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Sensory effects of fluorescent organic dyes
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Organic dyes are very promising substrates for modern sensing technologies. Their utility is based on the ‘push-pull’
polarization of a m-electron system, as well as their polyfunctionality. These properties make organic dyes capable of
fluorescent sensory response to many analytes and provide different mechanisms of both fluorescence increase and
fluorescence quenching. Specific organic reactions and structural transformations of fluorescent organic dyes are under
consideration in this review. The data confirming the structures of the products of the related analytical reactions are
discussed in more detail. Knowledge of the transformations that fluorescent organic dyes undergo in sensory effects can
contribute to successful design of specific probes for novel sensory technologies.
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1. Introduction

Fluorescence is a very sensitive and selective characteristic.
Even a single molecule can be detected by its fluorescence.
The fluorescence can be controlled in various ways — by
varying the solvents and concentrations, ions, polymer
matrix, pressure, chemical transformations, irradiation,
etc. Therefore, the use of fluorescence in sensing technolo-
gies has several advantages, such as high sensitivity, high
resolution, convenient operation and low cost. On closer
examination, the following features of organic dyes as
promising substrates for sensor technologies can be noted:
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— electronic states of organic dyes are available for
excitation by light in a wide range of energies up to the IR
region;

— the majority of organic dyes have rigid planar mole-
cules; planarity reduces the non-radiative decay of excited
states of a dye and increases its fluorescence;

— organic dyes possess functional groups that are
capable of protonation, binding to metal ions and other
reactions with analytes;

— the well-developed m-electronic structure of organic
dyes enables efficient charge transfer interactions with
m-acceptors as analytes.

The efficiency of each sensor is determined by a series of
factors. In this situation, unambiguous characterization and
ranking of sensors are very subjective. We do not intend to
solve such a task and just want to define the mechanisms of
sensory effects of the related organic dyes to be useful both
for understanding of their application and for creating
novel sensory systems and technologies.

Fluorescent organic dyes that provide sensory effects to
the certain analytes are called ‘probes’ in this review. The
applications of fluorescent organic dyes as ‘probes’ have
been intensively studied and summarized in a great number
of recent reviews. Some of them are listed here.!=3° Thus,
metal ions and pH chemosensors, fluorescent dyes for oxy-
gen analytes, fluorogenic probes for biologically active
substrates and many other applications of fluorescent dyes
have been discussed there in much detail. In this review, we
focus on chemical reactions of organic dyes with analytes
that are responsible for the corresponding sensory effects.

Before analyzing sensory effects, some definitions
should be given. A chemosensor means a molecular probe
in which the interaction with an analyte is dynamic, rever-
sible and thus labile. Conversely, a chemodosimeter oper-
ates under kinetic control in an irreversible fashion. Over
the years, these two definitions, as well as the term ‘fluo-
rescent probe’, have been used interchangeably and ambig-
uously. In our review we differentiate organic dyes between
the ‘chemosensor’ (or fluorescent probe) and ‘chemodosim-
eter’ definitions.

The review adopts the following abbreviations:

AIE — aggregation-induced emission,

ACQ — aggregation-caused quenching,

Boc — tert-butoxycarbonyl,

BODIPY — boron-dipyrromethene,

CFG — conformational functional group,

CHEF — chelation-enhanced fluorescence,

Cys — cysteine,

DCMB — dicyanomethylene-benzopyran,

DFT — density functional theory,

DLS — dynamic light scattering,

DP — dye precursor,

ESI-MS — electrospray ionization mass spectrometry,

ESICT — excited-state intramolecular charge transfer,

ESIPT — excited-state intramolecular proton transfer,

FE — fluorescence enhancement,

FRET — Forster resonance energy transfer,

FT-IR spectroscopy — Fourier transform infrared spec-
troscopy,

GR — glutathione reductase,

GSH — glutathione,

Hcy — homocysteine,

HeLa — cervical cancer cells,

HOMO — highest occupied molecular orbital,

HR-MS — high resolution mass spectrometry,

ICT — intramolecular charge transfer,

LMOG — low molecular mass organic conjugate,

LUMO — lowest unoccupied molecular orbital,

MALDI TOF MS — matrix-assisted laser desorption
time-of-flight mass spectrometry,

MF — mechanofluorescence,

MO — molecular orbital,

NBO — nonbonding orbital,

NIR — near-infrared,

PAG — photoacid generator,

PAH — polycyclic aromatic hydrocarbons,

PBS — phosphate-buffered saline,

PDE — polymorphism-dependent emission,

PET — photoinduced electron transfer effect,

PMMA — poly(methyl methacrylate),

ppb — parts per billion,

ppm — parts per million,

Py — pyridyl,

RIR — restriction of intramolecular rotation,

SDBS — sodium dodecylbenzenesulfonate,

Tf — trifluoromethanesulfonate (triflate),

TNT — trinitrotoluene,

U.S. EPA — U.S. Environmental Protection Agency,

WHO — World Health Organization,

@ — quantum yield of the reaction.

2. Scope of analytes and sensory reactions
of fluorescent organic dyes

2.1. Electrophiles as analytes

The number of analytes that have been detected with the use
of organic dyes is growing. First of all, precise pH measure-
ments attract considerable attention of researchers due to
the potential applications in live systems and environmental
monitoring. Metal ions, oxidants, hazard gases, organic
pollutants, bioorganic substrates have been found to pro-
vide responses of the related fluorescent organic dyes.
A brief description of the analytes is given below in order
to better understand the importance of finding new sensors
for their analysis.

Mercury(IT) ion. Heavy metal ions are highly toxic to the
environment, since they are not biodegradable and can be
accumulated in some body organs. Among these ions,
mercury is of great danger due to its extremely high toxicity
in living systems. It is potent inhibitor of certain enzymes,
e.g., thioredoxin reductase in vitamin biosynthesis.3! Thus it
would be of great interest to detect and quantify mercury at
nano level in order to control and prevent environmental
and biological contamination by this metal. There are
several reports on detection of Hg?™" ions involving fluo-
rescence sensing.3?>~43 The naked-eye chemosensors for
detection of Hg?* have drawn special attention offering
fast and easy result. However, most of such chemosensors
use organic or inorganic molecules with sulfur atoms as
donor detecting centres.**~4% But these sensors have selec-
tivity problems because of disturbance of thiophilic metal
ions such as Ag™, Cu?>™ and Cd?". Therefore, they are not
really useful in selective detection.

