LMCT) from sensor 34 to Fe®*,

Li et al developed quinoline-based sensor 35 for
fluorescence-based detection of Fe*" (Fig. 19 and Table 2).'°>
In an aqueous solution, free sensor 35 was non-fluorescent.
Upon addition of Fe*", sensor 35 underwent a 44-fold increase
in emission intensity at 505 nm (1, = 256 nm). Various other
tested metal ions had insignificant effects on the fluorescence
spectrum of sensor 35. Job’s plot indicated 1:1 (35/Fe**) bind-
ing stoichiometry. The binding constant was 7.22 x 10* M ™"
and the detection limit was 4.8 x 10~® M for Fe*". The
coordination of Fe®" with sensor 35 resulted in blockage of
the PET process and turn-on emission through the CHEF effect.

Santhoshkumar et al. reported naphthalene pyridine-based
Schiff base 36 as a fluorescent sensor for Fe** detection (Fig. 19
and Table 2).'°® Sensor 36 was weakly fluorescent in acetoni-
trile-H,0 (1:1, v/v) solution. In the presence of Fe** (1 =
300 nm), sensor 36 underwent fluorescence enhancement
along with red-shift in emission wavelength from 345 nm to
370 nm. In comparison with other metal ions, sensor 36
exhibited selective fluorescence response with Fe?" only. Job’s
plot indicated 2:1 (36/Fe*") binding stoichiometry and the
binding constant was 5.02 x 10" M~ '. The limit of detection
was 0.15 uM for Fe**. The coordination of Fe*" with sensor 36
through the imine moiety inhibited the ICT process present in
free sensor 36 and caused fluorescence enhancement through

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

the CHEF effect. Sensor 36 found potential application in Fe*"
detection in real samples.

Zhao et al designed phenanthro[9,10-d]imidazole-
coumarin-based Schiff bases 37 and 38 as fluorescent sensors
for Fe*" detection (Fig. 19 and Table 2).'"® In DMF/HEPES
buffer (7:3, v/v) solution, the fluorescence spectrum of free
sensors 37 and 38 displayed emission maxima at 446 nm (Jex =
318 nm) and 426 nm (le = 304 nm), respectively. Among
various metal ions, both sensors 37 and 38 underwent fluores-
cence quenching only with Fe**. The detection limit of sensors
37 and 38 was 4.28 uM and 0.83 uM, respectively, for Fe*".
The binding constant of sensors 37 and 38 with Fe’" was
1.52 x 10° M~ " and 7.69 x 10" M, respectively. The binding
stoichiometry was 1:1 (37/38: Fe*"). The observed fluorescence
quenching could be attributed to electron/energy transfer from
Fe*" to sensors 37 and 38 because of the paramagnetic nature
of Fe*". Both sensors 37 and 38 found potential application in
Fe®* detection in real water samples.

3.1.7 Co®" sensor. Co®" is an essential trace element in the
human body. It is an active center of vitamin B;, and enzymes. It is
also used in lithium-ion batteries, alloys, etc. Co-60 is an important
radioisotope used for gamma ray production and in radioactive
tracer studies.**®*%” However, an increase/decrease in the concen-
tration of cobalt ions from normal in humans and animals causes
adverse effects on the respiratory system and central nervous
system, kidney failure, anaemia, etc.”*® Therefore research on the
development of fluorescent sensors which can selectively and
sensitively coordinate with Co®" is of immense interest.”*’

Zhang et al. synthesized salicylal derived Schiff base sensor
39 for fluorescence-based detection of Co®" (Fig. 19 and
Table 2).'°> Among various metal ions, sensor 39 showed high
selectivity only for Co** in ethanol solution (Fig. 20). Fluores-
cence titration of sensor 39 with Co®" revealed an increase in
emission intensity at 350 nm (lex = 298 nm). The plot of
fluorescence intensity vs the concentration of Co** was linear
in the range of 8.0 x 1077 to 2.0 x 10 ® M. The limit of
detection was 0.782 pM for Co>*. Job’s plot revealed the 1:4
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Fig. 20 Fluorescence response of sensor 39 with different metal ions in
ethanol solution. Reproduced with permission from ref. 105 Copyright
2017, Elsevier.
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(39: Co>") stoichiometry of the complex. "H NMR studies in the
absence and presence of Co>" suggested the involvement of the
nitrogen atom of the N=—C-H group and the phenolic O-H
group in coordination with Co**. Sensor 39 could be used for
Co®" monitoring in environmental systems.

3.1.8 Cu® sensor'0®11114230-236 042" ig an essential trace
dietary element in the human body and participates in various
physiological processes, for example in normal functioning of
the immune system, nervous system and cardiovascular
system.>”**® The unbalanced concentration of Cu®** is asso-
ciated with diseases such as Wilson’s diseases, hypoglycemia,
liver damage, etc. Furthermore, due to excessive use of copper
in industry and agriculture, copper is a major pollutant of the
environment.”*® Thus, development of selective and sensitive
methods for Cu®" detection is a challenging area of research.

Dalbera et al. developed pyrene-based Schiff base sensor 40
for Cu®* detection (Fig. 19 and Table 2)."%® In CH;CN-H,0 (9/1,
v/v), the fluorescence experiment revealed the high selectivity of
sensor 40 towards Cu®* over other metal ions, viz. K*, Na*, Ni**,
Pb>", Hg*", Zn*", AI**, Co®", and Fe**. Upon gradual addition of
Cu**, sensor 40 underwent a 93% decrease in emission inten-
sity at 429 nm (lex = 384 nm). The fluorescence quenching
could be ascribed to the reduction of n-conjugation in sensor 40
upon coordination with Cu®*, because of sensor 40 to metal
charge transfer (LMCT). Job’s plot indicated 2:2 (40:Cu®")
stoichiometry and the detection limit was 0.503 pM for Cu>".
The quenching constant as calculated using the Stern-Volmer
equation was 1.38 x 10° M~ ". The binding constant as obtained
using the Benesi-Hildebrand equation was 5.65 x 10> M™%
Sensor 40 also found potential application in Cu** detection in
real water samples such as tap water and drinking water.

Carlos et al. prepared fluorene-based Schiff base sensor 41
and utilized it for metal ion detection in DMSO solutions
(Fig. 19 and Table 2)."®” Among various metal ions, sensor 41
exhibited significant fluorescence quenching at 307 nm (Aex =
278 nm) with Cu®". The stoichiometry of the complex was 2:1
(Cu**/41). The Stern-Volmer constant (Ky,) and the binding
constant of sensor 41 with Cu®" were 2.26 x 10> M~ and 1.74
x 10"* M, respectively. The detection limit was 0.037 uM for
Cu*". The coordination of one Cu®" through the imine group as
well as the nitrogen atom of the amide group and the second
Cu”* through the pyridine ring nitrogen atom as well as oxygen
atoms from solvent molecules facilitated electron transfer from
Cu”" to sensor 41 and resulted in fluorescence quenching.

Fu et al. synthesized Schiff base sensor 42 using diarylethene
and the 1,8-naphthalimide unit (Fig. 19 and Table 2).'%
In acetonitrile solution, sensor 42 showed significant fluores-
cence and color change with Cu®>" in comparison with other metal
ions. Sensor 42 underwent fluorescence quenching at 542 nm
(Aex = 296 nm) with Cu®* and the color of the solution changed
from bright green to dark. Job’s plot and the mass spectrum
revealed 1:1 (42/Cu®") stoichiometry. The binding constant
was 3.13 x 10" M~ ' as calculated using the modified Benesi-
Hildebrand equation. The limit of detection was 2.4 pM.

Kumar et al. reported naphthylamine and benzyl-derived
sensor 43 for Cu*" detection (Fig. 19 and Table 2)."°° In CH;CN/
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H,O (1:1, v/v) solution, the fluorescence spectrum of sensor 43
displayed emission at 435 nm (4ex = 310 nm). Upon addition of
Cu*", sensor 43 underwent a decrease in fluorescence intensity
associated with the blue shift of the emission maxima from
435 nm to 410 nm. The plot of fluorescence intensity ratio vs
the concentration of Cu>* was linear in the range of 5 x 107> to 3
x 10~* M. The detection limit was 10~> M. The Stern-Volmer
constant (Ky,) was 1.1 x 10* M~ ", The binding constant was log =
6.4. The stoichiometry of the complex was 1: 2 (43/Cu®"). One Cu**
coordinates with the nitrogen atom of the imine moiety and the
second Cu®" binds to benzyl rings through cation—n interaction.

Moghadam et al. designed fluorene-based Schiff base sensor
44 and utilized it for fluorescence-based detection of Cu** (Fig. 19
and Table 2)."'° Sensor 44 was non-fluorescent in acetonitrile
solution. In the presence of Cu®’, sensor 44 showed strong
fluorescence enhancement at 369 nm (/e = 340 nm). The binding
constant was 2.84 x 10° M~ ' as calculated using the Benesi-
Hildebrand equation. The limit of detection was 1.54 nM for Cu®".
Job’s plot revealed 1:1 (44/Cu®") stoichiometry. The chelation of
sensor 44 with Cu®" resulted in the formation of a more rigid
system because of blocking of the ICT process and restriction in
C—=N isomerization, causing turn-on emission through the CHEF
effect. Sensor 44 found practical application in the detection of
copper in electroplating wastewater.

Torawane et al. prepared Schiff base sensor 45 as a turn-off
sensor for Cu®>" detection (Fig. 19 and Table 2).'"' Among
various tested metal ions, sensor 45 underwent instant fluores-
cence quenching only with Cu®* at emission wavelength
554 nm (le, = 386 nm) in an aqueous solution. The detection
limit of sensor 45 was 0.35 puM for Cu?'. The association
constant was 2.67 x 10° M ' as determined using the non-
linear curve fitting method and the binding stoichiometry was
1:1 (45/Cu®*). The mechanism of sensing could be ascribed to
the excited state electron transfer from sensor 45 to Cu®",

Wang et al. synthesized imidazole- and benzimidazole-based
Schiff base sensors 46 and 47, respectively, for Cu** detection
(Fig. 22 and Table 2).""* In DMF solution, sensors 46 and 47
displayed emission at wavelength 411 nm and 416 nm, respec-
tively. Both sensors 46 and 47 exhibited specificity for Cu** over
other tested metal ions and underwent fluorescence enhance-
ment with Cu>*. The detection limit of Sensor 47 was 1 nM for
Cu**. The coordination of Cu** with sensors 46 and 47 through
the -C=N- group and the imidazole ring resulted in the
formation of a rigid structure and caused fluorescence
enhancement through the CHEF effect. On comparison, sensor
47 was found to be more selective than sensor 46 for Cu®*
because of its large conjugated rigid structure.

Yin et al. designed carbazole-based Schiff base sensor 48 for
fluorescence-based detection of Cu®' in acetonitrile solution
(Fig. 22 and Table 2)."** On excitation at 298 nm, sensor 48
displayed weak emission at wavelength 335 nm and 381 nm.
Among various tested metal ions, sensor 48 showed strong
fluorescence enhancement only with Cu**. On gradual addition
of an increasing concentration of Cu*, sensor 48 displayed an
increase in fluorescence intensity at 450 nm and reached a
plateau after the addition of 6 equivalents of Cu®*. The binding

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Chemical structure of Schiff base 49 and the sensing mechanism
of Cu?* with 49-PMO. Reproduced with permission from ref.114 Copyright
2021, Wiley.

constant (K,) was 1.26 x 10°° M~ " and the binding stoichiometry
was 1:1 (48/Cu®"). The detection limit was 27.4 nM for Cu®>*. The
sensing mechanism could be ascribed to the coordination of Cu®*
with sensor 48 through the diaminomalenonitrile unit, causing
inhibition of the ICT process and C—=N isomerization, resulting
in fluorescence enhancement.

Gao et al. incorporated Schiff base-based sensor 49 into the
pore of periodic mesoporous organosilica (49-PMO) for
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fluorescence-based detection of Cu®* (Fig. 21 and Table 2)."**
Upon the addition of Cu**, the fluorescence spectrum of 49-
PMO revealed fluorescence quenching, and the detection limit
was 0.67 uM for Cu*". The sensing mechanism was attributed to
ligand to metal charge transfer (LMCT).

3.1.9 Zn** sensor***?**, Zinc is an essential trace element,
involved in several important functions in the human body such
as metabolism of RNA and DNA, cell apoptosis, reproduction,
immune system function, protein metabolism, etc.>*® Deficiency
of zinc results in serious diseases such as growth retardation, a
weak immune system, Parkinson’s disease, Alzheimer’s disease,
etc. On the other hand, excess intake of zinc may lead to health
problems.?*¢™2*8 In addition, zinc is an important pollutant of the
environment, having toxic effects on aquatic microorganisms,
plants, and invertebrates. Therefore, environmental monitoring
and detection of zinc in a biological system constitute an inter-
esting and challenging field of research.

Zhu et al. developed 2-hydroxy-1-naphthaldehyde and 2-
benzylthio-ethanamine based Schiff base sensor 50 for Zn>*
detection (Fig. 22 and Table 2).'** In ethanol/HEPES buffer
(95/5, v/v) solution, sensor 50 hardly displayed detectable
fluorescence (Aem = 450 nm, A = 242 nm). Among various
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Fig. 22 Chemical structure of sensors 46—62.
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tested metal ions, sensor 50 displayed superb fluorescence
enhancement (19-fold) only with Zn®*. The binding stoichio-
metric ratio was 2:1 (50:Zn") and the binding constant was
85.7 M 2. The detection limit of sensor 50 was 0.5034 uM. The
sensing mechanism could be attributed to (i) restriction in
rotation of the C=N group, (ii) blockage of the PET process,
and (iii) Zn>* induced disaggregation of sensor 50.

Kumar et al. synthesized diaminobenzidine-based Schiff
base sensor 51 for Zn*" detection (Fig. 22 and Table 2)."*® In
DMF solution, sensor 51 displayed selective fluorescence
enhancement only with Zn>* over various other competing
metal ions such as Cd**, Ni**, Co**, Cu®*', Mn**, Fe*", and
AI**. Fluorescence titration of sensor 51 with Zn>* showed a
progressive increase in emission intensity at 509 nm (lex =
430 nm). The detection limit was 8.6 nM for Zn>". Job’s plot
revealed 1:1 (51/Zn>") binding stoichiometry and the binding
constant was 7.8 x 10* M~". The chelation of sensor 51 with
Zn** and inhibition of ~-C=N- isomerization upon coordina-
tion with Zn>" resulted in a turn-on fluorescence response
through the CHEF effect.

Qin et al. synthesized coumarin-based Schiff base 52 as a
two-photon fluorescent sensor for Zn>" detection (Fig. 22 and
Table 2).""” On excitation at 380 nm, sensor 52 displayed weak
emission at 500 nm in DMF-H,0 (9:1, v/v) solution. Fluores-
cence titration of sensor 52 with Zn** showed a gradual
increase in fluorescence intensity at 500 nm which reached a
plateau after the addition of 0.5 equivalent of Zn**. The binding
stoichiometry was 2:1 (52/Zn*") and the binding constant
(logK) was 6.04. The limit of detection was 2.59 uM for Zn*".
The sensing mechanism could be ascribed to the inhibition of
the PET process and restriction in -C—N- isomerization upon
coordination of Zn>* with sensor 52.