Lead(11) ion. Pb?™ is another highly poisonous metal
ion. The presence of lead causes many severe health prob-
lems such as mental retardation, memory loss, anemia,
muscle paralysis, kidney damage and disorder of the
blood.47-30

Zinc(I1) ion. Zinc is the second most abundant and
essential transition element in the human body after iron.
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It is indispensable to living organisms in minor quanti-
ties.>! 3% However, zinc is regarded as a metal pollutant of
environment, significant concentrations of which may
reduce the soil microbial activity causing phytotoxic effects.
It is a common contaminant in agricultural and food
wastes. As a result, the detection of zinc is important for
environmental safety.>>

Iron(110) ion. Ferric ion is one of the most essential metal
ions in biological systems. It plays a significant role in
physiological processes such as oxygen metabolism and
enzyme catalysis.’®~58 Both excess and deficiency of Fe3 ™"
ion from normal level can trigger serious problems. An
excess of Fe* ' in the body is associated with the develop-
ment of cancers, hepatitis, heart and liver diseases.> ¢! The
cellular toxicity of iron ions leads to Parkinson’s, Alzheim-
er’s and Huntington’s diseases.®?-%3 On the other hand, a
deficiency of Fe3* ion hinders oxygen delivery to cells,
resulting in fatigue and poor work performance.®*

Copper(11) ion. Cupric ions play a critical role in many
physiological processes in the human body. They act as
active sites of metalloenzymes and proteins, being involved
in oxygen transportation and redox processes.®> Copper(II)
compounds in the brain are involved in inter- and intra-
cellular communication.®%-%7 The disorder of copper level
leads to neurodegenerative diseases such as Menkes, Par-
kinson’s and Alzheimer’s diseases.®®~79 Besides, Cu?* is
identified as an environmental contaminant damaging
microorganisms and the human body.”!~73

Nickel(IT) ion. Nickel is an essential trace element for
supporting life.”*~77 It is involved in biochemical processes,
such as metabolism, respiration and biosynthesis.”® How-
ever, it is also extensively used in many industrial processes:
electroplating, pigment and ceramic production, magnetic
tapes of computers and nickel cadmium batteries.”® There-
fore, possible excess of Ni?* jons in human body can be
highly toxic. Its toxicity includes effects on gastrointestinal
system, blood and kidneys.8°

Silver(I) ion. Ag™ ions are very important bioactive
cations. These ions exhibit different levels of activity in
living organisms, depending on their content. At low con-
centration they provide strong inhibitory and bactericidal
effects, as well as a broad spectrum of antimicrobial
activities.8! These ions are effective for disinfection and
conservation of drinking water. However, a high level of
Ag™ ions has been found to be highly toxic to humans, since
these ions form harmful complexes with amino acids,
nucleic acids and other bioorganic compounds in the
body. Silver ions exhibit a high affinity towards sulfhydryl
and amino functions.82-83

Gold(11) ion. Au?* ions are bioactive cations. They are
considered to be highly toxic in biological systems. These
ions can cause damage to DNA strands and to the liver and
kidneys.84-87

2.2. Nucleophiles as analytes
Biological thiols. Thiol function is found in biologically
relevant species such as cysteine, homocysteine and gluta-
thione. These biothiols are vital for the support of cellular
redox status. Alterations in their level can cause severe
diseases such as AIDS, cancer and Alzheimer’s disease.
Therefore, sensing and signalling of biological thiols is an
important analytical task.3%-93

Cyanide ion. Cyanide ion is a wide-spread highly toxic
anion.”* A small amount of CN— can result in lethal
poisoning. It inhibits cellular respiration in cells via its

binding to a heme unit in the active site of cytochrome as,
leading to vomiting, convulsion and eventual death.®> The
World Health Organization (WHO) restricts the maximum
acceptable level of cyanide in drinking water to be not more
than 1.9 pmol L~ 1.9 However, the use of cyanides cannot
be avoided due to their extensive use in many industrial
processes, such as electroplating, gold mining and plastics
manufacture.®’

Phosphate ions. Phosphate ions are of particular interest
among other anions, playing an important role in many
chemical, biological and industrial processes.”®~103 These
ions are key substrates in some biochemical reactions and
components of biomolecules.!%4195 Even though phos-
phates have great contributions to the industrial production
and life of human beings, the over-use of phosphates in
agriculture causes serious environmental problems, includ-
ing damage of aquatic ecosystems,106-110

Hypochlorite ion. Hypochlorite is the main component
of cleaning agents and is extensively used in industry.
Therefore, it exists widely in biological environment.!!! 112
There is a certain amount of hypochlorite in the immune
system, which is essential for human health. Nevertheless,
the excess of this anion can cause some diseases such as
cardiovascular and kidney diseases, neuron degeneration
and cancer.!13-115

Nitrite ion. NO; ion is a hazardous inorganic contam-
inant that exists widely in ground and surface water sys-
tems.!16 117 Tt is also often used as a colour fixer and food
preserver. NO; ion has proved to be of a great threat to
human health. Nitrite reacts with amines, resulting in the
formation of nitrosamine, which is known to be highly
carcinogenic.!'8~120 In blood, nitrite can oxidize iron(II) of
haemoglobin, thus hindering oxygen transfer.!?!-122 The
U.S. Environmental Protection Agency (U.S. EPA) restricts
the maximum acceptable level of nitrite in drinking water to
1 ppm (21.7 pmol L—1).

Hydrazine. Hydrazine (N2H4) is widely used in chemical
industry, agriculture, pharmacy. It is also used in missile
systems and aerospace. Meanwhile, hydrazine exerts delete-
rious effects on human health. It can be absorbed by skin
and lungs, providing serious damage to the kidneys, liver
and central nervous system.!?3-125 Moreover, hydrazine has
been found to be carcinogenic and mutagenic.!'26-127

2.3. Conformation-effected analytes

As a special group of analytes, the present review considers
a number of examples wherein fluorescent properties of
organic dyes depend on the effects caused by changes in
temperature, pressure and aggregation. These effects are
often extremely high, since those changes are usually
accompanied by significant responses in the molecular
structure of the fluorophore, which, in turn, directly affect
the energy of its electronic states and transitions between
them. A number of examples of the ‘work’ of this group of
analytes, conventionally named by the authors of the
present review as conformation-effected analytes, are con-
sidered in Section 6.

2.4. Fluorescent organic dyes as probes and their sensory
reactions

A fluorescent organic dye capable of acting as a ‘probe’
must comprise at least two fragments: a receptor that is
responsible for binding to the analyte and a fluorophore
that provides a spectral response during the sensory reac-
tion.
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In some probes, receptor and fluorophore fragments are
separated by a spacer. In other probes, the role of the
receptor may be performed by the corresponding functional
group of the fluorophore. Binding to electrophilic analytes
is provided by heteroatoms having lone electron pairs, for
example, in amino- or hydroxy functions of the related
probes. Binding to nucleophilic analytes is provided by
receptors that have electron-withdrawing properties.
Organic dyes and their analogues, acting as fluorophore
fragments in sensory probes, are very diverse in their

Table 1. Fluorophores and analytes duscussed in this review.

structures. For convenience, we have summarized the struc-
tures of fluorophores and their application in sensory
technologies in Table 1. Besides, the designations of the
corresponding probes are indicated. The detected analytes
and references are also given.

As one can see, a molecule of each organic fluorophore
contains a certain number of functional groups that can
potentially provide a response to a particular analyte. This
response is based on the corresponding organic reaction

Fluorophore, probe designations ~ Analytes Ref.
Me Me  Me
i
=N N Y4 H™*, biological 29,
Me ,B_ Me thiols, Cu?*, 128140
F F ClO~

Boron-dipyrromethenes
(BODIPY) (1, 17, 34, 43,

44,49, 61, 64)
O
) O Me Cu2*, A, 141158
MeN H.PO;, Hg?*,
) Azt ON-F
O
Naphthalimide deriva-
tives (2, 3, 36, 37, 45, 67)
Me
Me@ Cu+,Cr3*, AB*,  159-203
OH N Zn”,F*,Niz*,L
Me | CN—, HCIO, SO3
Schiff bases and their
analogues (4-7, 21,
35, 53, 59, 65)
Mg? ", Zn?*, 204-206
CN—,F~—
Porphyrins, related
macrocycles and derivatives
(14, 15, 55, 56)
% Ni2* 207-212
Pyrene, related PAH,
their derivatives (16)
NC.__CN
d%\ SO3~ 213
O Me
Dicyanomethylene-
benzopyran (DCMB)
derivates (18)
Cyanine dyes and their CN -, hydrazine, 214-221

analogues (19, 20, 50, 51,
52,54, 57, 58)

HSO7, SO3™,
Hg2+

H Fluorophore, probe designations ~ Analytes Ref.

EtoN O (0] O NEt,
N—Me
O
(¢}

H*, Hg2*, 222-246
an + R F€3 +
Rhodamine derivatives
(22-27,29-31)
X
l N l Me He? 247-250
HO O OH
Fluorescein derivatives (28)
R
HN@ Cu2*, As3+, 251-256
w X irradiation, H,O
ELN o"~o
Coumarin derivatives
(32,33,42,48)
Me
Phosgene 257
Me:xN (e} =~ KIMEQ
Pyronin derivatives
(38)
O OH
Me
sos .
O OH
Quinizarin derivative (40)
I\‘/Ie
N Irradiation, 258,259
/@ :©\ aggregation effects
EtoN (0] NEt,
Oxazine derivatives
(41,70, 71)
Hetarene conjugates TNT, aniline, H*, 260295

(46, 47, 63, 66, 68, 69,
72,73)

Zn?", S?, aggregation
effects

Note. PAH are polycyclic aromatic hydrocarbons, TNT is trinitrotoluene.
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that occurs when the fluorophore molecules contact the
analyte.

Depending on the structure of the fluorescent organic
dye and the analyte, different sensing reactions can be
observed. Almost every organic dye contains heteroatoms
that can be protonated. The protonation changes signifi-
cantly the electronic structure of the organic dye molecule
and therefore its potential fluorescence. Acid—base inter-
actions often underlie the sensory effects of organic dyes.
Binding to a metal ion has often a similar effect on the
electronic structure of the dye molecule and thus on its
spectral response.

Organic dyes are multifunctional organic compounds
with a significant reactivity. Electron-withdrawing func-
tional groups (such as carbonyl, carbalkoxy or imino
functions) can react with highly nucleophilic analyte mole-
cules via Adn-reactions, thus providing serious violation of
the push-pull electron distribution specific to fluorescent
organic dyes. Addition of a nucleophilic analyte to a
polarized carbon-—carbon double bond of a fluorescent
organic dye can occur, for example, during the Michael-
type reaction. Nucleophilic substitution reactions can per-
turb the push-pull electronic structure of a fluorescent
probe as well. A good leaving group in the fluorescent dye
is often able to provide an effective sensory response even in
the presence of a low-nucleophilic analyte.

Particular attention should be given to reactions of the
so-called latent (hidden) forms of organic fluorophores.
Lactone and lactam forms of rhodamine dyes, N-acyl
derivatives of oxazines and coumarin dyes can be mentioned
as examples. Such latent forms have generally no fluores-
cence. Latent forms of the fluorescent dyes often readily
transform into their active forms, thus providing the corre-
sponding sensory effects during hydrolysis, oxidation or
complexation under mild conditions.

3. Photophysical mechanisms of sensory effects of
fluorescent organic dyes

There is a certain number of photophysical mechanisms that
should be mentioned for better understanding of the sen-
sory effects of fluorescent organic dyes when they interact
with analytes.??-2°¢ Many photophysical processes (e.g.,
quenching via collision, photoinduced electron transfer,
exciplex formation, photoinduced proton transfer, energy
transfer, efc.) may be responsible for the fuorescence change
upon binding of the analyte by the receptor. The most
frequently met mechanisms in the design of probes are
discussed briefy in this section.

3.1. Photoinduced electron transfer effect

Many fluorescent probes are specified by the photoinduced
electron transfer effect, which can be responsible for the
emission changes. There are two types of PET effects that
can control the probe fluorescence.

In the reductive PET mechanism, the fluorophore moi-
ety of the probe and the receptor are connected by a linker.
In this mechanism, fluorophore as the electron acceptor is
reduced, whereas the receptor as the electron donor is
oxidized. In terms of molecular orbitals, the highest occu-
pied molecular orbital (HOMO) of the fluorophore is lower
than the HOMO of the receptor. Thus, an electron from
receptor can transfer to the excited fluorophore and fills its
singly occupied HOMO. Figure 1a shows an analyte-free
fluorophore with an electron-rich receptor. In this case the

A  + D
— LUMO
LUMO —-

M- Homo
HOMO —T—/\

——LUMO
LUMO

l Fluorescence
—_—>

—H— HOMO

Figure 1. (a) Scheme of the reductive PET fluorescence inhibition;
(b) the PET effect is ‘off” due to the probe—analyte interaction.
The fluorescence is ‘on’.
A is an electron acceptor, D is an electron donor. PET is photo-
induced electron transfer

HOMO

probe will be in the fluorescence ‘off’-state due to the
reductive PET effect.

Interaction of the receptor with an analyte will ‘switch
off” the PET effect and restore fluorescence. Thus, the
fluorescence turns to the ‘on’-state (Fig. 15).

As example of the reductive PET mechanism, the
control of the emission of the probe A by its interaction
with the Zn2?" ion is shown in Scheme 1. The fluorescence
of this probe is quenched by the PET interaction of the
benzene ring with the nitrogen atom in the absence of a
metal ion.