Yan et al. developed Schiff base sensor 53 for Zn>" detection
in ethanol solution (Fig. 22 and Table 2)."'® Among various
metal ions under investigation, sensor 53 underwent strong
fluorescence enhancement at 498 nm (/e = 430 nm) only with
Zn*". The stoichiometry of the complex was 1:1 (53/Zn>*) and
the detection limit was 0.173 pM for Zn?®'. The association
constant (K,) was 2.0 x 10* M~ " as calculated using the Benesi-
Hildebrand equation. The complexation of Zn** with sensor 53
makes the system more rigid by inhibiting the PET process and
C—=N isomerization, resulting in fluorescence enhancement
through the CHEF effect.

3.1.10 Ag" sensor. Ag" is a heavy metal ion and has been
widely utilized in various industrial processes such as photo-
graphy, batteries, and electrical industries. However, intake of Ag"
directly/indirectly from industrial waste has a toxic impact on living
beings. Thus, detection of Ag" is important, which is challenging.
Recently, thiophene appended cyclotriphosphagene-based sensor
54 has been developed for Ag" detection (Fig. 23 and Table 2)."*
Sensor 54 showed a turn-on fluorescence response toward Ag* over
other competitive metal ions. The coordination of sensor 54 with
Ag' in a 1:1 manner resulted in inhibition of the PET process and
the CHEF effect. The LOD was 3.15 uM for Ag'. Interestingly, sensor
54 found practical application in the determination of Ag" in real
samples.
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Fig. 23 Sensing mechanism of Ag* with sensor 54. Reproduced with
permission from ref.119 Copyright 2021, Wiley-VCH GmbH, Weinheim.

3.1.11 Hg** sensor’****°, Among heavy metal ions, mer-
cury has an extremely toxic impact on living beings and the
environment. Exposure to Hg>" can lead to liver, kidney, and
brain damage, neurological problems, etc. The main sources of
mercury contamination are industry and mining activities.
Therefore, the detection of mercury in biological systems and
the environment is important. Because of the high affinity of
mercury for sulfur, chelating agents such as 2,3-dimercapto-1-
propanesulfonic acid (DMPS) and dimercaptosuccinic acid
(DMSA) have been used for treating acute mercury poisoning.>**
Generally, most of the sensors for mercury ion detection
contain sulfur, pyridine, thymine, and quinoline groups as
binding sites.

Lei et al. synthesized thiosemicarbazone-based Schiff base
55 as an on-off sensor for Hg** detection in DMSO-buffered
water (9/1, v/v) (Fig. 22 and Table 2)."*° Among various metal
ions, the fluorescence spectrum of sensor 55 displayed dra-
matic fluorescence quenching only with Hg®" and to a lesser
extent with Cu®*, whereas other metal ions had an insignificant
effect on the fluorescence spectrum of sensor 55. Upon addi-
tion of Hg”*, the color of the solution of sensor 55 changed
from colorless to light yellow and from yellow-green to light red
under natural light and UV lamp illumination, respectively.
Fluorescence titration of sensor 55 with Hg>" revealed a
decrease in emission intensity at 500 nm (e, = 365 nm) along
with a red-shift of the emission wavelength by 50 nm. The
detection limit was 0.907 pM for Hg>". Job’s plot revealed 1:2
(55/Hg>") complex stoichiometry. The complexation constant
was 2.51 x 10° M " as calculated using the Benesi-Hildebrand
equation. The downfield shift of protons of the thiosemicarba-
zone moiety and the low field shift of protons of the benzoqui-
noxaline moiety in the "H NMR titration experiment suggested
the involvement of the thiosemicarbazide group and the imine
group in coordination with Hg>".

Singhal et al. designed thiophene-based Schiff base 56 as a
turn-on sensor for Hg>" detection (Fig. 22 and Table 2)."*
Sensor 56 was weakly fluorescent in methanol/H,O (8:2, v/v)
solution. On excitation at 365 nm, sensor 56 showed a turn-on
fluorescence response at 503 nm with Hg>*, whereas other
tested metal ions had an insignificant effect. The complexation
of Hg”" with sensor 56 caused fluorescence enhancement
through the CHEF effect. The binding constant as calculated

© 2022 The Author(s). Published by the Royal Society of Chemistry
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using Hill’s method was log = 13.36 and the limit of detection
was 20 uM for Hg**. The job’s plot and "H NMR titration
experiment revealed 2:1 (56/Hg>") binding stoichiometry.

Su et al. reported benzophenone and aminobenzenethiol
based Schiff base sensor 57 for Hg>" detection (Fig. 22 and
Table 2)."*> In the CH;CN-H,O (9/1, v/v) mixture, sensor 57
displayed weak fluorescence at 415 nm (lex = 349 nm). In the
presence of Hg>", sensor 57 showed an increase in fluorescence
intensity at 415 nm along with the formation of a new emission
band at 473 nm. The sensing mechanism could be attributed to
the inhibition of the ESIPT process and C—N isomerization
due to the coordination of Hg>* with sensor 57 through the
nitrogen atom and the sulfur atom of the imine group and the
thiophenol moiety, respectively, forming a five-membered ring
structure. The complex stoichiometry was 2:1 (57/Hg”") and
the association constant was 4.48 x 10° M~ " as obtained from
the Benesi-Hildebrand method. The limit of detection for Hg>"
was 22.68 nM.

Tekuri et al. synthesized pyrene-based Schiff base chemodo-
simeters 58, 59, and 60 for Hg>* detection in aqueous medium
(Fig. 22 and Table 2)."**> Among sensors 58, 59, and 60, only
sensor 58 displayed high selectivity for Hg>* over other tested
metal ions. Fluorescence titration of sensor 58 with Hg”*
exhibited an increase in fluorescence intensity at 417 nm
(4ex = 355 nm). The binding constant was 5.8 x 107> M " and
the complex stoichiometry was 2:1 (58/Hg>"). The limit of
detection was 0.270 uM for Hg>*. The sensing mechanism
could be ascribed to the Hg>* induced hydrolysis of sensor 58
resulting in the formation of more fluorescent pyrene carbox-
yaldehyde molecules.

3.1.12 Cd*" sensor*>'?**?°>2%3  Cadmium is an extremely
hazardous metal ion that is widely utilized in industrial pro-
cesses, for example in electroplating, fabrication of batteries,
etc. Human exposure to Cd** may occur through industrial
discharge and excessive use of fertilizers. Inside the human
body, Cd** may damage the respiratory system, liver, kidney,
etc.'! Therefore, detection of cadmium ions in biological fluids
(such as blood samples and urine samples) and in real samples
(such as water and food) is important for early identification of
cadmium poisoning.

Wan et al. utilized quinoline-based Schiff base sensor 61 for
Cd** detection (Fig. 22 and Table 2)."** In 10% methanol
solutions, sensor 61 displayed high selectivity only for Cd>*
among various other metal ions. In the presence of Cd>", sensor
61 showed a 40 times increase in fluorescence intensity at
425 nm (Zex = 246 nm). The limit of detection was 2.7 nM for
Cd*". Job’s plot revealed 1:1 (61: Cd**) stoichiometry. "H NMR
analysis of sensor 61 in the presence and absence of Cd**
demonstrated the participation of -C—=N-, quinoline, the nitro-
gen atom of ethylenediamine, and the oxygen atom of ester in
complexation with Cd>".

Mohanasundaram et al. synthesized quinoline-based Schiff
base sensor 62 for Cd** detection (Fig. 22 and Table 2).'** In
CH;3;CN-H,O (8:2, v/v) solution, free sensor 62 showed weak
emission at 510 nm (4., = 380 nm). Among various tested metal
ions, sensor 62 underwent fluorescence enhancement only with
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Cd*" (37-fold) and Zn** (14-fold), whereas other metal ions had
an insignificant effect. Sensor 62 also exhibited color change
from colorless to yellow under UV light illumination. The
binding stoichiometry was 2:1 (62/Cd**) and the association
constant was 1.77 x 10°> M~ ', The limit of detection was 14.8
nM for Cd*". The coordination mechanism of sensor 62 with
Cd>" could be the combined effect of restriction in C=N
isomerization and the CHEF effect. Furthermore, sensor 62
demonstrated potential application in the quantification of
Cd*" in different water samples.

3.2 Multi-metal ion sensors®”2°47264

Nowadays, the development of sensors with multiple ion recog-
nition sites is a challenging and emerging area of interest,
because of the advantages of such systems such as cost
reduction and faster analytical processing.

Hammud et al synthesized Schiff base sensor 63 for
fluorescence-based detection of Ag*, Cu®*, and Fe** in ethanol
solution (Fig. 24 and Table 2)."*® On excitation at 341 nm,
sensor 63 exhibited strong fluorescence at emission wavelength
385 nm. Fluorescence titration of sensor 63 with Ag*, Cu**, and
Fe’" revealed a linear decrease in fluorescence intensity with
the addition of an increasing concentration of these ions. The
detection limit was 0.132 pM, 0.088 uM, and 0.037 uM, respec-
tively, for Ag*, Cu®", and Fe**. The Stern-Volmer constant (Ki,)
value was 9.575 x 10> M ™', 8.273 x 10° M ' and 23.2 x 10° M *
for Ag*, Cu®*, and Fe**, respectively. The stoichiometry of the
complex was 2:1 (63/Ag" or Cu®") and 1:2 (63/Fe*). The
Benesi-Hildebrand plot revealed a binding constant value of
1.4062 x 10° M1, 1.111 x 10> M~ ' and 1.2909 x 10* M~ with
Ag", Cu”™", and Fe*, respectively. The mechanism of fluores-
cence quenching could be attributed to the initiation of the PET
process upon binding with metal ions. Sensor 63 found analy-
tical application in the detection of Ag", Cu**, and Fe®" in real
water samples.

Saleem et al. developed triazole-based Schiff base sensor 64
for fluorescence-based detection of Co>', Cu®>", and Hg*"
(Fig. 24 and Table 2)."*” In THF/water (6 : 4, v/v) solution, sensor
64 displayed emission at 622 nm (Zex = 259 nm). Among various
metal ions, sensor 64 exhibited strong fluorescence quenching
only with Hg** and to a lesser extent with Co®* and Cu*",
whereas other metal ions had an insignificant effect. The
quenching constant (Ky,) value was 9.25 x 107, 1.829 x 107
and 1.14 x 10" M~ for Co>", Cu®", and Hg>", respectively. The
association constant value was 1.52 x 10° M™%, 5.47 x 10'!
M1, and 1.16 x 108 M~ for Co**, Cu®", and Hg*", respectively.
The limit of detection was 3.26 nM, 89.1 pM, and 0.387 nM for
Co**, Cu®', and Hg*", respectively. The stoichiometry of the
complex was 1:1 (64:Co>"/Cu®/Hg>"). The heavy metal ion
effect and paramagnetic behavior triggered non-radiative decay
could be responsible for the observed fluorescence quenching.

Sie et al. synthesized Schiff base sensor 65 for fluorometric
and colorimetric detection of Co®>*, Cu®**, and Hg”" (Fig. 24, 25
and Table 2)."*® In DMSO-H,0 (9:1, v/v) solution, sensor 65
exhibited emission at wavelength 540 nm (/ex = 460 nm). The
fluorescence titration of sensor 65 with Hg?* showed first a
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Fig. 25 Color change of sensor 65 (host) upon addition of Hg?*, Co?*,
and Cu?* (5 equiv.): (A) naked eye detectable color change; (B) under UV
light illumination. Reproduced with permission from ref. 128 Copyright
2017, Royal Society of Chemistry.

decrease (4-12 uM), then an increase (16-40 uM), and again a
gradual decrease (60-800 puM) in emission intensity with the
addition of an increasing concentration of Hg>*. Coordination
and desulfurization could be the possible mechanism of the
observed fluorescence change of sensor 65 with Hg*". Upon
addition of an increasing concentration of Co*>* or Cu®", sensor
65 showed a decrease in emission intensity at 540 nm. The
disruption of the intramolecular H-bond in the presence of

2638 | Mater. Adv, 2022, 3, 2612-2669
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Co** or Cu®" could be responsible for the observed fluorescence
quenching. The association constant was 3.52 x 10° M, 5.69
x 10°M ™", and 1.85 x 10* M~} respectively, for Co>*, Cu®", and
Hg>". The stoichiometry of the complex was 1:1 (65 : Co>*/Cu>"/
Hg"). The limit of detection was 0.007 ppb, 0.29 ppb, and 0.20
ppb, respectively, for Co®*, Cu®*, and Hg>*. Sensor 65 showed
potential for Co>*, Cu®>", and Hg*" detection in real water
samples.

Simon et al. developed pyrene-based Schiff base 66 as an off-
on sensor for A, Cr**, and Fe*" in acetonitrile solution (Fig. 24
and Table 2)."*° Among various metal ions, sensor 66 showed
turn-on fluorescence response only with trivalent metal ions
such as AI**, Cr*", and Fe** along with red-shift of the emission
maxima from 417 nm to 500 nm (Zex = 355 nm). The complexa-
tion stoichiometry was 2:1 (66 : AI>*/Cr*'/Fe®"). The association
constant value was 2.26 x 10° M2, 2.24 x 10° M~? and 2.25 X
10° M2 for AI**, Cr**, and Fe*" ions, respectively. The detection
limits were 0.117 uM, 0.111 pM, and 0.106 uM for AI**, Cr’*,
and Fe’’, respectively. The turn-on sensing mechanism was
explained by means of excimer formation and the PET process.
Sensor 66 found application in AI**, Cr**, and Fe** detection in
living cells.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma01175h

Open Access Article. Published on 17 February 2022. Downloaded on 12/5/2025 7:29:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Tang et al. synthesized rhodamine B derivative-based Schiff
base sensor 67 for Zn>", Fe®", and Cu** (Fig. 24 and Table 2)."*°
In ethanol solution, sensor 67 displayed fluorescence enhance-
ment (Aex = 510 nm) at 572 nm (125-fold) and at 580 nm (150-
fold) along with a change in the fluorescence color of the
solution from colorless to orange with Zn>" and from colorless
to red with Fe*", respectively, whereas other metal ions had an
insignificant effect (Fig. 26A and B). In ethanol-H,O (1:1, v/v)
solution, sensor 67 behaved as a colorimetric sensor for Cu*"
with a naked-eye detectable color change of the solution from
colorless to pink. Job’s plot revealed a complexation ratioof 1:1
(67/Zn>"), 2:1 (67/Fe**) and 1:1 (67/Cu”"). The binding con-
stant was 1.53 x 10° M™%, 4.57 x 10" M~ ' and 2.62 x 10> M~!
for Zn>*, Fe**, and Cu*", respectively. The detection limit was
0.664 pM, 0.212 pM and 82.7 nM for Zn*", Fe**, and Cu*",
respectively. The turn-on response could be attributed to the
opening of the lactam ring of sensor 67 upon binding with Zn**
and Fe*’, leading to the formation of a more conjugated
system. However, in the case of Cu®*, the naked-eye detectable
color change could be due to electron transfer from Cu®" to
sensor 67. Sensor 67 found application in Zn**, Fe**, and Cu®>*
detection in real water samples and in the fluorescence ima-
ging of Fe** in biological cells.