Scheme 1
PET ‘ON’ PET ‘OFF*
(\ 'Z/(\ O MGQ
Zn
E—
Strongly fluorescent
Weakly fluorescent

When bound to a metal ion, the nitrogen lone pair of
electrons is no longer available for the PET process. As a
result, photoinduced electron transfer is terminated and the
probe becomes highly fluorescent. The UV/Vis spectra of
the A-Zn?* complex exhibit four clear isosbestic points,
which may be assigned to the A moieties bound to Zn>" ion
(see Scheme 1).2°7 The probe A operates via the chelation-
enhanced fluorescence (CHEF) and PET mechanisms (see
Fig. 1 a). Fluorescence measurements show that A has an
excellent fluorescent selectivity for Zn?>* ions over many
other metal ions due to the intramolecular charge transfer
(ICT) mechanism. The results demonstrate that the binding
between probe A and Zn?" is chemically reversible. The
structure of the A-Zn?>* complex has been confirmed by the
X-ray diffraction analysis.
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1D* +

LUMO —K\

~—LuMO —
HOMO —4—

—H— HOMO

Figure 2. Scheme of the oxidative PET fluorescence inhibition.

The oxidative PET mechanism of fluorescence inhibition
is illustrated in Fig. 2. The energy levels of molecular
orbitals (MO) provide the electron transfer where the singlet
excited state (LUMO) of fluorophore can donate electrons
to the analyte’s LUMO. In this case, the fluorophore (an
electron donor) is oxidized, while the analyte (an electron
acceptor) is reduced.

The probe B exhibits an absorbance increase at 506 nm
and distinct emission at 635 nm. The addition of Cu?>* ions
causes quenching of fluorescence due to the formation of
cuprous complex according to the oxidative PET mecha-
nism (Scheme 2).137

3.2. Intramolecular charge transfer effect

Fluorophore possessing an electron-donating (e.g., amino,
methoxy) group conjugated to an electron-withdrawing
group undergoes ICT from a donor to an acceptor upon
photo-excitation and hence, the increase in the dipole
moment can be considerable. The fluorescence emission
spectra of probes with an ICT state strongly depend on the
solvent polarity. Increase in the latter results in the red shift
of the emission bands. The most obvious difference between
PET and ICT effects lies in different fluorescence responses
of the probe in the analyte recognition. PET probes display
fluorescence enhancement or quenching without pro-
nounced spectral shifts, so that the terms ‘off-on’ and
‘on-off” for fluorescent sensors are often used. The absence
of shift in the spectra rules out ratiometric measurements at
two wavelengths. In contrast, the ICT-based indicators
show clear fluorescence band shifts upon analyte binding,
making ratiometric measurements possible.

The ICT effect, which is responsible for the high
emission of a fluorophore molecule, is hindered by the
analyte molecule interaction with the m-conjugated system,
thus blue-shifting the emission process. The probe C is

Scheme 3

Blue fluorescence

shown below as an example (Scheme 3).2!7 It turned to be
a novel ratiometric fluorescent chemodosimeter for cyanide
detection. In the presence of cyanide ions, this dye shows a
significant fluorescent response, with the emission having a
large Stokes shift (~210 nm). The sensory effect of the
probe C is discussed in more detail in Section 7.

3.3. Excited-state intramolecular charge- and proton transfer
effects
The excited-state intramolecular proton transfer reactions
of salicylideneaniline derivatives and their analogues have
been often discussed in the sensory reactions of the related
probes. The ESIPT effect implies the transfer of a hydroxy
proton to the imine nitrogen atom through a pre-existing
intramolecular hydrogen bonding configuration, and has
also been extensively described in the literature.?98-304
As illustrated in Fig. 3, the resulting proton-transfer tauto-
mer (keto-form) significantly differs in structure and elec-
tronic configuration from its corresponding ground state,
i.e., it shows a large Stokes shifted fluorescence. Upon
Franck — Condon excitation, excited-state intramolecular
charge transfer (ESICT) can follow the ESIPT process
thus providing definite emission changes.?0!-305,306

A novel dipole-functionalized Schiff base D, as well as
related compounds E—G, can illustrate the role of ESIPT/
ESICT processes in sensory reactions of salicylideneaniline
derivatives and their analogues.3%7

In solid state and in aprotic solvents Schiff bases D— G
exist mainly as E-conformers possessing a strong intra-
molecular hydrogen bond. Compounds E— G exhibit solely
a long-wavelength proton-transfer tautomer emission, while
dipole-functionalized salicylideneaniline D shows remark-
able dual emission originating from the ESICT and ESIPT

Fluorescence ‘turn-on’

Scheme 2

Fluorescence ‘turn-off’
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E*(S1) ESIPT
| \
[
| K*(S1)
— g g
1.9 ke
8 S| 13 ;
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% § 'S g
c | < ?)
w < ! Reverse proton X
| transfer K(So)
B / O1H
E(So) Me—!  N—Me
0—H —

Me—g\—/</N —Me Me Me
Keto-form

Enol form

Figure 3. Energy levels of a Schiff base in the excited-state intra-
molecular proton transfer process (E is the energy level of enol
form in the ground state, E* is the energy level of enol form in the
excited state, K is the energy level of keto-form in the ground state,
K* is the energy level of keto-form in the excited state).

Structures D— G
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z T

-
-

-n
-n

states. Analysis of the geometric structures clearly demon-
strates that the intramolecular hydrogen bond is shortened
upon photoexcitation, which is regarded as a crucial factor
for ESIPT. The results make further rational design of the
ESICT/ESIPT coupled systems feasible by modifying the
ESIPT molecules.

Depending on the probe structure and the nature of the
analyte, other mechanisms can operate in the corresponding
fluorescent probes. These sensory effects are discussed in
the relevant sections of this review.

4. Probes with induced fluorescence

4.1. Acids and metal ions as analytes

Boron dipyrromethene fluorophores possess outstanding
photophysical properties, including high molar absorption
coefficients and fluorescence quantum yields, narrow emis-
sion bandwidths and high stability in physiological condi-
tions.?% 128 Moreover, their spectroscopic characteristics
can be fine-tuned by introducing appropriate substituents
at various positions of the BODIPY backbone. These
unique advantages facilitate the design of various
BODIPY-derived fluorescent probes in analyte detection,
bio-imaging and labelling.!29 133

Structure 1

An optical and fluorometric pH probe 1 has been
prepared by combining a pH sensitive benzimidazole (as a
receptor) and the boron-dipyrromethene fluorophore.3°8

Benzimidazole group has two acid-base equilibrium
states with pK, values of 5.7 (protonated-neutral) and 12.6
(neutral-anionic), the former of which is ideally located
within the physiological pH-range of acidic organelles such
as lysosome (pH 4.5-5.5) and endosome (pH 4.5-6.8).
Therefore, benzimidazole derivatives are usually employed
to modify the fluorophore so as to develop intracellular pH
sensors.3%%-310 Due to the electron-donating effect, the
benzimidazole group causes an obvious red shift in the
absorption and fluorescence spectra. Upon protonation,
the probe 1 exhibits definite blue-shifted absorption and
enhanced red-shifted fluorescence. Thus the probe 1 oper-
ates via the PET-inhibition mechanism.