Zhang et al. developed Schiff base sensor 68 for colorimetric
and fluorometric detection of Cu®>*, Hg*", and Ag" (Fig. 24 and
Table 2)."*" In DMSO-H,0 (1: 1, v/v) solution, sensor 68 showed
emission maxima at 527 nm (1., = 310 nm). In the presence of
Cu®*, Hg*", and Ag", sensor 68 displayed fluorescence quench-
ing along with a red-shift of the emission maxima from 527 to
550 nm. The binding ratio was 1:2 (68:Cu*'/Hg*'/Ag"). The
plot of fluorescence intensity ratio vs the concentration of Cu**,
Hg>", and Ag" revealed a good linear range between 0 and 20
uM. The detection limit was 64.8 uM, 52.7 uM, and 63.7 uM for
Cu*", Hg*", and Ag", respectively. The association constant
value was 1.64 x 10° M™%, 9.27 x 10* M™%, and 1.37 x 10°
M for Cu*", Hg?", and Ag", respectively, as calculated using
the Benesi-Hildebrand equation. From the FT-IR spectra of
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complexes [68-Cu®'], [68-Hg>'], and [68-Ag'], a new band at
3462, 3427, and 3437 cm™ ', respectively, and the low-frequency
shift of vc—y and vc_, the high-frequency shift of the v o
stretching band, and disappearance of the Jo_; band indicated
coordination of Cu®**, Hg**, and Ag" with sensor 68 through the
nitrogen atom of the imine group, the sulfur atom of thiol and
the oxygen atom of the phenolic hydroxyl group.

Zhu et al. developed Schiff base sensor 69 for Fe**, Fe** and
Cu®" detection in DMF solution (Fig. 24 and Table 2)."** Among
various metal ions, sensor 69 showed selectivity only for Fe>",
Fe’’, and Cu”" and naked eye detectable color change from
colorless to yellow with Cu** and colorless to light brown with
Fe** and Fe**, and fluorescence color change from purple to
colorless with Fe*", Fe**, and Cu®" under UV light. On excitation
at 341 nm, sensor 69 displayed emission at wavelength 393 nm.
In the presence of Fe**, Fe*", and Cu®", sensor 69 underwent
fluorescence quenching (~98% with Fe** and Fe*" and ~92%
with Cu®"). The fluorescence quenching mechanism could be
attributed to the CHEQ effect of paramagnetic Fe®*, Fe®",
and Cu®>'. The detection limit was 2.06 pM, 2.17 uM,
and 2.48 uM for Fe**, Fe**, and Cu®’, respectively. Job’s plot
revealed 1:1 (69:Fe*"/Fe’*/Cu®") stoichiometry. The associa-
tion constant value was 3.61 x 10° M, 3.82 x 10° M}, and
3.93 x 10° M for Fe**, Fe**, and Cu®’, respectively.

Xue et al. developed rhodamine-chromone-based Schiff base
sensor 70 for Zn>* and Fe** detection (Fig. 24 and Table 2)."** In
ethanol-HEPES buffer (9: 1, v/v) solution, sensor 70 showed 66-
fold fluorescence enhancement at 490 nm (Aex = 420 nm) with
Zn*" over other tested metal ions. In contrast, in DMSO-ethanol
(2/3, v/v) solution, sensor 70 exhibited 51-fold fluorescence
enhancement at 583 nm (., = 520 nm) with Fe** over other
metal ions. The fluorescence responses of sensor 70 with Zn**
could be due to inhibition of the PET process and the CHEF
effect. The fluorescence enhancement at 583 nm could be due
to the opening of the spirolactam ring of rhodamine upon
coordination with Fe**. The complexation stoichiometry was
1:1 (70:2Zn*"/Fe*"). The limit of detection was 0.134 uM and

2+ Fe3t 2+
Mg Co2t Fe3* Mn N2t

- ) /n*

Fg*

Ca?

I3* Ba?* op3+ Agt K

Fig. 26 Fluorescence change of sensor 67 in the presence of various tested metal ions: (A) emission spectrum; (B) visible color change under 365 nm UV
lamp irradiation. Reproduced with permission from ref. 130 Copyright 2017, Elsevier.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 27 Photographs of test strips coated with sensor 70 and after
addition of different metal ions under 365 nm UV lamp irradiation.
Reproduced with permission from ref. 133 Copyright 2019, Elsevier.

0.139 uM for Zn>* and Fe’”, respectively. The binding constant
was 5.82 x 10* M~! and 5.85 x 10* M~ ! for Zn*" and Fe*',
respectively. A test strip coated with sensor 70 displayed yellow-
green color with Zn>" and pink color with AI**, demonstrating
the application of sensor 70 as a solid-state sensor (Fig. 27).

Lee et al developed salicylaldehyde- and fluorene-based
Schiff base sensor 71 for fluorescence-based detection of Zn>*
and Ga®* (Fig. 24 and Table 2)."** In acetonitrile solution, free
sensor 71 was weakly fluorescent. Compared with other tested
metal ions, sensor 71 (Zex = 300 nm) exhibited fluorescence
enhancement with Zn** and Ga®" at 460 nm and 434 nm,
respectively. The binding ratio was 1:1 (71:Zn**/Ga’"). The
binding constant was 7.0 x 10* M~ " and 1.0 x 10* M~ for Zn**
and Ga*" ions, respectively. The limit of detection was 0.32 uM
and 0.01 uM for Zn®* and Ga®", respectively. The turn-on
fluorescence response of sensor 71 with Zn*>" and Ga*" could
be due to the suppression of the PET process.

Dong et al. developed quinoline-based Schiff base 72 as a
turn-on sensor for Zn>* and Hg>" (Fig. 24 and Table 2)."*® In the
DMSO-H,0 (1:99, v/v) mixture, sensor 72 showed weak emis-
sion at 473 nm (lex = 350 nm). Among various metal ions,
sensor 72 exhibited turn-on response with red-shift of the
emission maxima from 473 to 539 (Alghire = 57 nm) with
Hg>*, and from 473 to 565 nm (Aldgnig = 92 nm) with Zn**,
whereas other metal ions had an insignificant effect. Under UV
light, sensor 72 displayed color change from colorless to
yellowish-green with Hg?", and from colorless to intense yellow
with Zn** (Fig. 28A and B). Job’s plot indicated 1:1 (72:Hg*"/
Zn>") stoichiometry. The limit of detection was 0.040 uM and
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0.011 uM for Hg>" and Zn®', respectively. The association
constant was 1.41 x 10° M~ " and 1.52 x 10° M~ for Hg*"
and Zn>", respectively. The sensing mechanism could be attrib-
uted to the lowering of the energy gap between HOMO and
LUMO of sensor 72 as well as increased structural rigidity upon
complexation with Hg** and Zn>".

Tajbakhsh et al. developed fluorene-based Schiff base 73 as a
turn-on sensor for AI** and Cr*" (Fig. 24 and Table 2)."*° In
acetonitrile solution, sensor 73 exhibited emission at 536 nm
(Aex = 333 nm). In the presence of AI** or Cr**, sensor 73
displayed fluorescence enhancement at 536 nm. The binding
ratio was 2:1 (73 : AI>*/Cr*") and the binding constant was 5.44
x 10" M~ and 8.33 x 10" M ' for A** and Cr*" ions,
respectively. The detection limit was 0.31 pM and 0.25 pM for
APP" and Cr*", respectively. The chelation of sensor 73 with AI**
and Cr*" resulted in inhibition of C=N isomerization and the
ESIPT process, causing fluorescence enhancement (Fig. 29).

Zhang et al. developed phenylamine-oligothiophene-based
Schiff base sensor 74 for fluorescence-based detection of Cu®*
and Zn*" (Fig. 24 and Table 2).'*” In THF-H,0 (7:3, v/v)
solution, sensor 74 displayed emission at 537 nm (Aex =
385 nm). Compared with other metal ions, sensor 74 exhibited
a turn-off response with Cu** and a turn-on response with Hg>".
Under 365 nm UV light, the fluorescence color of sensor 74
changed from light green to dark green (with Cu®"), and to
bright yellow-green (with Hg>*). The binding stoichiometry
was 1:1 (74:Cu®’/Hg”"). The association constant was
9.40 x 10* M ' and 8.69 x 10* M ' for Cu** and Zn*',
respectively. The detection limit was 70.6 nM and 0.116 uM
for Cu®* and Zn**, respectively. The turn-on fluorescence
response of sensor 74 with Hg>" could be due to inhibition of
the PET process upon coordination and the CHEF effect. The
turn-off fluorescence response of sensor 74 with Cu®* could be
ascribed to paramagnetic characteristics of Cu®" and the ICT
process, resulting in the CHEQ effect (Fig. 30).

Zhu et al. synthesized carbazole-based Schiff base sensors 75
and 76 for Fe** and Cr*" detection in acetonitrile solution
(Fig. 24 and Table 2)."*® Among various metal ions, sensor 75
displayed significant fluorescence enhancement selectively

(B)

Vean  Bm  am B Ay ’l -

Na* Mg?* AP* K* Mn?* Fe?* Fe** Co?* Ni2* Cu?* Zn?* Ga** Cd?* In** Hg?" Pb2* 72

Fig. 28 Fluorescence change of sensor 72 in the absence and presence of different metal ions: (A) emission spectrum; (B) plot of fluorescence intensity
change. Inset: Photographs of sensor 72, 72 + Zn** and 72 + ng+ under 365 nm UV lamp irradiation. Reproduced with permission from ref. 135

Copyright 2017, Royal Society of Chemistry.
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Fig. 29 Sensing mechanism of sensor 73 with Al>*. Reproduced with
permission from ref. 136 Copyright 2018, Elsevier.

with Fe*" and Cr®*, credited to inhibition of the ESIPT process
and C=N isomerization. Sensor 75, without the 0-OH group,
lacks selectivity towards tested metal ions. Fluorescence titra-
tion of sensor 75 with Fe’" and Cr** showed a gradual increase
in fluorescence intensity with the increasing concentration of
Fe**/Cr** at 495 nm (1, = 380 nm) along with red-shift from
495 nm to 502 nm. The detection limit was 4.57 pM and 2.75
uM for Fe*" and Cr**, respectively. The binding stoichiometry
was 2:1 (75 :Fe**/Cr*") and the association constant was 4.67 x
10* M~" and 5.97 x 10* M~" for Fe’" and Cr’*", respectively.

3.3 Schiff-base-metal ion ensembles as a sequential sensor
for ions>®>2°°

Nowadays, researchers are working on the design and synthesis
of Schiff-base-metal ion ensembles as a sequential sensor for
the detection of various analytes, viz. anions, cations, and metal

O M ’l — L

O OH

Fig. 30 Sensing mechanism of sensor 74 for Cu®*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ions. Generally, the interaction of the ensemble with metal ions
results in recovery of the original fluorescence of the Schiff
base, illustrating the reusability of the Schiff base sensor.

Fu et al. developed 8-hydroxyquinoline based Schiff base
sensors 77 and 78 for AI** detection (Fig. 31 and Table 2).*° In
DMSO-H,0 (1:2, v/v) solution, both sensors 77 (lex = 405 nm)
and 78 (lex = 455 nm) are non-fluorescent. In the presence of
AI**, sensors 77 and 78 exhibited a 270-fold and 460-fold
increase in emission intensity at 505 nm and 509 nm, respec-
tively. The complexation of sensor 77 or 78 with AI** inhibited
the ESIPT process and C—N isomerization and resulted in
fluorescence enhancement through the CHEF effect. The bind-
ing constant of sensors 77 and 78 with AI** was 9.40 x 10* M ™"
and the limit of detection was 14.8 nM and 42.3 nM, respec-
tively. The complexation stoichiometry was 1:1 (77/78:Al*").
Further, the 77-AI*" and 78-AI** complexes displayed fluores-
cence quenching selectively with F~. The limit of detection of
the 77-AI** and 78-Al*" complexes was 0.164 pM and 35.8 nM
for F~, respectively. Both sensors 77 and 78 found practical
application in AI*" and F~ detection using filter paper and in
the bioimaging of AI** and F~ in living cells.

Gomathi et al. synthesized benzoxazole appended Schiff
base 79 for fluorescence-based detection of Zn** and PPi
(Fig. 31 and Table 2)."*° In the DMSO-H,O (1:9, v/v, HEPES
buffered) solvent system, sensor 79 showed weak emission
maxima at 525 nm (Jex = 450 nm). On addition of different
metal ions to the solution of sensor 79, no significant change in
the fluorescence spectrum was observed, except for Zn>*
Fluorescence titration of sensor 79 with Zn** displayed a
gradual increase in fluorescence intensity with the addition of
an increasing concentration of Zn>" and saturation was reached
after the addition of 50 uM Zn>*. The binding stoichiometry
was 1:1(79/Zn”") and the binding constant was 4.53 x 10° M~
The detection limit was 0.52 pM for Zn**. Further the sensor
79-Zn** ensemble showed significant fluorescence quenching
selectively with PPi over other ions. The detection limit of the
sensor 79-Zn>" ensemble was 0.58 uM for PPi and the binding
ratio was 1:1. Test strips coated with sensor 79 exhibited a
greenish-yellow color with Zn>" under UV lamp illumination.
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Fig. 31 Chemical structure of chemosensors 77-83.

Sensor 79 was also applied for monitoring intracellular Zn>" in
HeLa cells.

Qiu et al. synthesized diphenylacrylonitrile- and pyridine-
based Schiff base 80 for fluorescence-based detection of Co>*-
Hg>*-Cu®" sequentially (Fig. 31, 32 and Table 2)."*! In the THF-
H,O0 (1:99) mixture, sensor 80 displayed AIE property and red
fluorescence at emission wavelength 620 nm (Jx = 360 nm).
Compared with various other tested metal ions, sensor 80
exhibited fluorescence quenching with Co®>" and Cu®', and a
slight blue-shift with Ag* and Hg>", whereas other metal ions
had an insignificant effect. From the interference experiment,
the quenched fluorescence of sensor 80 + Co>" could be
recovered with Hg>" addition and quenched again by the
addition of Cu®". The limit of detection was 0.0937 uM,
0.0221 uM, and 0.0988 uM for Co>", Hg”" and Cu”", respectively.
The binding stoichiometry ratio was 2:1 (80: Co>"/Hg>*/Cu®").
The binding constant value was 4.06 x 10" M™%, 2.23 x 10"
M, and 2.87 x 10" M * for Co®", Hg>" and Cu®’, respectively.
In the '"H NMR spectra of sensor 80 + Cu>", the low field shift of
CH=—N protons and the disappearance of OH group protons
suggested the complexation of Cu®>" with sensor 80 through
nitrogen and oxygen atoms. Sensor 80 found application in test
paper detection and bio-imaging of living cells.