The sensory effect was substantiated by quantum chem-
ical calculations. The structures of the neutral and proto-
nated forms of the probe 1 were optimized at the B3LYP/6-
31+ G(d) level, followed by analysis on the frontier orbitals.
As one can see from the calculation results, the HOMO of
the neutral 1 was found to be localized on the BODIPY core
and benzimidazole, while the LUMO is mainly composed of
the BODIPY unit. However, both HOMO and LUMO of
the protonated 1 are localized in the BODIPY core. Thus,
the PET between BODIPY and benzimidazole moiety exists
in the neutral form. It is inhibited in the protonated form,
since the imine N-atom is protonated. The energy band-gap
was estimated to be 2.84 eV for the neutral and 3.12 eV for
the protonated form, reflecting an increased transition
energy in good accordance with the blue-shift of the
batochromic band in the electronic absorption spectra.
Therefore, the benzimidazole-BODIPY dye 1 can be effec-
tively used as an optical switch and the fluorescent pH-
indicator. Internalization of both 1.0 nM and 10.0 nM
antibody concentrations was detected. Cell experiments
were carried out to verify that the probe 1 can be selectively
used in the acidic lysosome.

Naphthalimide derivatives are a useful class of pH- and
metal ion-sensitive fluorophores.!'#!~143 Due to their high
fluorescence and good photostability, 4-amino-1,8-naph-
thalimide derivatives have found wide application in a
number of fields including laser active media,!4* 14> poten-
tial  photosensitive  biological units,'*¢  fluorescent
markers,!47 fluorescence sensors and switches in electro-
luminescent materials,'#®~ 150 liquid crystal displays '>! and
ion probes.!>?

A highly photostable yellow-green emitting 1,8-naph-
thalimide-based dye 2 containing active fragments of a
hindered amine radical scavenger, s-triazine UV-absorber
and a polymerizable allyl function was designed as a PET
fluorescence chemosensor for metal ions and protons, as
well as an additive capable of chemical fluorescence dyeing
of polymers (Scheme 4).153
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The photophysical properties of the ‘turn-on’ probe 2
were studied in DMF and water —- DMF solutions. Thus, the
presence of metal ions (Cu?™*, Pb2 ", Zn?", Co?* and Ni?™)
and protons markedly changed the fluorescence intensity of
the molecule. These changes can be attributed to the
coordination of the piperazine amine receptor with the
analyte as illustrated in Scheme 4. The probe 2 itself shows
a low fluorescence quantum yield due to the PET from N-
methylpiperazine donor moiety to 1,8-naphthalimide
acceptor. Thus, the fluorescence of 2 is quenched. The
highest fluorescence enhancement (FE) of the dye 2 was
observed in the presence of Cu?™ ions (FE = 30.94). Fluo-
rescence intensity was noticeably increased at Cu®?™ con-
centration of 6.67x10~¢ mol L—!. Titration plot of the
probe 2 shows a 1:1 metal—probe complex formation.
According to this, a blue shift (~ 11 nm) of the fluorescence
maxima in the presence of Cu?" is observed. However, the
recognition of the Cu?* ion via complex formation elimi-
nates the donor ability of the piperazine moiety, allowing
the emission to be ‘switched on’. The discussed mechanism
of the fluorescence enhancement is similar to that of
protonation. For example, after protonation of the
alkylated amine receptors in the probe 2 in an acidic
medium, the fluorescence increased more than 40-times
(FE = 40.64—46.37).

Two novel ‘turn-on’ probes 3a,b containing a ferrocene
unit and a strongly fluorescent naphthalimide moiety were
synthesized and tested for the gold ion detection.!*

The incorporation of a hydrophilic triethylene glycol
unit improves the water solubility and facilitates the dis-
persion of compounds 3a,b in aqueous media. The presence
of the ferrocene unit in both compounds decreases their
emission due to the PET. However, the probe 3b exhibits a
selective fluorescent ‘turn-on’ upon addition of the Au'!!

Ok ome Fe@
I

Structures 3

O\i |N| 40

Oé/\oa/\/OMe
3b 2

5
«

ion. The selectivity towards gold ions is explained by their
special affinity to the triple bond. Two acetylenic carbons
resonate at 90.3 and 85.8 ppm in the '*C NMR spectrum of
3b in CD3CN. Upon addition of Au'! ions to the sample,
these signals disappear, thus providing a strong evidence for
the presumed coordination of Aull! to the triple bond. The
calculations using the DFT method (B3LYP/LANL2DZ)
indicate that the HOMO energy level of the ferrocenyl(imi-
dophenyl)acetylene moiety in 3b is at —5.54 eV, which is
higher than those of the naphthalimide moiety in the same
molecule (—6.47 eV). Coordination of the gold ion to the
triple bond disturbs the conjugation and inhibits the PET
effect, thus enhancing the fluorescence signal. A low to
negligible interference by a 100-fold concentration of other
metal ions in acetonitrile—water solution is also noted.
Under the conditions used, the detection limit for Au!l!
ions was found to be 95 ppb.

Schiff bases are much of interest due to their wide
application in many fields, e.g., as liquid crystals, 59162
organic dyes!63-170 and catalysts.!”!~173 The spectral
response of salicylideneaniline derivatives is based on the
ESIPT effect, which includes transfer of a hydroxy proton
to the imine nitrogen through a preexisting intramolecular
hydrogen bonding configuration. This phenomenon has
been  extensively investigated in  sensory  reac-
tions.174-186,298-304 This unusual optical property has
found many important applications, e.g., in photochromic
materials,'87 chemosensors '88-192 and organic light-emit-
ting diodes.!93-195

A new Salamo-type bisoxime (probe 4) has been synthe-
sized.19¢

Bisoxime 4 shows ‘turn-on’ sensing properties towards
several metal ions such as Pb?*, Zn?" and Cu?*. An
obvious colour change in sensing Pb>" ions from yellow 4
to pale pink 4-Pb%* can be observed by the naked eye in
visible light. Probe 4 can also act as a fluorescent sensor for
recognition of Zn?" ions with high selectivity and sensiti-
vity. The binding constant K of the probe 4-Zn>" complex
was estimated to be 4.04 x 10° mol L—! by the Benesi— Hil-
debrand equation. The detection limit of the Zn?>* ion was
4.07 x 10=7 mol L—!. The mechanism of sensory effect of

Structure 4

HO
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the probe 4 towards metal ions has been evaluated from the
crystallographic data for the isolated probe 4-Cu?* com-
plex. According to the X-ray diffraction data, complex
[Cu(4)(u-OAc)Cu] contains two Cu?* atoms, one molecule
of 4 and one p-acetato group. The cupric ion is located in
the N>O» coordination environment of 4 moiety while the
Cu™ ion is located in the NOj site. Two oxygen atoms [O(3)
and O(6)] of the donor NOON moiety of compound 4
bridge the Cu™ and Cu?" ions. Upon binding to a metal
ion, the nitrogen lone pair is no longer available for the PET
process.