2+
l - I I CU2+ I
80+ Co?* 80+ Co?*+ Hg?* 80+ Co?*+ Hg?* +Cu?*
Fig. 32 Photographs of sensor 80 solutions showing sequential detection

of Co**—Hg?*—Cu?* under 365 nm UV light irradiation. Reproduced with
permission from ref. 141 Copyright 2019, Elsevier.
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Xu et al. developed imidazo[2,1-b]thiazole-based Schiff base
sensor 81 for Zn>* and PPi detection (Fig. 31 and Table 2)."** In
ethanol-H,0 buffered (9:1, v/v) solution, sensor 81 showed
turn-on fluorescence only with Zn** as well as a color change of
the solution from colorless to yellow-green under a UV lamp,
whereas other metal ions displayed insignificant change. Upon
gradual addition of an increasing concentration of Zn** to the
solution of sensor 81, the fluorescence intensity increased
gradually with emission maxima at 511 nm (le = 330 nm)
and reached a plateau after the addition of 6 x 107> M
concentration of Zn>*. The binding ratio was 1:1 (81:Zn*")
and the association constant value was 2.2 x 10° M~ ". The
lowest detection limit was 1.2 nM for Zn**. The sensing
mechanism could be credited to snapping of the PET process
and C=N isomerization upon coordination of sensor 81 with
Zn**, leading to turn-on fluorescence through the CHEF pro-
cess. The sensor 81-Zn>" ensemble exhibited fluorescence
quenching selectively with PPi over other tested ions. The
detection limit of the ensemble was 1.9 nM for PPi. Addition-
ally, INHIBIT type logic gates were constructed using the
fluorescence signal of sensor 81 at the molecular level.

Wang et al. synthesized coumarin-based Schiff base 82 and
utilized it as a fluorometric/colorimetric sensor for Cu** and
glutathione detection (Fig. 31 and Table 2)."** In H,0-CH;CN
(1:1, v/v) PBS buffered solution, sensor 82 exhibited emission
maxima at 521 nm (dex = 450 nm). Compared with different
metal ions, sensor 82 underwent selective fluorescence quench-
ing (89.8% quenching) with Cu**, credited to the paramagnetic
nature of Cu®* (Fig. 33A). Further, the 82-Cu®>" ensemble
showed 9.2-fold fluorescence enhancement with glutathione
through the Cu®" displacement approach (Fig. 33B). The lowest
detection limit of sensor 82 for Cu®* and the 82-Cu*" ensemble
for glutathione was 24.0 nM and 0.129 pM, respectively. The
binding constant was 2.63 x 10° M ' for the 2:1 (82/Cu®")

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 33 Fluorescence titration spectrum of (A) sensor 82 with Cu*; (B) 82
+ Cu®* system with GSH. Reproduced with permission from ref. 143
Copyright 2020, Elsevier.

complex. Sensor 82 and the 82-Cu®" ensemble found applica-
tion in the bio-imaging of Cu®* and glutathione, respectively, in
living cells and zebrafish.

Patra et al. synthesized hydroxycoumarin-pyridylthioether-
based Schiff base 83 for fluorescence-based detection of Zn**
and ATP (Fig. 31 and Table 2)."** In methanol-water (3:1, v/v)
solution, sensor 83 exhibited poor yellow emission at 555 nm
(Aex = 315 nm), assigned to activation of the ESIPT and
PET processes. In the presence of Zn>*, sensor 83 displayed
~240 times enhancement in fluorescence along with the blue
shift of the emission maxima from 555 nm to 512 nm, credited
to inhibition of the ESIPT and PET processes and the CHEF
effect. The binding constant was 6.49 x 10* M~ " for 1:1 (83/
Zn>") stoichiometry. Additionally, the 83-Zn>* ensemble
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displayed fluorescence quenching selectively with ATP, com-
pared with other anions. The detection limit of sensor 83
and the 83-Zn** ensemble for Zn>" and ATP was 0.078 pM
and 6.6 pM, respectively. Sensor 83 demonstrated applica-
tion in bio-imaging and intracellular Zn>* detection in RAW
264.7 cells.

Mehta et al. synthesized rhodamine-based Schiff base 84 as
a fluorometric sensor for AI** detection in an aqueous medium
(Fig. 34 and Table 2)."** Upon addition of various metal ions to
the solution of sensor 84, turn-on emission with emission
maxima at 588 nm (L. = 350 nm) was observed only with AI**
along with the color change of the solution from colorless to
bright pink under UV light. Further, the addition of cyanide
ions into the solution of the 84-Al*" ensemble resulted in
fluorescence quenching at 588 nm. The limit of detection
of sensor 84 and the 84-AI*" ensemble for AI’* and CN~ was
1.68 uM and 0.815 puM, respectively. The binding constant was
3.98 mM~" for a 1:1 (84/AI’") binding ratio. The sensing
mechanism could be attributed to AI*" induced hydrolysis of
sensor 84, forming the free -CHO group, and the further
nucleophilic attack of CN™ on the free -CHO group of the
ensemble resulting in the removal of AI** and closing of the
spirolactam ring by the charge transfer process. Sensor 84
found application in AI** detection in A549 cells.

Kaur et al synthesized Schiff base sensor 85 for
fluorescence-based detection of Cu** and PO,*~ via the com-
plexation/decomplexation approach (Fig. 35 and Table 2)."*® In

\o

“‘~\AI3+ - H20

- “ ~ O+
l»o

™

Fig. 34 The binding mechanism of A®* and CN™ to sensor 84 and the 84—Al>* complex, respectively. Reproduced with permission from ref. 145

Copyright 2019, Elsevier.
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Fig. 35 The sensing mechanism of sensor 85 for the sequential detection of Cu®* and PO43’. Reproduced with permission from ref. 146 Copyright

2018, Elsevier.
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Fig. 36 Photographs of paper strips showing fluorescence change of
sensor 85 for the sequential detection of Cu?* and PO,>~ under 365 nm
UV light illumination. Reproduced with permission from ref. 146 Copyright
2018, Elsevier.

DMSO-HEPES buffer (4:6, v/v) solution, sensor 85 showed
fluorescence quenching only with Cu®>* over other tested
metal ions. Fluorescence titration of sensor 85 with Cu**
(Zex =338 nm) revealed a continuous decrease in fluorescence
intensity with the addition of an increasing concentration of
Cu?*, which reached stabilization after the addition of 73.0
UM Cu**. The sensing mechanism could be attributed to Cu>*
ion-induced hydrolysis of the imine functionality, forming
the sensor 85-Cu®" complex. Furthermore, the addition of
PO,>” to the 85-Cu®" ensemble solution resulted in turn-on
emission at 422 nm via the decomplexation process. The
detection limit of sensor 85 and the 85-Cu®" ensemble for
Cu** and PO,>” was 2.11 ppb and 31.6 ppb, respectively.
Sensor 85 demonstrated practical application in Cu®** detec-
tion and subsequently PO4*>~ detection using paper strips
(Fig. 36).

Sheet et al. synthesized coumarin-based Schiff base 86 as a
light-up probe for AI** detection (Fig. 37 and Table 2)."*” In 90%
aqueous methanol solution, sensor 86 exhibited weak emission
at 520 nm (/e = 410 nm). Among various metal ions, sensor 86
showed ~7-fold fluorescence enhancement only with AI**
along with the color change from colorless to bright green
under a UV lamp. Fluorescence titration of sensor 86 with Al**
revealed a gradual increase in fluorescence intensity along with
the blue shift of the emission maxima from 520 nm to 510 nm
(Fig. 38). The binding constant was (9.9 & 0.04) x 10> M~" for
the 1:1 (86/A1°") complex. The lowest detection limit was 1.62
uM for AI**, The complexation of AI** with sensor 86 makes the
system more rigid by inhibiting C—=N isomerization, leading to
fluorescence enhancement through the CHEF effect. Addition-
ally, the 86-Al*" ensemble acted like an on-off type fluorescent
sensor for biologically important nucleotides and phosphate

H- O~
A|3+

A|3+

st

Weakly fluorescent

{%:Q\OC Hs

Strongly fluorescent
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ions. Sensor 86 also found application in exogenous AI**
detection in living cells.

3.4 Biomedical applications

3.4.1 Fluorescence imaging®®”?®®, Fluorescence imaging
permits monitoring of various processes in cells, tissues, and
organelles in real-time via fluorescence microscopy. In the
literature, the various instrumental methods for metal ion
detection such as atomic absorption spectrometry, inductively
coupled plasma mass spectrometry, electrochemical voltamme-
try, etc. when applied in live-cell imaging have resulted in cell
damage.>***”® However, fluorescent sensors proved to be an
effective tool for live-cell imaging because of their selective,
sensitive, and rapid operation and ability to provide non-
damaging images of living cells.

Mu et al. developed Schiff base sensor 87 based on carbazole
and the triphenylamine unit for Al** detection (Fig. 39 and
Table 2)."*® In ethanol solution, sensor 87 displayed weak
fluorescence at 455 nm (¢ = 400 nm). Upon gradual addition
of an increasing concentration of Al**, sensor 87 underwent an
increase in fluorescence intensity along with a red-shift of the
emission maxima from 455 nm to 500 nm. The limit of
detection was 63.0 nM for AI**. The stoichiometry of the
complex was 2: 1 (87/AI*"). In "H NMR titration, the appearance
of a new peak at 9.83 ppm upon addition of AI** to the solution
of sensor 87 suggested Schiff base hydrolysis and fluorescence
enhancement through the CHEF effect. Sensor 87 found
potential application in live-cell imaging in living HeLa cells.

Salarvand et al. designed and synthesized Schiff base sensor
88 based on 2-hydroxynaphthalene as an off-on sensor for AI**
detection (Fig. 39 and Table 2).**° In methanol/water (9:1, v/v)
solution, sensor 88 displayed weak emission at 343 nm (Aex =
310 nm). Fluorescence titration of sensor 88 with Al** showed a
gradual increase in fluorescence intensity which reached a
plateau after the addition of one equivalent of AI**. The binding
stoichiometry was 1:1 (88/Al>") and the binding constant was
1.546 x 10° M~ ' as calculated using the Benesi-Hildebrand
equation. The detection limit was 0.64 uM for Al’**. The chela-
tion of sensor 88 with AI** inhibited the ICT process and C=N
isomerization, resulting in fluorescence enhancement through
the CHEF effect. Sensor 88 showed no cytotoxicity to living cells
as evaluated using MTT assay on MCF-7 cell lines and found
potential application in imaging and tracing AI** in living cells.

! H‘o*CHg,

AIR*

j@\ HoPO4/PPi
ise s

Weakly fluorescent

H2PO4 /PPi

Fig. 37 The binding mechanism of A** and H,PO,~/PPi to sensor 86 and 86-A**, respectively. Reproduced with permission from ref. 147 Copyright

2017, Elsevier.
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(A) Fluorescence spectrum of sensor 86 in the absence and presence of different metal ions. Inset: Visible color change of sensor 86 in the

[** ensemble in the absence (left) and presence (right) of different anions.

Inset: visible color change of the sensor 86—Al** ensembile in the absence (left) and presence of PPi ions (right). Reproduced with permission from ref.

147 Copyright 2017, Elsevier.

Saravanan et al. synthesized pyrene-based sensor 89
and utilized it for fluorescence-based detection of Cu®" inside
living cells (Fig. 39 and Table 2)."*° In DMSO-water (1:1, v/v)
solution, sensor 89 displayed weak emission at 463 nm
(Aex = 393 nm). Upon addition of an increasing concentration
of Cu®*, sensor 89 underwent fluorescence enhancement along
with red-shift of the emission maxima from 463 nm to 467 nm.
Job’s plot revealed 1: 1 (89/Cu>") stoichiometry and the associa-
tion constant was 1.16 x 10* M~". The detection limit was
0.26 uM for Cu**. From the DFT calculation, the huge energy
difference (—44637.828 eV) between sensor 89 and the sensor
89-Cu®" (1:1) complex suggested strong coordination of sensor
89 with Cu®". The bioimaging study of sensor 89 in living RAW
264.7 cells showed the good biocompatibility and cell perme-
ability of sensor 89 and proved it to be an excellent biosensor
for Cu®" detection inside living RAW 264.7 cells.

Bhanja et al. developed vanillinyl-based Schiff base 90 and
utilized it for fluorescence-based detection of Zn>* (Fig. 39 and
Table 2)."°" In DMSO-water (3/7, v/v) solution, sensor 90
exhibited turn-on fluorescence response only with Zn** among
various other metal ions studied. The fluorescence titration of
sensor 90 with Zn>" displayed a significant increase in fluores-
cence intensity at 472 nm (lex = 346 nm), which became
saturated after the addition of ~1.1 equivalent of Zn>**. The
binding stoichiometry was 1:1 (90/Zn*") and the binding
constant was 13.22 x 10* M. The detection limit was 0.018
uM for Zn**. The sensing mechanism could be attributed to
Zn** induced deprotonation and the CHEF effect. Sensor 90
found potential application in the examination of Zn*" in living
cells (African Monkey Vero cells) by a fluorescence-based cell
imaging procedure.

Chen et al. synthesized rhodamine-based Schiff base sensors
91, 92, and 93 for fluorescence-based detection of Fe*" (Fig. 39
and Table 2)."*> In ethanol-water (1/1, v/v) solution, all the

© 2022 The Author(s). Published by the Royal Society of Chemistry

three sensors 91, 92, and 93 underwent fluorescence enhance-
ment selectively with Fe®*" over various tested metal ions.
Among sensors 91, 92, and 93, sensor 91 displayed 1.5-fold
higher fluorescence enhancement with Fe*" in comparison
with sensors 92 and 93. The fluorescence titration of sensor
91 with Fe*' displayed a gradual increase in fluorescence
intensity at 584 nm (1, = 545 nm). The complexation stoichio-
metry was 1:1 (91/Fe*") and the binding constant was 7.66 x
10* M. The limit of detection was 28.1 nM for Fe®*. The
sensing mechanism could be attributed to the opening of the
spirolactam ring upon coordination of sensor 91 with Fe®*
through the oxygen and nitrogen atom of benzoylhydrazine
and the oxygen atom of the oxole unit. Sensor 91 found
potential application in Fe** detection in living cells. SMMC-
7721 cells incubated with sensor 91 displayed bright red
fluorescence (lex = 545 nm) upon the addition of Fe**
(Fig. 40a and b).

Feng et al. synthesized coumarin based sensor 94 for Cu**
detection in CH3CN/PBS (1:1, v/v) medium (Fig. 39 and
Table 2)."** On excitation at 450 nm, sensor 94 displayed strong
emission at wavelength 540 nm. On gradual addition of an
increasing concentration of Cu®", sensor 94 underwent fluores-
cence quenching and reached a plateau after the addition of 5
equivalents of Cu®". In the mass spectrum, the intense peak at
m/z = 454.05 due to [94 + Cu®*-H]" suggested 1:1 binding
stoichiometry. Sensor 94 showed good biocompatibility and
low cytotoxicity to MCF cells and A549 cells as determined by
the CCK8 assay. Sensor 94 found potential application in Cu**
detection in real water samples, and in living cells through
confocal microscopy. The A549 cells and MCF-7 cells incubated
with sensor 94 displayed strong fluorescence, and when treated
with Cu®" showed diminished fluorescence (Fig. 41).

Hu et al. reported Schiff base 95 as a two-photon fluorescent
sensor for Cu®" detection (Fig. 39 and Table 2).">* In HEPES
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Fig. 39 Chemical structure of sensors 87-109.

buffer solution, the one-photon fluorescence spectrum of sen-
sor 95 displayed emission at wavelength 516 nm (J.x = 418 nm).
Fluorescence titration of sensor 95 with Cu®*" revealed a
decrease in emission intensity upon the addition of an increas-
ing concentration of Cu®". The detection limit was 0.16 uM for
Cu*". The binding stoichiometry was 2:1 (95/Cu®*") and the
binding constant was 1.02 x 10~> M~ '. The coordination of
sensor 95 with Cu®" through the nitrogen atom of the imine
group and the oxygen atom of the phenolic hydroxyl moiety in a
2:1 (95:Cu®") manner resulted in fluorescence quenching as
confirmed from '"H NMR titration, mass spectra, and DFT
calculations. Sensor 95 found practical application in the two-
photon fluorescence imaging of Cu®" in cellular mitochondria
and in the liver and intestine of larval zebrafish (Fig. 42).
Huang et al. developed isoquinoline-based Schiff base 96 as
a turn-on sensor for AI*" detection (Fig. 39 and Table 2)."** In
ethanol solution, sensor 96 displayed a gradual increase in

2646 | Mater. Adv, 2022, 3, 2612-2669
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fluorescence intensity at 458 nm (lex = 400 nm) with the
addition of an increasing concentration of AI’*. The limit of
detection was 1.11 nM for AI’*. The binding constant was 2.78
x 10° M~ " and the binding stoichiometry was 2 : 1 (96/A1°"). The
sensing mechanism could be attributed to inhibition of the
ESIPT process upon coordination of AI** with sensor 96. Sensor
96 found potential application in the examination of intracel-
lular AI** concentration in cells.

Jiao et al. synthesized Schiff base sensor 97 and utilized it as
a dual emissive ratiometric fluorescent sensor for Hg>* detec-
tion (Fig. 39 and Table 2)."°® In the acetonitrile-water (8:2)
mixture, sensor 97 was weakly emissive with emission at
530 nm (Aex = 440 nm) because of the PET process. The
fluorescence titration of sensor 97 with Hg** showed a 20-fold
increase in fluorescence intensity (530 nm to 490 nm) upon
excitation at 440 nm, and 60-fold fluorescence enhancement
(530 nm to 415 nm) upon excitation at 315 nm. The emission

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 40 Confocal fluorescence images of SMMC-7721 cells incubated
with sensor 91 in the (a) absence and (b) presence of Fe**. Reproduced
with permission from ref. 152 Copyright 2018, Elsevier.

maxima at 490 nm and 415 nm could be attributed to inhibi-
tion of the PET process and hydrolysis of the C=N group
following the addition of Hg>". The detection limit was 1 nM
for Hg>". Sensor 97 displayed potential for Hg>* determination
in living cells at nano-molar concentration through confocal
microscopy. As shown in Fig. 43, MCF-cells stained with sensor
97 when exposed to Hg”" demonstrated green fluorescence
(410-470 nm) and red fluorescence (490-590 nm).

Li et al. reported Schiff base 98 as a turn-on sensor for Zn**
(Fig. 39 and Table 2)."” In buffer solution (ethanol/Tris-HClI,
vlv, 4/1), sensor 98 underwent fluorescence enhancement at
458 nm (lex = 380 nm) with the addition of an increasing
concentration of Zn>" and reached a plateau after the addition
of 4 equivalents of Zn**. The complex stoichiometry was 1:1
(98/Zn>*") and the binding constant was 4.457 x 10°> M *
calculated using the Benesi-Hildebrand equation. The limit of
detection was 1.37 pM for Zn>". The coordination of Zn>" with

Probe 0.5 uM Cu?*

AS549

MCF-7

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sensor 98 through imine nitrogen and the oxygen atom of the
phenolic group makes the system more rigid by inhibiting
C—=N isomerization and the PET process, causing turn-on
fluorescence through the CHEF effect. Sensor 98 found
potential application in Zn>" detection in living cells. The lung
cancer A549 cells treated with sensor 98 exhibited a significant
fluorescence response to Zn>*

Liu et al. synthesized naphthol-based sensors 99, 100, and
101 for AI** detection (Fig. 39 and Table 2)."*® Among sensors
99, 100, and 101, sensor 101 proved to be the best for A"
detection over other tested metal ions in CH;OH/HEPES buffer
(3/7, vIv). Fluorescence titration of sensor 101 with Al** revealed
140-fold fluorescence enhancement at emission wavelength
435 nm (4ex = 350 nm) upon addition of 1.0 equivalent of
AI**. The stoichiometry of the complex was 1:1 (101/AI*") and
the binding constant was 1.01 x 10°> M. The detection limit
was 0.05 uM for AI**. The sensing mechanism could be attrib-
uted to inhibition of C=N isomerization upon coordination of
AP’" with sensor 101 through the nitrogen atom of the imine
group and the oxygen atom of the -OH group, forming two
saturated 5-membered rings and two unsaturated 6-membered
rings, resulting in fluorescence enhancement through the
CHEF effect. Sensor 101 showed potential for imaging intracel-
lular AI*" in living cells. The colon cancer SW480 cells stained
with sensor 101 exhibited bright blue fluorescence with intra-
cellular AI**,

Naskar et al. developed benzophenone-derived Schiff base
sensor 102 for AI** detection by a fluorometric method (Fig. 39
and Table 2)."*° In ethanol (0.01%)-HEPES buffer (50 mM)
solution, sensor 102 (¥ = 0.067) exhibited weak fluorescence at
450 nm (ex = 321 nm). In the presence of Al**, sensor 102
underwent fluorescence enhancement (@ = 0.237) at 450 nm.
Job’s plot showed 1:2 (Al**/102) stoichiometry and the binding
constant was 10.188 x 10> M. The limit of detection was
1077 M for AI*". The complexation of sensor 102 with AI**
resulted in the formation of sensor 102-Al*" aggregates, which
in turn caused inhibition of C==N isomerization and the ESIPT

1 uM Cu** 2 uM Cu?*

a3) ad4)
20pm 20pm

Fig. 41 Confocal fluorescence images of A549 cells incubated with sensor 94 (probe) in the (al) absence and (a2—a4) presence of Cu®*
fluorescence images of MCF-7 cells incubated with sensor 94 in the (b1) absence and (b2-b4) presence of Cu?*. Reproduced with permission from ref.
153 Copyright 2019, Elsevier.
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Fig. 42 Practical application of sensor 95 in two-photon fluorescence imaging of Cu?* in cellular mitochondria and in the liver and intestine of larval
zebrafish. Reproduced with permission from ref. 154 Copyright 2017, Elsevier.
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Fig. 43 Confocal microscope images of MCF-cells incubated with sensor
97 (a) under bright field; (b) green channel; (c) red channel; and further
incubated with Hg?* (d) under bright field; (e) green channel; (f) red

channel. Reproduced with permission from ref. 156 Copyright 2017,
Elsevier.

process, leading to the CHEF effect. Sensor 102 displayed no
cytotoxicity up to 40 pM as analyzed by MTT assay. The non-
fluorescent HepG2 cells stained with sensor 102 exhibited
bright blue fluorescence upon binding with intracellular AI**.

Patra et al. reported vanillinyl thioether-based Schiff base
103 as a turn-on sensor for Zn>* detection (Fig. 39 and
Table 2)."*° On excitation at 346 nm, sensor 103 (¥ = 0.0051)
displayed weak emission at 411 nm in DMSO/H,O (HEPES
buffer, v/v = 3/7) solution. In the presence of Zn**, sensor 103
exhibited new emission at 555 nm and its intensity gradually
increased with the increasing concentration of Zn>* from 0 to
~1 mol equiv. (@ = 0.0399). The complexation of sensor 103
with Zn** caused blockage of the PET process, inhibition of the
ESIPT process through deprotonation of the phenolic hydroxyl
group and turn-on emission through the CHEF effect. The
complexation stoichiometry was 1:1 (103/Zn**) and the

2648 | Mater. Adv, 2022, 3, 2612-2669

binding constant was 3.9 x 10* M~ '. The detection limit was
60 nM for Zn>". Vero cells treated with sensor 103 exhibited
strong fluorescence when exposed to Zn*>*, demonstrating the
potential of sensor 103 for imaging intracellular Zn>" in living
cells (Fig. 44).

Shellaiah et al. synthesized pyrene-based Schiff base 104 and
utilized it as a turn-on sensor for Hg”" detection by a fluoro-
metric method (Fig. 39 and Table 2)."®" In DMSO-H,0 (7 : 3, v/v)
solution, sensor 104 showed selective turn-on fluorescence
response with Hg>" over other metal ions. Fluorescence titra-
tion of sensor 104 with Hg>" displayed a 31-fold increase in
fluorescence intensity along with a red-shift of the emission
maxima from 427 nm to 445 nm (A¢ = 347 nm). The stoichio-
metry of the complex was 2:1 (104/Hg?") and the association
constant was 7.36 x 10* M. The limit of detection was 2.82
uM for Hg>". The turn-on sensing mechanism could be attrib-
uted to excimer formation (104-104*) and the CHEF effect
(Fig. 45A). Sensor 104 displayed potential for imaging Hg>" in
living cells using a confocal microscope. The non-fluorescent
HeLa cells incubated with sensor 104 exhibited bright blue
fluorescence upon treatment with Hg>" (Fig. 45B).

(a) (b)

Fig. 44 Confocal microscope images of (a) Vero cells; (b) cells stained
with sensor 103; (c) cells stained with Zn?* and then exposed to sensor 103
for 10 minutes. Reproduced with permission from ref. 160 Copyright 2016,
Elsevier.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 45 (A) HOMOs, LUMOs and the energy gap of sensor 104 and 104 +
Hg®* (104-104*) complexes. (B) Confocal microscope images of Hela
cells treated with (a) sensor 104 and (b) sensor 104 + Hg?*. Reproduced
with permission from ref. 161 Copyright 2015, Royal Society of Chemistry.

Simon et al. developed anthracene- and pyridine-derived
Schiff base 105 as an off-on sensor for Cu®>" detection (Fig. 39
and Table 2)."®* On excitation at 350 nm, sensor 105 displayed
23-fold fluorescence enhancement at 430 nm selectively with
Cu”* over other tested metal ions in acetonitrile solution. The
stoichiometry of the complex was 1:1 (105/Cu®") and the
association constant was 2.12 x 10° M2, The detection limit
was 86.3 nM for Cu®". The sensing mechanism could be
ascribed to suppression of the PET process upon Cu>* coordi-
nation with sensor 105, leading to the formation of the 5-
membered stable chelate ring and turn-on emission through
the CHEF effect. Sensor 105 showed excellent cell permeability,
no cytotoxicity up to 40 pM concentration, and potential for
fluorescence imaging of sub-cellular Cu>*. The non-fluorescent
Raw264.7 cells incubated with sensor 105 exhibited bright blue
fluorescence upon treatment with Cu®" under a confocal
microscope.

Tian et al. synthesized quinoline-based Schiff base sensor
106 and utilized it as a turn-on sensor for AlI** detection (Fig. 39
and Table 2).'*> In methanol solution, the complexation beha-
vior of sensor 106 towards various metal ions revealed selective
38-fold fluorescence enhancement at 517 nm (dex = 373 nm)
only with AI*", Job’s plot revealed a 1: 1 (106/A1*") complexation
and the association constant as determined using the Benesi-
Hildebrand equation was 2.4 x 10* M™'. The detection limit
was 0.12 uM for AI’*. The turn-on sensing mechanism could be
credited to suppression of the PET process upon Al** coordina-
tion with sensor 106. HeLa cells incubated with different

© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentrations of AI** displayed fluorescence emission when
exposed to sensor 106, demonstrating the potential of sensor
106 for imaging AI** in living cells.

Tian et al. developed 2-hydroxynaphthalene-based Schiff
base sensor 107 for AI*" detection (Fig. 39 and Table 2)."®* In
methanol medium, free sensor 107 was non-fluorescent. Upon
addition of AI**, sensor 107 underwent a significant increase in
fluorescence intensity (150-fold) at 430 nm (Zex = 307 nm). The
binding constant was 3.01 x 10* M~" and the limit of detection
was 0.137 uM for AI**. "H NMR and Job’s plot analysis indicated
inhibition of the ESIPT process upon coordination of AlI** with
sensor 107 through the nitrogen atom of imine, secondary
amine, and the naphthol hydroxyl group in 1:1 stoichiometry.
Hela cells incubated with AI** showed blue fluorescence when
exposed to sensor 107 under a confocal microscope, demon-
strating the potential of sensor 107 for fluorescence imaging of
AP’ in living cells. Sensor 107 also found application in the
in vivo bioimaging of AI** in zebrafish larvae (Fig. 46A and B).

Wang et al. developed boron-dipyrromethene-based Schiff
base 108 for fluorescence-based detection of Au®* (Fig. 39 and
Table 2).'®® In phosphate buffer-ethanol (7:3, v/v) solution,
sensor 108 was weakly fluorescent. Among various metal ions,
significant enhancement in fluorescence intensity was
observed only with Au®" (Fig. 47A). Upon gradual addition of
Au®" to the solution of sensor 108, the fluorescence intensity
increased linearly with concentration from 0 to 50 pM at
516 nm (Lex = 480 nm) and reached a plateau after the addition
of 6 equvi. of Au*". The limit of detection was 60 nM for Au®".
The sensing mechanism was a reaction-based process, wherein
the reaction of sensor 108 with Au®* resulted in the conversion
of the C=N bond into aldehyde and formation of a new boron-
dipyrromethene derivative (bright green fluorescent). Sensor
108 found potential application in monitoring Au*" in living
cells and in zebrafish. As shown in Fig. 47C, PC12 cells
incubated with sensor 108 displayed bright fluorescence when
exposed to Au®". Fig. 47B shows an increase in fluorescence
intensity with the increasing concentration of Au®** ions in
zebrafish.

Rahman et al. developed methionine-based Schiff base 109
as a turn-on sensor for Zn>* detection (Fig. 39 and Table 2)."%°
In buffered acetonitrile-water (1:1) solution, sensor 109 dis-
played significant fluorescence enhancement at 450 nm (Ley =
370 nm) only with Zn>" over other metal ions. The binding
constant was 5.3 x 10° M~ ! and the detection limit was 0.5 pM
for Zn**. The sensing mechanism could be attributed to the
complexation of Zn** with the oxygen, nitrogen, and sulfur
atom of sensor 109 in a 1:1 ratio as confirmed from 'H NMR
titration. Breast cancer cells incubated with sensor 109 and
then with Zn>" displayed strong fluorescence under a confocal
microscope, demonstrating the potential of sensor 109 for
monitoring intracellular Zn>".