The 4-(benzo[d|thiazol-2-yl)-2,5-dihydroxybenzalde-
hyde derivative has been synthesized to develop a novel
multifunctional fluorescent probe 5.197

The probe provides emission via the ESIPT mechanism
under excitation. Fluorescent analysis showed the probe 5
to exhibit excellent recognition properties towards Cr3™,
AIPT, Zn?" and F~ ions with large Stokes shifts. Moreover,
under optimal conditions, the detection limits of probe 5 for
these ions were lower than 10— 8 mol L—!. However, fluo-
rescent and 'H NMR titration experiments show the recog-
nition mechanisms of probe 5 towards the mentioned ions
to be somewhat different. Upon increasing the concentra-
tion of Cr3™" ion, a significant upfield chemical shift of the
OH proton has been observed. Meanwhile, the singlet signal
of the imine functions converted to triplets, which were
slightly shifted downfield. It indicates that orto-OH func-
tions and the imine N atoms are responsible for the
recognition of Cr3* ions. Thus, in the presence of Cr3*
and AI** ions, recognition mechanism shown in Scheme 5
operates. The presence of Zn?* ions provides a definite
deprotonation of the phenolic OH and induces an ESIPT
red-shifted (60 nm) emission wavelength. The recognition
mechanism is illustrated in Scheme 5.

The presence of F~ ion results in the complete deproto-
nation of the free phenolic OH groups. Therefore, a
remarkable ESIPT emission is observed. As a result, it was
shown that the ESIPT mechanism can be controlled by the
four mentioned ions. The discussed mechanisms were fur-
ther supported by a computational study. The application
of probe 5 as a biosensor in living cells (PC3 cells) towards
Cr3", AI’" and Zn2" ions has also been demonstrated.

Receptor 6 with a cavity table to accommodate Zn2™
ions was synthesized.!”8

Structure 6

The absorption and fluorescence titrations with this
selectively detected analyte showed satisfactory linear rela-
tionship between the added concentrations and the band
intensities. The emission peak maximum was located at
517 nm. Considering the 1:1 binding stoichiometry
between the probe 6 and the Zn?™" ions, the possible 3D-
structure was calculated by applying the DFT method. All
calculations were performed in Gaussian 09W by applying
the exchange-correlation functional B3LYP and the
6-31G(d,p) basis set for the C, H, N and O atoms, and
LANL2DZ for the Zn atom. The optimized structure of the
probe 6 showed an intramolecular hydrogen bonding with
the length of 1.814 A, which agrees well with the position of
the phenolic OH signal (12.18 ppm) in the downfield region
of TH NMR spectrum. The fluorescence enhancement of
receptor 6 in the presence of Zn>™ at 517 nm can be
explained by the inhibition of the C=N isomerization in
the excited state, which caused a large CHEF effect.311-313
The competitive experiment was performed by recording the
fluorescence spectra of receptor 6 in the presence of 1 equiv.
of Zn?>"* ion mixed with 1 equiv. of other potent cations
mentioned above. No significant variation in the fluores-
cence spectra of receptor 6 was found in comparison with
those with the same amounts of Zn2?* solution in the
presence and in the absence of other cations. The estimated
detection limit was found down to 10.75 nm.

Sensor 7 based on a Schiff base derivative has been
suggested for selective detection of Ni2™ ion (Scheme 6).199
The probe exhibits the remarkable fluorescent response to
Ni2* ion with a 1: 1 stoichiometric ratio and detection limit
equal to 8.62x 10~7 mol L.

The 1:1 binding was supported by using electrospray
ionization (ESI) mass spectrometry and FT-IR spectra. The
probe 7 reveals the stretching vibration peaks of N=CH
and C(H)=O0 functions appearing at 1641 and 2764 cm !,

Scheme 5
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respectively. After addition of Ni?" ion, both N=CH and
C(H)=O0 bands shift to lower frequencies, with the inten-
sity of the latter peak decreasing. Two characteristic peaks
were also observed at 457 and 543 cm !, showing Ni?* ion
coordination with the binding site of the probe. The sensor
7 alone exhibits a weak fluorescence at 393 nm due to the
C=N isomerization process in its excited state. In the
presence of Ni?>* ion, the sensor displays a new strong
emission band at 630 nm. The significant enhancement of
fluorescence intensity is explained by inhibition of the
C=N isomerization and promotion of the CHEF effect
upon Ni?" ion binding at the N=CH, C(H)=0 site.

Porphyrinoids 8—-13 represent optimal structures of
fluorescent probes in which both the analyte binding part
(receptor) and the fluorescent fragment define the same
structural element. From this point of view, pyrrole is
considered as a promising building block. It can be easily
incorporated into linear and macrocyclic conjugated struc-
tures.

Simple oligopyrrins have flexible conformations. There-
fore, metal coordination improves their rigidity, which
results in a definite fluorescence enhancement. Compared
to normal porphyrins, these compounds are supposed to be

more suitable to provide fluorescence ‘turn-on’ probes for
metal ions with large signal-to-noise ratios and high sensi-

Structures 8—13
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Pyrrole

8 (dipyrrin) F
9 (BODIPY)

11 (porphyrin)

12
(N-confused porphyrin)

13 (hexaphyrin)

tivity.2%% As an example, the probe 14 is considered to be
effective chemosensor for Mg?* ions (Scheme 7). It has a
suitable central cavity size selective to Mg?™ over Na™®, K™
and Ca’?™ ions, showing complexing constant of 37.3 mol—
in the presence of water. The probe 14 shows a very weak
fluorescence at 572 nm with a quantum yield of 0.3%. NMR
and MS spectral measurements show that the addition of
Mg2™" ions to the solution of compound 14 in acetonitrile
generates 1:1 complex leading to 16-fold fluorescence
enhancement with an emission wavelength at 639 nm and
quantum yield of 1.5%. The binding constant of the
14-Mg?* ion complex was estimated as being equal to
7.3 mol— L.

Scheme 7
EtO(O)C C(O)OEt Moz
_ — g
EtO(O)C C(O)OEt
14 Ph
EtO(0)C C(O)OEt
EtO(O)C C(O)OEt

Porphyrin —chalcone type probes with efficient red fluo-
rescence have been prepared.?’

For some of them (compounds 15a—e), their ion recog-
nition ability towards Ag™, Cu?*, Zn?*, Cd>* and Hg?>*
ions in organic solvents, in solid state as well as in polymers
[e.g., poly(methyl-methacrylate) (PMMA)] has been deter-
mined using absorption and emission spectroscopy techni-
ques. The best ion sensing was observed for the Zn?" ion
using the probe 15a with the detection limit equal to 60 ppb
(Scheme 8).