Yang et al. developed biphenyl- and benzohydrazide-based
Schiff base 110 for Cu®" detection (Fig. 48 and Table 2).'*” In
buffered ethanol-water (1: 1, v/v) solution, sensor 110 exhibited
fluorescence at 566 nm (Zex = 400 nm). Fluorescence titration of
sensor 110 with Cu®" revealed a gradual decrease in

Mater. Adv., 2022, 3, 2612-2669 | 2649
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fluorescence intensity, which reached saturation after the addi-
tion of 4.0 equivalents of Cu®". The association constant was
13.87 x 10* M ' and the binding stoichiometry was 1:1 (110/
Cu®"). The limit of detection was 15.4 nM for Cu®". The
coordination of Cu®* with sensor 110 through two oxygen
atoms of the hydroxyl group and two nitrogen atoms of the

2650 | Mater. Adv, 2022, 3, 2612-2669

imine group resulted in excited state energy/electron
transfer from sensor 110 to Cu®", causing fluorescence quench-
ing. The bright fluorescence of HeLa cells incubated with
sensor 110 diminished after treatment with Cu**, demonstrat-
ing the potential application of sensor 110 in biological
systems.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Zhu et al. developed Schiff base 111 as an on-off sensor for
AP** detection in DMSO-H,0 (9:1, v/v) solution (Fig. 48 and
Table 2)."°® On excitation at 377 nm, sensor 111 exhibited a
weak emission band at 479 nm. In the presence of AI**, sensor
111 displayed a more than 700-fold increase in fluorescence
intensity at 479 nm. The detection limit was 9.79 nM for AI**.
The complexation stoichiometry was 2:1 (111/AI’"). The chela-
tion of sensor 111 with AI** inhibited the PET process and
resulted in fluorescence enhancement through the CHEF
effect. The Benesi-Hildebrand equation revealed an association
constant value of 7.106 x 10" M > HeLa cells incubated with
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Fig. 48 Chemical structure of sensors 110-136.
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sensor 111 displayed insignificant fluorescence. Upon further
incubation with AI**, remarkable bright blue fluorescence was
observed under a confocal microscope, demonstrating the
application potential of sensor 111 in biological systems.

3.4.2 Bacterial detection. Pathogenic bacteria cause ser-
ious diseases such as typhoid fever, tetanus, tuberculosis,
pneumonia, etc., globally. Therefore, for safety purposes, detec-
tion of bacteria is important. In the literature, various methods
such as PCR-based assays, immunological methods, colony
counting and culturing, etc. have been used for the detection
of bacteria. However, these methods suffer from complicated
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procedures, time-consuming operations, and costly apparatus.
Fluorescent biosensors offer the advantages of high selectivity,
sensitivity, and fast response time in bacterial detection.

Subha et al. developed Schiff base 112 as a turn-on sensor for
Zn>" (Fig. 48 and Table 2)."®® In an aqueous medium, sensor
112 exhibited weak emission at 458 nm (Zex = 350 nm). Sensor
112 showed selective fluorescence enhancement only with Zn**
over other metal ions. Fluorescence titration of sensor 112 with
Zn”* revealed ~40-fold fluorescence enhancement at 460 nm
along with a slight red-shift, attributed to inhibition of C=N
isomerization. The stoichiometry of the complex was 1:1 (112/
Zn>") and the binding constant was 1.57 x 10° M. The limit of
detection was 10.4 nM for Zn”", Sensor 112 exhibited potential
application in sensing bacterial cells, viz. Staphylococcus aureus
and E. coli. The turn-on fluorescence enhancement with bacter-
ial cells could be credited to the formation of an amide or ester
bond with the cell wall of bacteria (Fig. 49).

3.4.3 Drug sample analysis. The improvement in the field
of analytical chemistry is supported by the use of fluorescent
materials,’”® biomaterials,>’**”?> and nanomaterials>’>”° in
the analysis of samples. Fluorescent materials offer various
advantages such as fast analysis time, high sensitivity and
selectivity, low detection limit, and in vivo and in vitro investi-
gation facility.

Kundu et al. reported Schiff base sensor 113 for AI** and
Zn”" detection in methanol-H,O (1/9, v/v) solution (Fig. 48 and
Table 2)."”° On excitation at 254 nm, sensor 113 exhibited weak
emission with maxima at 355 nm. In the presence of AI** or
Zn**, sensor 113 underwent fluorescence enhancement with
emission maxima centred at 495 nm (/e, = 392 nm) for AI** and

Fig. 49 Fluorescence photographs of (a) Streptococcus cells; (b) E. coli
cells; (c) Streptococcus cells incubated with sensor 112; (d) E. coli cells
incubated with sensor 112. Reproduced with permission from ref. 169
Copyright 2016, Elsevier.
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with emission maxima at 448 nm (1 = 384 nm) for Zn*"
(Fig. 50a and b). Job’s plot proved a 1:1 (113:Al**/Zn*") com-
plexation. The binding constant value was 1.66 x 10* M~ " and
0.6 x 10* M~ ! for AI** and Zn*", respectively. The detection
limit was 0.804 uM and 0.795 uM for AI** and Zn*", respectively.
The complexation of sensor 113 with AI**/Zn>" provides rigidity
to the system by inhibiting the ESIPT process, the PET process,
and C=N isomerization, causing fluorescence enhancement
through the CHEF effect. Sensor 113 found application in AI**
and Zn>" analysis in drug samples such as Gelucil and Zincovit,
as well as in bioimaging of AI’* and Zn>" in HelLa cells.

3.4.4 Biological sample analysis®’®. Bovine serum albumin
is a large globular protein composed of 582 amino acid
residues. BSA is most abundant in plasma protein (0.38 mL ™).
BSA performs important functions in our circulatory system
such as transport of endogenous and exogenous compounds
such as drugs, etc.”’””*”® Thus, quantification of BSA is impor-
tant. Recently, researchers are developing fluorescent biosen-
sors for metal ion detection using BSA as a medium, since it
provides rapid, highly selective, and sensitive detection under
physiological conditions.

Ghorai et al. developed sensor 114 based on azino bis-Schiff
base for fluorescence-based detection of Pb*>* (Fig. 48 and
Table 2)."”* In methanol-water (2:1, v/v) solution, sensor 114
exhibited weak emission at 429 nm (dex = 340 nm). Among
various metal ions, sensor 114 displayed 34-fold fluorescence
enhancement at 442 nm (e, = 340 nm) only with Pb>*. The limit
of detection was 8 nM for Pb>*. The binding stoichiometry was
2:1 (114:Pb*"). The coordination of Pb>" with sensor 114
resulted in blockage of the PET process along with the for-
mation of a rigid system, causing fluorescence enhancement
through the CHEF effect. Fluorescence titration of sensor 114
with Pb** in BSA medium displayed a ~32-fold increase in
emission intensity, illustrating the potential application of
sensor 114 in biological samples. In addition, sensor 114 found
application in Pb®>" determination in environmental samples
such as tap water, river water, and urine samples.

Kumar et al developed Schiff base sensor 115 for
fluorescence-based detection of AI** by turn-on mode (Fig. 48
and Table 2)."”? In CH;CN-H,O (1:1, v/v) solution, sensor 115
exhibited emission maxima at 430 nm (4¢x = 360 nm). Fluores-
cence titration of sensor 115 with AI*" revealed a 42-fold
increase in fluorescence intensity. The binding constant was
0.4 x 10° M~ " and the binding stoichiometry ratio was 3:1
(115 : AI*"). The limit of detection was 50 uM for AI**. The off-on
fluorescence behavior could be attributed to inhibition of the
PET process and enhanced electron delocalization upon coor-
dination of AI** with sensor 115. The fluorescence titration of
sensor 115 with AI** in BSA aqueous medium showed 30 times
fluorescence enhancement in comparison to that of the initial
one, demonstrating the application of sensor 115 in biological
samples. In addition, sensor 115 found application in AI**
detection in living cells (human embryonic kidney (HEK)).

Ghorai et al developed Schiff base sensor 116 for
fluorescence-based detection of AI*" and HSO;~ in methanol-
water (2:1, v/v) solution (Fig. 48 and Table 2)."”* Fluorescence

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 51 Fluorescence titration of (A) sensor 116 with A** in methanol-water (2:1, v/v) solution; (B) sensor 116 with A" in bovine serum albumin
medium. Reproduced with permission from ref. 173 Copyright 2015, Royal Society of Chemistry.

titration of sensor 116 with AI** showed a gradual increase in

fluorescence intensity at 373 nm (Aex = 310 nm) upon addition
of an increasing concentration of AI** along with the blue-shift
of the emission maxima by 28 nm (Fig. 51A). The interaction of
AP’ with sensor 116 resulted in inhibition of the PET process
and C—=N isomerization, causing fluorescence enhancement
through the CHEF effect. The stoichiometry of the complex was
1:2 (116/A*") and the association constant was 1.26 x 10° M.
The limit of detection was 0.903 uM for Al**. Sensor 116 showed
remarkable detection over a wide pH range of 4-11 and found
application in AI** detection in the aqueous solution of bovine
serum albumin protein (Fig. 51B).

3.4.5 Anticancer activity'’*’®*”°, Nowadays cancer is a
very serious disease, and looking into the present situation of
drugs for cancer treatment, WHO predicted that more than 13.1
million people may die by 2030 due to cancer. Currently,
platinum-based complexes are used as antitumor drugs in the
clinic worldwide. However, these drugs have shown multiple

© 2022 The Author(s). Published by the Royal Society of Chemistry

side effects such as drug resistance, tissue damage, etc. This
necessitates the development of an efficient drug for cancer
treatment.

Liu et al. synthesized Schiff base complexes 117 and 118 for
fluorescence-based detection of Cu®" and Fe* in an aqueous
medium (Fig. 52 and Table 2)."”* Among various metal ions,
sensor 117 underwent fluorescence quenching selectively with

/N SN
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Fig. 52 Chemical structure of complexes 117 and 118.
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Fig. 53 Chemical structure of complexes 119-124.

Cu”" and Fe*" only. The sensing mechanism could be attributed
to host-guest interaction, metal-ion exchange, or competition
between the metal ions and complexes for absorption and
excitation energy. Furthermore, complex 118 demonstrated
excellent anticancer activity against four human tumor cell
lines, namely, MDA-MB-231 (human breast cancer), HT29
(human colon cancer), HeLa (human cervical cancer), and PC-
3 (human prostate cancer).

Considering the important applications of coumarin deriva-
tives such as antifungal, anticoagulant, and anticancer, Liu
et al. synthesized Schiff base-Ir(u1) complexes (119-124) as an
antitumor agent (Fig. 53 and Table 2)."”> All the six complexes
exhibited excellent biological stability, and their anticancer
activity can be tuned by slight adjustment in the number of
phenyl groups and electron donor ability of the Schiff base. In
DMSO-H,0 (2: 8, v/v), the fluorescence spectrum of complexes
119-121 showed maxima at 422 nm and this was red-shifted to
474 nm in complexes 122-124. Further, these complexes suc-
cessfully targeted lysosomes and mitochondria, could induce
apoptosis, and displayed potential application as antitumor
agents.

Kim et al. provided a naphthalene-based donor-acceptor
type platform for fluorescence-based detection of Fe*" (Fig. 54
and Table 2).'”® The fluorescence spectrum of sensor 125
showed enhancement in emission intensity at 550 nm upon
the addition of Fe**, credited to inhibition of the ESIPT based
quenching effect. Further, the sensor displayed application in
the fluorescence imaging of Fe®" in HeLa cells and cancer cell
lines. The yellow emission of HeLa cells following incubation
with exogenous Fe®* was more intense than that of the control
group incubated with sensor 125.

<

strong fluorescence

Me,N

N Fe*
M Gl
S
Me,N OH ~Me
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Fig. 54 Sensing mechanism of Fe** with sensor 125.
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3.5 Environmental monitoring

3.5.1 Catalytic applications. Over the years, numerous Schiff
base-metal complexes have been developed and efficiently used
as catalysts in organic transformation reactions.**>**! Thus, dis-
cussion of the catalytic applications of fluorescent Schiff base-
metal complexes constitutes an interesting topic of research.

Salih et al. prepared fluorescent Schiff base ligand 126 using
2-(1-piperazinyl)ethylamine and 2-hydroxy-5-nitrobenzaldehyde,
and the corresponding Cu()-complexes (Fig. 55 and Table 2)."”
In DMSO solution, the emission spectrum of the Schiff base
ligand 126 revealed turn-off response upon complexation with
Cu(Il) (Aex = 360 nm, Ay, = 475 nm), could be attributed to the PET
process and the CHEF effect or to structural change in the ligand
upon complexation. Further under mild catalytic conditions for
oxidation and in the presence of H,O, (green oxidant), the Schiff
base—Cu(u) complex successfully catalyzed the benzyl alcohol to
benzaldehyde oxidation reaction.

3.5.2 Adsorption. Fluorescent Schiff base doped polymeric
materials have emerged as new candidates for metal ion detec-
tion, owing to several advantages offered by fluorescent poly-
meric materials such as amplified optical properties, high
detection limit, etc.

Xue et al. developed sulfonylhydrazone type Schiff base
sensor 127 (AlE-active) for fluorescence-based detection of
Hg(n) (Fig. 56 and Table 2)."”® The emission spectrum of sensor
127 showed turn-off response (lex = 414 nm, /ey, = 549 nm) with
the addition of an increasing concentration of Hg>", and a good
linear range between 0.1 and 0.6 UM concentration of Hg>". The
limit of detection was 0.284 nM, and the response time was 15
seconds for Hg>". Interestingly, polyacrylamide (PAM) doped
Schiff base 127 (127-PAM polymer) demonstrated high effi-
ciency of Hg®" adsorption, with a 99.9% removal rate.

OH
N/ \NH reflux y
wN—' \—/  EtOH,4n ., 126
O,N
CUX2
THF
XH‘
OzN\QO// \ S\N/\
\N/CU\N/
|
Cu (ll) Cat.
HO

Ox Os_OH
Cu (Il) Cat.
—_— +
Fig. 55 (A) Chemical structure of Schiff base ligand 126 and the

126-Cu?* complex. (B) Benzyl alcohol oxidation reaction catalysed by
126-Cu?* complex.

H,0,, 50 °C, 24 h

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma01175h

Open Access Article. Published on 17 February 2022. Downloaded on 12/5/2025 7:29:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Fig. 56 Sensing mechanism of Hg®* with sensor 127.

Additionally, sensor 127 displayed potential for Hg** detection
in real water samples and for logic gate construction.

3.5.3 Real sample analysis'>28%282-285 AJthough the fluor-
escent sensors for metal ion detection have shown advantages
such as simplicity, selectivity, sensitivity, and rapid response
time over other analytical methods, working with some toxic
metal ions has always been problematic due to strong hydra-
tion, poor coordination, and lack of spectroscopic character-
istics. Therefore, researchers are working on the development
of fluorescent materials for direct detection of metal ions in
real samples such as water, food, etc.

Peng et al. synthesized pyridine-based Schiff base sensors
128 and 129 for AI** detection (Fig. 48 and Table 2)."”° In DMF-
H,O (v:v = 1:9) solution, both sensors 128 and 129 exhibited
weak emission centered at 483 nm (e = 360 nm) and 467 nm
(Aex = 300 nm), respectively. However, upon the addition of Al**,
sensors 128 and 129 displayed an increase in fluorescence
intensity at 483 nm and 467 nm, respectively. The turn-on
fluorescence was associated with colorless to aquamarine color
change of the solution. The limit of detection for AI** was 3.2
nM and 0.29 nM with sensors 128 and 129, respectively. Job’s
plot and HRMS revealed 1:1 (128/129:AI**) stoichiometry of
the complex. The mechanism of interaction could be ascribed
to the blockage of the PET and ESIPT processes upon addition
of AI*" as confirmed from the "H NMR titration experiment.
Sensors 128 and 129 found potential application in the detec-
tion of AI’" in lake water and tap water.

Guo et al. synthesized oligothiophene-based Schiff base 130
as a fluorometric probe for Cu®" detection (Fig. 48 and
Table 2)."*° In DMF/H,O (2/3, v/v) solution, free sensor 130
exhibited strong fluorescence with emission maxima at 580 nm
(Aex = 450 nm). In the presence of Cu®*, sensor 130 underwent
fluorescence quenching along with the hypsochromic shift of
the emission maxima from 580 nm to 560 nm. The binding
constant was 2.52 x 10* M~ for the 1:1 (130/Cu®") complex.
The limit of detection was 28.1 nM for Cu®". The decrease in the
fluorescence intensity of sensor 130 upon complexation with
Cu”* could be ascribed to the paramagnetic nature of Cu>* and
the CHEQ mechanism. Furthermore, sensor 130 found applica-
tion in Cu®* detection in real samples such as water and food
with excellent accuracy and precision.

Kang et al. synthesized naphthalimide functionalized Schiff
base 131 as a fluorescent turn-on sensor for AI** detection
(Fig. 48 and Table 2)."*" In methanol solution, sensor 131
exhibited weak emission maxima at 524 nm (4 = 401 nm).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Among various tested metal ions, sensor 131 showed signifi-
cant fluorescence enhancement with AI** (39-fold), and fluores-
cence quenching to some extent with Ni**, Fe?*, Co**, and Cu*",
whereas other metal ions had an insignificant effect. Fluores-
cence titration of sensor 131 with AI** revealed linear enhance-
ment in emission intensity along with the blue shift of the
emission maxima from 524 nm to 508 nm, attributed to the
combined effect of inhibition of the ICT process and the CHEF
effect (Fig. 57A and B). The detection limit was 7.4 nM for AI**.
The association constant was 1.62 x 10* M~ " for the 1:1 (131/
AP’") complex. In addition, the sensor displayed potential
application in measuring AI’* concentration in real water
samples.

Kao et al. synthesized quinoline-derived Schiff base 132 as a
fluorescence turn-on sensor for Mg®* detection (Fig. 48 and
Table 2)."®% On excitation at 353 nm, free sensor 132 displayed
no significant emission in acetonitrile solution. However, in the
presence of Mg>", sensor 132 underwent a significant increase in
emission intensity at 487 nm and 532 nm. The association
constant was 1.91 x 10” M ' for the 1:1 (132/Mg*") complex.
The detection limit was 19.1 ppb for Mg>". The coordination of
sensor 132 with Mg”" resulted in the formation of a rigid system
by inhibiting C=N isomerization, leading to fluorescence
enhancement through the CHEF effect. In addition, sensor 132
found practical application in the determination of Mg”* in real
water samples such as tap, ground, and lake water (Fig. 58).

Zhang et al. developed Schiff base 133 with AIEE (Aggrega-
tion induced emission enhancement) characteristics as a turn-
off fluorescent sensor for Cu>" (Fig. 48 and Table 2).%* In THF-
H,O0 (4/1, v/v) solution, sensor 133 exhibited emission maxima
at 565 nm (1ex = 428 nm). Both UV-Vis and fluorescence spectra
of sensor 133 displayed good selectivity only for Cu>" over other
tested metal ions. Fluorescence titration of sensor 133 with
Cu** showed a gradual decrease in fluorescence intensity at
565 nm with the addition of an increasing concentration of
Cu”". The limit of detection was 16.4 nM for Cu®". The binding
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Fig. 57 (A) Fluorescence titration of sensor 131 with A*. (B) Plot of

fluorescence intensity vs. A** concentration. Inset: naked eye detectable

color change of sensor 131 in the absence (left) and presence of A" (right)
under 365 nm UV light illumination. Reproduced with permission from ref.
181 Copyright 2017, Elsevier.
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Fig. 58 Photographs of Mg®*-induced light-up emission of sensor 132 in
different media such as CHsCN, lake water, groundwater, and tap water.
Reproduced with permission from ref. 182 Copyright 2016, Elsevier.

stoichiometry was 1: 2 (133/Cu”*) and the binding constant was
1.22 x 10°> M. The transfer of lone pairs of electrons from the
nitrogen and oxygen atoms to the empty orbitals of Cu®"
blocked the initial ESIPT process and resulted in fluorescence
quenching (Fig. 59). Furthermore, sensor 133 found application
in monitoring Cu®" concentration in environmental water
samples. The percentage recovery of sensor 133 was 98.49-
102.37% in tap water and 99.10-102.90% in lake water.

Peng et al. developed naphthalimide-based Schiff base 134 as a
fluorescent turn-on probe for AI** (Fig. 48 and Table 2)."** In
DMF-HEPES (1:1, v/v) solution, free sensor 134 was weakly
fluorescent with emission maxima at 531 nm (A = 350 nm).
Upon addition of AI** into the solution of sensor 134, a significant
increase in fluorescence intensity was observed at 524 nm, attrib-
uted to inhibition of the PET process and the CHEF effect. The
binding constant value was 4.95 x 10" M " for the 1:1 (134/A1*")
complex. The lowest limit of detection was 86.5 nM for AI*".
Furthermore, sensor 134 was found to be useful for AI** determi-
nation in real water samples such as yellow river and tap water.

Further, the same group reported another naphthalimide-
based Schiff base 135 for fluorescence-based detection of Al**
(Fig. 48 and Table 2)."®® In Tris-HCI buffer (1:1, v/v) solution,
free sensor 135 exhibited weak emission at 526 nm (dex =
350 nm). Upon addition of various metal ions to the solution

Fig. 59 Sensing mechanism of sensor 133 for Cu?" detection. Repro-
duced with permission from ref.183 Copyright 2021, MDPI, Basel,
Switzerland.
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of sensor 135, no significant change in emission intensity was
observed except with AI**, In the presence of Al**, sensor 135
showed fluorescence enhancement with emission maxima at
526 nm, attributed to strong coordination between sensor 135
and AI*" resulting in inhibition of the PET process and the
CHEF effect. The limit of detection was 0.34 pM for AI**. The
binding constant was 2.6 x 10* M~" for the 1:1 (135/A1’")
complex. Moreover, sensor 135 demonstrated potential appli-
cation in monitoring AI** concentration in real water samples
such as yellow river and tap water.

Zhu et al. developed Schiff base 136 as a turn-on fluorescent
sensor for AI** detection (Fig. 48 and Table 2).'*® In ethanol-HEPES
buffer (95:5, v/v) solution, sensor 136 showed high selectivity for
A" over other tested metal ions. On excitation at 273 nm, sensor
136 displayed weak emission at 473 nm and 499 nm. However,
upon the addition of AI**, a significant enhancement in emission
intensity (63-fold) was observed at 473 nm and 499 nm along with
the color change of the solution from green to bright blue under
273 nm UV light illumination. The complexation stoichiometry was
1:1 (136/AI*"). The binding constant of the complex was 6.53 x 10°
M~ and the detection limit was 0.108 uM for AI**. The sensing
mechanism could be attributed to blockage of the PET process
upon complexation of sensor 136 with AI*". Furthermore, sensor
136 displayed potential application in detecting Al** in living cells
and environmental samples.

3.5.4 Rewritable paper. Paper is a versatile material with
various uses such as writing, reading, printing, cleaning, etc.
Although paper is recyclable, huge energy consumption and
chemical discharge during the recycling process are unavoid-
able. In the present world, the massive use of paper is being
continuously alleviated by digital storage devices such as com-
puters, mobile, etc. Nowadays, researchers are focusing on the
development of organic photochromic materials due to their
potential application as rewritable paper, sensors, data storage
systems, molecular switches, etc.?672%*

Sun et al. designed tetraphenylethene-based Schiff base 137
as a colorimetric/fluorescent sensor for Zn>* and for inkless
rewritable paper (Fig. 60 and Table 2)."®” In the THF-H,0 (1:1,
v/v) mixture, sensor 137 showed weak emission maxima at
600 nm, which upon addition of Zn>" resulted in significant
fluorescence enhancement along with the blue shift of the
emission maxima from 600 nm to 550 nm. Moreover, the
emission color of the solution changed from weak red to strong
yellow (Fig. 61A). The limit of detection was 38.9 nM for Zn>".
The sensing mechanism could be attributed to the CHEF effect
which inhibits the ESIPT, PET, and non-radiative processes,
thus resulting in fluorescence enhancement. Further, an ink-
less rewritable, self-erasing paper was fabricated by utilizing
sensor 137 as the imaging layer and H,O as ink, which showed
potential application in data storage, information security, and
anti-counterfeiting (Fig. 61B and C). Additionally, sensor 137
found application in monitoring Zn*" in SiHa cells.

Sun et al. designed tetraphenylethene-based Schiff base
sensor 138 with photochromic properties and employed it as
rewritable paper and a UV sensor (Fig. 60 and Table 2).'%®
Sensor 138 exhibited weak fluorescence in solid-state, which

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 60 Chemical structure of chemosensors 137-161.

after grinding with a pestle resulted in the appearance of a
strong emission band between 550 nm and 700 nm, longer
response time and reduced photochromic efficiency. The
photochromic mechanism of sensor 138 resulted from enol to
keto form photoisomerization. Further sensor 138 found appli-
cation as rewritable paper. With violet light at 410 nm, sensor
138 served as a pen, while with white light and 420 nm-590 nm
visible light, sensor 138 was used as an eraser. Moreover, sensor
138 also served as a UV sensor for the detection of UV radiation
pollution by the naked eye (Fig. 62A-D).

3.6 Optoelectronic applications

3.6.1 Mechanoluminescence'®"'**'%*, The tunable emis-
sion properties of mechanochromic materials have grabbed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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significant attention because of their potential application in
devices, optical recordings, security inks, and sensors.

Yang et al. synthesized Schiff base derivatives 139, 140, and
141 for fluorescence-based detection of Cu®>" (Fig. 60 and
Table 2).'®° All the three sensors (139, 140, and 141) displayed
AIE characteristics in the CH;CN-H,O mixture with different
water fractions. From the fluorescence experiment, sensor 141
was found to be a specific sensor for Cu>", whereas sensors 139
and 140 lacked selectivity and displayed fluorescence enhance-
ment with various metal ions (Fig. 63A and C). The fluorescence
titration of sensor 141 with Cu** in CH;CN-H,O (4:1, v/v)
solution revealed a linear increase in fluorescence intensity at
463 nm (Jex = 350 nm) with the addition of an increasing
concentration of Cu®" (0-20 uM). The limit of detection was
2.3 x 10”7 M for Cu®" and the stoichiometry of the complex was
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Fig. 61 (A) Fluorescence spectrum; (B) absorbance spectrum of sensor 137 in the absence and presence of Zn?*. Inset: Naked eye detectable color
change of sensor 137 solution in the absence and presence of Zn?* under (A) 365 nm UV light and (B) ambient light. (C) Sensor 137 application as inkless
rewritable paper in information safety. Reproduced with permission from ref. 187 Copyright 2021, Royal Society of Chemistry.

2:1 (141:Cu®"). The turn-on fluorescence response of sensor
141 with Cu** could be attributed to the CHEF effect. Sensor
141 showed reversible mechanochromic fluorescence behavior
with the mechanical stress-induced shift of fluorescence spec-
tra by 21 nm, attributed to transformation between crystalline
and amorphous states (Fig. 63B and D).

Yang et al. developed anthryl-based Schiff bases 142, 143,
and 144 for Cu®>" and Zn** detection (Fig. 60 and Table 2).*°°
Among various tested metal ions, only sensor 143 (Aex =432 nm)
showed on-off type fluorescence response (Ley, = 508 nm) with
Cu*' in HEPES buffered methanol-H,O (4/1, v/v) solution, and
off-on type fluorescence response (Jem = 510 nm) with Zn** in
pure methanol solution. The binding stoichiometry was 2:1
(143 : Cu**/Zn*"), and the binding constant was 1.28 x 10° M "
and 1.05 x 10° M~ " for Cu®* and Zn®", respectively. The limit of
detection was 0.212 pM and 71.9 nM for Cu®*" and Zn*",
respectively. The different fluorescence responses of sensor

2658 | Mater. Adv, 2022, 3, 2612-2669

143 with Cu** and Zn** could be due to the different electronic
configurations of metal ions. For Cu**, the PET process could
be responsible for fluorescence quenching. And for Zn>*, the
filled d-orbital and no possibility of d-d transition could be
responsible for fluorescence enhancement.

Muthamma et al. used fluorene-based Schiff base 145
(AIE-active) for developing environmentally friendly flexo-
graphic ink for printed electronics and for security printing
applications (Fig. 60 and Table 2)."°" The Schiff base 145
writing and fingerprints on UV dull security paper using flexo
ink were invisible under daylight but showed bluish green
fluorescence under UV light. Further, the emission of Schiff
base 145 writing and fingerprints was sensitive to pH, demon-
strating the potential application of the Schiff base in anti-
counterfeiting. Further, the mechanical and electrical measure-
ments of flexo-ink printing on UV dull security paper substrates
exhibited p-type semiconductivity, thus signifying the potential

© 2022 The Author(s). Published by the Royal Society of Chemistry
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for application of Schiff base 145 in organic printed transistor 3.6.2 Color tunable. Currently, various fluorescent materi-
devices. als have been fabricated into devices because of their potential

© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 2612-2669 | 2659
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application as light-emitting components in display devices.
The optical properties of fluorescent materials can be tuned by
chemical modification, functional group addition or substitu-
tion, or by complexation with ions.®®*° The diverse application
of these fluorescent materials encouraged the researchers to
develop materials with improved fluorescence properties.

Gondia and Sharma et al. studied comparative optical
properties of sensor 146-Zn** and sensor 147-Zn** complexes
(Fig. 60 and Table 2)."°* Both sensors 146 and 147 are similar in
structure except for the presence of additional phenyl groups in
sensor 147. The fluorescence spectrum of sensor 146-Zn>* and
sensor 147-Zn>" complexes revealed significant emission inten-
sity peaks at 504 nm and 444 nm (A = 372 nm), respectively.
Further, the sensor 146-Zn”** complex showed nearly two times
increased fluorescence as well as blue shift as compared to the
emission spectrum of the sensor 147-Zn** complex, attributed
to the presence of an additional phenyl group. The change in
emission of sensors 146 and 147 upon complexation with Zn**
through N-azomethine and the oxygen atom of the -OH group
could be due to the highest to lowest energy state intraligand
transition. The CIE (Commission Internationale de L’Eclairage)
chromaticity diagram for 146-Zn”>* and 147-Zn>" complexes
revealed a bluish-green region for the 146-Zn** complex and a
blue region for the 147-Zn*" complex, suggesting potential
application of these complexes in electroluminescent devices
(Fig. 64 and Table 3).

Nishal et al. presented a series of zinc-Schiff base complexes
148-152 for organic light-emitting device (OLED) application
(Fig. 60 and Table 2).">* On excitation at 365 nm, Schiff base
complexes 148, 149, 150, 151, and 152 emitted blue with the
emission maxima centered at 447, 440, 436, 433, and 430 nm,
respectively. The blue luminescence of the Schiff-base

0.9
* 146
= 147
0.6+
S
-
Q
0.34
0 T T
0 0.2 04 0.6 0.8

CIEX

Fig. 64 CIE diagram of 146—Zn** and 147-Zn>* complexes. Reproduced
with permission from ref. 192 Copyright 2019, Elsevier.
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Table 3 CIE parameter of the complexes and quantum yield. Reproduced
with permission from ref. 192 Copyright 2019, Elsevier

Color coordinates

Compound Slope Quantum yield x y

146 6.37 0.46 0.187 0.355
147 16.59 1.21 0.168 0.152
Standard 777.95 0.54 — —

complexes was assigned to relaxation from higher to lower
energy levels because of intra-ligand transition. Notably, as the
number of alkyl groups in bridging diamines increased, the
emission maxima were more shifted toward the blue region.
The CIE chromaticity diagram and color coordinate calculation
showed the potential application of Schiff base-zinc complexes
in organic light-emitting devices (OLEDs).