A decrease in intensity of two bands centred at ca. 671
and 728 nm in the emission spectra of probes 15a—e was
accompanied by the appearance of a new band at 633 nm
after addition of the Zn?" ion. This new emission band was
assigned to the metal-to-ligand charge transfer. It shows the
generation of a new fluorophore due to the metal—por-
phyrin association. In order to study various reaction path-
ways of probes 15a,c and Zn? ™", the effect of addition of this
ion was monitored by 'H NMR spectroscopy technique.
The interaction of the probe 15a with Zn?" ion leads to the
loss of symmetry of the porphyrinic macrocycle and to
nonequivalence of its NH protons, which appear as a singlet
at —2.5 ppm in the probe 15a, but are observed as two pairs
of separate singlets after Zn>" ion addition.

Among various types of known fluorophores, pyrene
shows unique photophysical properties and is useful in the
environmentally benign sensor systems.2°7-298 Pyrene deriv-
atives are used for constructing various types of probes due
to their advantageous properties such as polarity sensitive
vibronic emission, long fluorescence lifetime, high charge
carrier mobility, m—m staking behaviour and chemical
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stability.299-211 A novel pyrene-based fluorescent probe,
4-phenyl-2-(pyren-1-yl)-1,8-naphthyridine 16, has been syn-
thesized.?!?
The probe 16 was used as a selective sensor for Ni?* ion
over other cations. The solvent polarity-dependent photo-
luminescence characteristics strongly confirm the presence
of photoinduced electron transfer from pyrene to 1,8-naph-
thyridine unit in the probe. Upon Ni?" addition, the
fluorescence wavelength was shifted to 450 nm due to the
formation of a square planar 2: 1 complex of the probe with ICT ‘off' f
Ni2* ion (Scheme 9). The resultant excimer formation and off, fluorescence
PET from pyrene moiety to the 1,8-naphthyridine part was
supported by DFT calculations. The HOMO of the probe
16 is localized on pyrenyl unit, while the LUMO is located  20-fold upon increasing the cysteine concentrations

on the 1,8-naphthyridine unit. The PET takes place from
pyrenyl unit to the 1,8-naphthyridine unit resulting in a
weaker emission. When Ni?* binds to the nitrogen atoms in
the complex, the PET process is inhibited through the
CHEF effect and excimer formation. The remarkable fluo-
rescence enhancement with a 20 nm red shift is observed.
The detection limit was 2.5x 10~ ! mol L—!. The probe 16
also exhibits very low cytotoxicity and strong fluorescence
emission in living cells.

4.2. Nucleophiles as analytes
The BODIPY dye 17 containing nitroethenyl substituents
connected with the BODIPY core is shown to be a sensitive
ICT-probe to biological thiols particularly, to cysteine (Cys)
(Scheme 10).134

Both absorbance and emission spectral changes have
been registered. Fluorescence intensity increased up to

(0—400 equiv.) with an emission band centred at 515 nm
(Aex = 500 nm). Significant change was observed neither in
absorption nor in emission spectra when natural amino
acids other than cysteine were treated with the probe 17.
Nitroalkene unit represents a strong Michael acceptor,
which turns to be highly sensitive to the sulfhydryl nucleo-
phile. The Michael reaction of probe 17 has been studied by
'"H NMR spectroscopy. The addition of the analyte to
sensor 17 results in the disappearance of the vinylic protons
at 8.07 and 7.44 ppm with immediate appearance of protons
of the formed nitroalkane moiety at 4.80 ppm. A nucleo-
philic attack of the sulfhydryl nucleophile to the B-position
of nitroethene disrupts the m-conjugation and hinders the
ICT. As a result, combination of two mechanisms (PET and
ICT) provides fluorescence response of the probe 17.
Dicyanomethylene-benzopyran (DCMB)-based fluores-
cent probes have been developed for the detection of

PET

Weak emission

Scheme 9

Ni2+
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harmful small molecules of food additives, such as benzoyl
peroxide, 314315 formaldehyde,3'® sodium sulfite 317-318 and
sodium nitrite.3!® Some probes for these analytes show
hypochromic effect and emission in the visible region and
suffer from the interference from background. The DCMB-
based probes are characterized by significant hyperchromic
effect and near-infrared (NIR) fluorescence ‘turn-on’
response towards analytes. This effect can minimize the
interference from background, such as flavonoids with
yellowish green fluorescence, and provide a possibility to
detect analytes in food with the naked eye. Dicyanomethy-
lene-benzopyran is known as a photostable and easy-to-
prepare precursor of fluorophores that exhibit emission in
the NIR region.320-323

A NIR ‘turn-on’ fluorescent chemodosimeter 18 for the
detection of SO3~ ions in food has been synthesized
(Scheme 11).213 The strong electron-withdrawing quinolinyl
was chosen as a building block to prepare DCMB due to its
ability to quench the fluorescence of DCMB and increase
the solubility in water. Sensor 18 shows a significant
colorimetric and NIR fluorescent response to the SO3~
ion. Compared to non-fluorescent compound 18, a great
fluorescence enhancement at 675 nm was observed in the
presence of SO~ [quantum yield (@) = 0.38]. The detection
limit of the probe 18 for SO3~ is calculated to be
31.6 nmol L—!. The detection is specified by the high
contrast ratio based on the 1,4-nucleophilic addition reac-
tion. Thus, the conjugated Michael addition turns to be a
sensing mechanism of the sensor 18, which was confirmed
by the 'H NMR and high-resolution mass spectrometry
(HR-MS) spectra. After treatment with 10 equivalents of
SO3~, the chemical shifts at 9.97 ppm and 4.67 ppm
changed to 4.97 ppm and 3.36 ppm, respectively, suggesting
that the quinolinium skeleton is broken by the 1,4-Michael
addition of the nucleophilic SO3™.

The probe 19 containing triphenylamine as a donor and
benzothiadiazole as an acceptor has been synthesized
(Scheme 12).2'4 Several chemosensor systems for CN—
detection had been earlier developed. These systems are
based on nucleophilic addition reactions 324326 and hydro-
gen bonding interaction.??7-328 The probe 19 differs by ‘red-
shifted’” emission as a sensing effect. The calculated detec-
tion limit by the fluorescence changes is equal to
0.014 mmol L—', being comparable with those of other
dicyanovinyl-based probes.

The mechanism of probe 19 for CN~— sensing was
analyzed using '"H NMR spectroscopy. The cyanide ion
adds to the dicyanovinyl fragment by the Michael addition
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mechanism resulting in a definite reduction of the vinylic
proton signal at 8.38 ppm, which finally disappears upon
addition of 1.0 equiv. of CN~ ion. A new signal corre-
sponding to the B-proton of dicyanovinyl is observed at
4.70 ppm. Interaction of the cyanide ion with the sensor
molecule inhibits the ICT and results in the disappearance
of the absorption peak at 521 nm, and the appearance of a
new one at 450 nm. Besides, nucleophilic addition of the
CN~ ion to the dicyanovinyl moiety provides a large
change in the emission spectra. The band centred at
627 nm increases prominently. It has a large Stokes shift
and the fluorescence wavelength is close to the infrared
region.