Gusev et al. presented an ethylenediamine Schiff base-zn**
complex (153) as a promising emissive material for blue fluor-
escent OLED applications (Fig. 60 and Table 2)."** The complex
153 emitted strongly both in solution and solid state with
maximum emission in the blue region (430-460 nm), assigned
to combination of monomer (419 nm)-excimer (433 and
468 nm). Interestingly, complex 153 was fabricated into
an organic-light emitting device and demonstrated promising
blue fluorescent OLED applications (maximum external
quantum efficiency, EQE,,x = 5%, and maximum brightness
17000 cd m?).

3.6.3 Logic gate . Modern science may benefit
from computations based on molecular logic functions. The
logic operation at the molecular level is performed using two
input signals and one output signal. The Schiff base-based logic
gates have a lot of promise for optical sensing, which opens up
new possibilities for multidirectional memory device innova-
tion in the future.

Das et al. prepared fluorescein-based Schiff base 154 as a
fluorometric turn-on sensor for Zn** (Fig. 60 and Table 2)."*> In
HEPES buffered ethanol-H,O (9:1, v/v) solution, sensor 154
displayed fluorescence enhancement only with Zn>" over other
metal ions. Fluorescence titration of sensor 154 with Zn>*
revealed an increase in emission intensity at 520 nm (Aex =
375 nm) along with color change of the solution from colorless
to greenish-yellow under UV light. The complexation of sensor
154 with Zn>" through the imine group and -OH groups
inhibits the PET process and C—=N isomerization, leading to
fluorescence enhancement by the CHEF effect. The binding
constant was 2.86 x 10" M~" for the 1:1 (154/Zn>") complex.
The limit of detection was 1.59 puM for Zn>*. Additionally, an
INHIBIT type logic gate was designed using Zn** and EDTA as
inputs and emission intensity at 520 nm as output at the
molecular level (Fig. 65). Sensor 154 also found application in
Zn>" detection using TLC supported paper strips and in the
bioimaging of intracellular Zn®* ions in Vero cells (African
green monkey kidney cells).

Das et al. constructed Schiff base sensor 155 using ethyle-
nediamine and 2-hydroxyacetophenone and utilized it for AI**
detection by fluorescence off-on mode (Fig. 60 and Table 2)."*°

175,178,293
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Fig. 65 Truth table and INHIBIT type logic gate representation with Zn®*
and EDTA as input and the emission intensity of sensor 154 at 520 nm as
output at the molecular level. Reproduced with permission from ref. 195
Copyright 2019, Elsevier.
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Fig. 66 Truth table and AND and NOT gate representation with Al** and
EDTA as two inputs and emission intensity as output. Reproduced with
permission from ref. 197 Copyright 2015, Elsevier.

In methanol-water (1:1, v/v) solution, sensor 155 exhibited
weak emission in the 380 nm to 700 nm range (/ex = 370 nm).
Upon the addition of AI**, sensor 155 underwent an increase in
emission intensity along with red-shift. The binding constant
was log B = 5.14 for 1:1 (155: AI**) stoichiometry. The limit of
detection was 10 uM for AI**. The off-on fluorescence response
could be attributed to inhibition of the PET process upon
complexation of AI*" with sensor 155, resulting in fluorescence
enhancement. The 155-A1*" complex further acted as an on-off
type fluorescent sensor for PO,>”. An INHIBIT type logic gate

View Article Online
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was constructed utilizing AI** and PO,>~ as two inputs. Sensor
155 found application in AI** determination in BSA and in rat
L6 myoblast cells.

Gupta et al synthesized sensors 156 and 157 for
fluorescence-based detection of AI** (Fig. 60 and Table 2)."%”
The fluorescence spectrum of sensors 156 and 157 (lex =
375 nm) in methanol solution displayed fluorescence enhance-
ment selectively with AI** over other tested metal ions and the
emission maxima were centered at 465 nm and 464 nm for
sensors 156 and 157, respectively. The detection limit of
sensors 156 and 157 was 0.525 pM and 2.38 uM, respectively
for AI*" ions. The binding constant was 6.64 x 10> M~ " and 7.29
x 10> M~ for 156:AI** (1:1) and 157:AI>" (1:1) complexes,
respectively. The sensing mechanism could be attributed to the
CHETF effect. A combination of AND and NOT gates was devel-
oped using AI** and EDTA as two inputs and emission intensity
as output (Fig. 66).

Naskar et al. synthesized Schiff base sensor 158 using 2-
amino-1-ethanol and salicyladehyde for Zn** detection in an
aqueous medium (Fig. 60 and Table 2).'°® On excitation at
359 nm, sensor 158 exhibited emission maxima at 454 nm. In
the presence of various metal ions, sensor 158 displayed strong
fluorescence enhancement with Zn*>* and moderate response
with AI’*, whereas other metal ions had an insignificant effect.
The limit of detection of sensor 158 for Zn>" was 0.477 uM. The
binding constant was 24.75 x 10* M~ " for 2:1 (158/Zn>")
stoichiometry. The coordination of sensor 158 with Zn** caused
inhibition of the ESIPT process and C—=N isomerization, lead-
ing to fluorescence enhancement through the CHEF effect. An
‘OR’ logic gate and a ‘Keypad lock’ logic network were fabri-
cated using Zn®" and AI** as input with absorbance at 359 nm
and emission at 454 nm as output (Fig. 67A and B). Addition-
ally, sensor 158 found potential application in the fluorescence
imaging of Zn*>* in rice seedlings.

(A)
In1 In2 Output N
(zn*) (Ar) Absobance at =155 |
359 nm out
0 0 0 (low) l_
0 1 1 (high) In 2 (AF)
. 0 1 {bigh) ORGATE
1 1 1 (high) )
(B) o
In1 In2 Output T 77}
(zn™) (AP (Aem = 454 nm) .
N Zn’*
0 0 0 (low) ISIIOIIN"’ @ ( ‘)
1 0 1 (high) EI @ para
0 1 0 (high) @—)(0.\' State)
1(zn*") | 1(AP") | 1 (high) -C
1(AF) | 1@n®) | 1 (high) POEFState)

Fig. 67 (A) Truth table and OR gate representation with Zn®* and Al** as inputs and absorbance at 359 nm as output. (B) Truth table for fluorescent
keypad logic operation. Reproduced with permission from ref. 198 Copyright 2016, Elsevier.
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Fig. 68 Truth table and INHIBIT logic gate representation with the Zn®* and Cd?* complex of sensor 159 and EDTA as inputs. Reproduced with

permission from ref. 199 Copyright 2018, Royal Society of Chemistry.

Purkait et al. synthesized Schiff base sensor 159 for
fluorescence-based detection of Zn>*, Cd**, and I~ (Fig. 60
and Table 2)."°° In DMSO-water (9:1 v/v) solution, sensor 159
was non-fluorescent (1ex = 482 nm). Among various tested metal
ions, sensor 159 displayed fluorescence enhancement only with
Zn*" (Aem = 545 nm) and Cd** (Jem, = 560 nm) along with naked
eye detectable color change from colorless to bright yellow
(for Zn>*) and from colorless to orange color (for Cd**) under
UV light illumination. The interaction of Zn>*/Cd** with sensor
159 resulted in fluorescence enhancement due to the
CHEF effect. The limit of detection was 2.7 nM (for Zn>*) and
6.6 nM (for Cd*"). The binding constant was 2.7 x 10* M !
(for the 159-Zn** (1:1) complex) and 0.96 x 10* M~ " (for the
159-Cd** (1:1) complex). Upon addition of Na,EDTA to the
solution of the sensor 159-Zn>*/Cd>* complex, on-off type
fluorescence response was observed, signifying reversibility
and reusability of sensor 159. An INHIBIT type logic gate was
generated using Zn>*/Cd** and EDTA as input and emission
intensity as output (Fig. 68). Sensor 159 also displayed practical
application in sensing Zn*>* and Cd*' in TLC plates and in
drinking water.

Vinoth Kumar et al. synthesized Schiff base 160 as a turn-on
sensor for Ni*>* (Fig. 60 and Table 2).>°° In acetonitrile solution,
sensor 160 showed an off-on type fluorescence response with
Ni**, whereas other metal ions had an insignificant effect.
Fluorescence titration of sensor 160 with Ni*" revealed a

Input 1 Input 2 Output
Fe** EDTA FL
0 0 1
1 0 0
0 1 1
1 1 1

EDTA O

continuous increase in fluorescence intensity at 542 nm (Aex =
400 nm) upon addition of an increasing concentration of Ni**
(0-60 uM), attributed to the CHEF effect. The detection limit
was 8.67 nM for Ni** and the association constant was 4.18 x
10°> M " for the 160-Ni*" (1:1) complex. Upon addition of
Na,EDTA to the solution of the sensor 160-Ni*" complex,
fluorescence quenching was observed, suggesting reversibility
and reusability of sensor 160. Additionally, the molecular logic
gate of AND, OR, NOT, and NOR type and truth table were
created based on Ni*" and EDTA as input and absorbance and
emission intensity at 428 nm and 542 nm as output. Sensor 160
found application in the fluorescence imaging of intracellular
Ni** in HelLa cells.

Jothi et al. synthesized naphthalimide-based Schiff base 161
for detection of Fe*" based on a fluorometric method (Fig. 60
and Table 2).>°" In the acetonitrile-water (7 : 3) mixture, sensor
161 showed strong emission at 531 nm (/e = 344 nm). The
fluorescence titration of sensor 161 with Fe** revealed a gradual
decrease in fluorescence intensity with the addition of an increas-
ing concentration of Fe**. The limit of detection was 0.81 M
for Fe*". The stoichiometry of the complex was 1:1 (161/Fe*") and
the binding constant was 2.49 x 10* M~". The sensing mecha-
nism could be attributed to blockage of ICT and C—=N isomeriza-
tion upon complexation of sensor 161 with Fe**. Furthermore,
NOT gate, OR gate logic circuit, and truth table were constructed
using Fe*" and EDTA as input and emission intensity at 531 nm as

Fe¥ O

N
4

Output

Fig. 69 Truth table and logic gate representation with Fe**and EDTA as inputs. Reproduced with permission from ref. 201 Copyright 2021, Royal Society

of Chemistry.
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output (Fig. 69). Additionally, sensor 161 demonstrated potential
application in detecting Fe*" in test paper and water samples, and
in fluorescent bioimaging.

4. Conclusion and future
opportunities

Metal ions are ubiquitous in nature, and up to certain concen-
trations as fixed by WHO and EPA they are non-toxic. In fact,
some metal ions are essential for the normal functioning of
living organisms. Nowadays, researchers are using Schiff base
metal ion complexes for productive purposes owing to their
outstanding applications in optoelectronic systems. However,
with the increase in their concentration due to industrialization
and urbanization, metal ions have shown toxic effects on
human health and the environment. Therefore, their detection
is crucial, which is challenging. This review summarized the
recent advances in fluorescent Schiff base sensors for metal ion
detection in the past six years.

The commonly used mechanisms for metal ion detection
include self-assembly/disassembly, aggregation/disaggregation,
photo-induced electron transfer (PET), intra/intermolecular
charge transfer (ICT), metal to ligand charge transfer (MLCT),
ligand to metal charge transfer (LMCT), Forster resonance
energy transfer (FRET), excited state intramolecular proton
transfer (ESIPT), inner filter effect (IFE), metal-induced
chemical change and C=N isomerization. Metal ions upon
coordination with Schiff base sensors generally show fluores-
cence enhancement or quenching leading to the CHEF or
CHEQ effect, respectively. However, for a few systems, ratio-
metric fluorescence change was also observed. Usually, para-
magnetic metal ions such as Cu®* and Fe** act as a fluorescence
quencher and show CHEQ effects when bound with chemo-
sensors. However, there are several reports wherein fluores-
cence enhancement was also observed with these metal ions.
Additionally, the ESIPT process was associated with the sensors
containing the salicylimine group. Because of the free rotation
around the C=N bond, Schiff base-based sensors may show the
AIE phenomenon. Schiff bases commonly include hydrazone,
acyl hydrazone, salicylimine, azine, and other groups, and
provide nitrogen and oxygen atoms for coordination with
metal ions.

Due to the global existence of metal ions, environmental
monitoring and biomedical application are the most common
practical application of Schiff base sensors. Other applications
of fluorescent Schiff base sensors include multi-metal ion
sensors, a sequential sensor for other ions, and optoelectronic
systems. The molecular switching properties of Schiff base
sensors have been applied in the construction of molecular
keypads and logic gates.

The development of fluorescent Schiff base sensors and
their commercial applications will always be of immense inter-
est to researchers. Although existing results are plentiful, future
efforts need to be undertaken in the following aspects. First, the
main drawbacks of as-developed fluorescent Schiff base

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sensors are instability and poor water solubility in an aqueous
medium. Except for sensors 2, 8, 11, 22, 35, 45, 58, 84, 112, 117,
118, and 158, the optical properties of Schiff base sensors were
studied in either H,O-DMF/DMSO/THF/CH;CN/ethanol/metha-
nol buffered binary mixtures or in CH;CN, ethanol, methanol
solutions (Table 2), thus limiting their application in biological
and environmental systems. Second, from Table 2 we can
conclude that most of the work has been done on the detection
of AI**, cu®*, and Zn?', and insufficient literature is available
for other important and toxic metal ions. Third, Schiff base
sensors can be applied for fluorescence-based speciation of
metal ions such as Fe*'/Fe**, As**/As®*, Cr**/Cr*", etc. Fourth,
the selectivity and sensitivity of the Schiff base sensor need to
be improved. Fifth, although there are several practical applica-
tions of Schiff base sensors, so far there have been no available
well known commercial applications because of the poor
stability (as Schiff bases are prone to hydrolysis, the carbonyl
and amine groups might be regenerated on hydrolysis), pH
sensitivity, and decrease in fluorescence of Schiff base sensors
with time. Therefore, the prototype should be made for the
commercialization of these techniques. This will be useful for
diagnostic purposes and pollutant detection on-site. Sixth, the
majority of the developed sensors are based on one-photon
excitation and few reports are available for two-photon fluor-
escent sensors. In comparison, two-photon fluorescent probes
offer several advantages over conventional one-photon fluores-
cent probes such as decreased photo-damage to biological
samples, deeper penetration into cells, tissues, and organelles,
and minimization of background interference. Therefore,
future efforts should be on the development of two-photon
fluorescent sensors.

Although fluorescent-based Schiff base sensors encounter
many challenges in terms of both exploratory and practical
application, by taking into consideration the above-mentioned
aspects in the sensor design and application-oriented research
work, we believe that fluorescent Schiff base sensors can be
utilized as important materials in the upcoming days and their
commercial availability will be expected in the future.
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