The ICT effect is often responsible for low emission of
fluorophore molecule, which is enhanced upon addition of
the analyte molecule to the m-conjugated system of the
probe. The probe 20 has also been synthesized for the
cyanide ion detection. It is characterized by the absence of
fluorescence due to the ICT effect. The ICT is blocked in
20-CN because of breakdown of the conjugation between
coumarin and indole groups. Thus, the fluorescence
enhancement for 20-CN becomes possible.?!?

It should be noted that no significant fluorescence
changes were noticed for other potassium salt anions. The
molecular orbitals relevant to the excitations and electron
transitions in the structures 20—38 and 20-CN (Scheme 13)
are described below. The HOMO - LUMO transition solely
contributes to the excitation in probe 20, while the contri-
bution of the HOMO—-LUMO is only 9.4% and that of
HOMO-1-LUMO is 90.6% in 20-CN. As expected, the

Scheme 11

Fluorescence  Me
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Scheme 13

electron density of the LUMO of compound 20-CN is only
distributed over the coumarin moiety, while that of the
LUMO in 20 is distributed over the entire coumarin
through the indole moieties. In cyanide detection, sensors
utilizing affinity of CN— to Cu?* ions to form stable
[Cu(CN),] species are of special attention.®?® In many
fluorescent probes, the fluorescence was reported to be
quenched upon addition of Cu?™ ions because of the PCT
or heavy metal ion effect of the Cu?* ion.?39-333 Upon the
addition of the cyanide anion, the quenched fluorescence is
immediately recovered because of the formation of stable
Cu(CN), complex.

Compound 21 represents one more probe for the cya-
nide ion detection. This probe containing hydroxy-function
at the m-conjugated system can display the ESICT effect
(Scheme 14).164

As a result, the probe 21 alone shows a weak, single
fluorescence emission band at 468 nm when excited at 356
nm. The addition of CN~ ion to an aqueous solution
(pH 7.26, 80% DMSO) of probe 21 leads to a significant
fluorescence enhancement. The fluorescence intensity
increased by more than 200 times as the concentration of
CN- reached 20.0 mmol L—! in the solution of 21. The
detection limit calculated from this titration data showed to
be 14 pmol L~ in aqueous solution. Due to the exceptional
nucleophilicity of the cyanide anion, nucleophilic substitu-
tion by CN~ is a very sensitive method for probing its
presence, and addition of CN~ to activated double bonds is
one of the important strategies that are selective to cyanide
only.334-337

5. Probes activated from their latent forms

5.1. Acid activation of latent forms

Rhodamine, a classical fluorescent dye, has been widely
used as a fluorophore moiety because of its excellent photo-
physical and chemical properties.??>~22° Moreover, non-
fluorescent and colourless rhodamine spirolactam
(or spirolactone) ring undergoes fast opening in the pres-
ence of H* or a metal ion. This results in a strong

OH I ! O -
/ Deproto—
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H H
21 (fluorescence ‘off’)

Proton
transfer
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fluorescence and bright pink colour. Therefore, several
fluorescent probes for lysosomal pH based on rhodamine
dyes have been reported. These probes selectively detect
acidic pH and can be also used in living cells to monitor pH
changes in acidic organelles.

Rhodamine B lactam dye (18-aza-6-crown ether conju-
gate 22) has been developed for monitoring changes in
lysosomal pH in living cells (Scheme 15).230
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Scheme 15
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This probe is worth of much attention, since abnormal
fluctuation of intracellular pH can cause serious diseases,
such as indiscriminate cell apoptosis, necrosis and gener-
ation of free radicals. Moreover, it is associated with serious
conditions like Alzheimer’s disease and cancer. The lyso-
some acts also as a cell’s recycling center because it is
involved in a variety of important events, including energy
metabolism, cell membrane repair and secretion. Nonfluor-
escent and colourless rhodamine spirolactam ring of 22
undergoes opening in the presence of H* ions. Acid
hydrolysis of the cyclic amide affords Rhodamine B laser
dye. The sensing effect results in a strong fluorescence and
appearance of the bright pink colour. The emission of probe
22 at 588 nm increased with a pH value decreasing from
pH 7 to 4.0. The probe 22 exhibited good water solubility,
high quantum yield (@ = 0.45 at pH 4.0), as well as fast
response to the pH changes. Besides, chemosensor 22 can
stain lysosomes in living cells while manifesting high photo-
stability and low cytotoxicity. The necessity of presence of
aza-18-crown-6 group in compound 22 for sensing effect is
discussed. As a reference probe, Rhodamine B spirolactam
dye without aza-18-crown-6 group has also been synthe-
sized. However, its low water solubility and low pKa value

ConJugate ! !

addition

Scheme 14

Fluorescence ‘on’
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suggest this analogue to be inappropriate to detect pH
changes in living cells. Therefore, the presence of the aza-
18-crown-6 group seems to be vital for probe 22 to exhibit
specific fluorescent responses to physiologically acidic envi-
ronment along with having high water solubility.

Receptor-mediated antibody internalization plays a key
role in the mechanism of action of a number of anticancer
therapeutics. A new homogeneous approach for direct
measurement of time- and concentration-dependent anti-
body internalization has been developed.?3! This method is
based on novel hydrophilic and bright pH dyes 23a,b, which
do not exhibit any significant emission under neutral con-
ditions (at pH >7.5), but turn highly fluorescent at acidic
pH values. The probes have excitation and emission max-
ima of 532 nm and 560 nm, respectively, are photostable in
solution and display no loss of signal during multiple cycles
of acid/base titration.

The structures of the probes 23a,b comprise a rhod-
amine dye moiety and two saturated 1,4-diazine groups. To
be useful for antibody internalization, the dye was modified
to have amino (probe 23a) and thiol (probe 23b) reactive
groups for connection with the antibody at lysine amino
acids presenting at the antibody surface. To solve the
precipitation problem, the dyes were provided with two
sulfonate groups. As a result, a high dye 23a,b to antibody
ratio has been achieved without precipitating antibody.
Upon binding to the receptor, the dye conjugated to anti-
body is not fluorescent because of the neutral pH of the
media. But after internalization the pH value decreases and
the dye becomes fluorescent.

Structures 23

Several laser dyes in latent forms sensitive to photo-
generated acids should also be discussed. A novel non-
fluorescent compound 24 as a latent form of the
Rhodamine 700 dye sensitive to a photogenerated acid has
been developed.?3? The probe 24 was synthesized by titra-
tion of Rhodamine 700 solution with potassium hydroxide
in methanol. The obtained compound is colourless and
stable in neutral media. However, in the presence of an
acid it transforms to Rhodamine 700 dye, which is a
coloured and highly fluorescing compound, known as a
laser dye (Scheme 16). Here, ether hydrolysis takes place.
Protonation of the methoxy function leads to methanol
elimination and formation of the iminium ion, which is
highly conjugated and stabilized. Thus, compound 24 can
be considered as a probe for acidity.

It works also in polymer films and has been used as
optical information recording media. Two major

Scheme 16
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components — latent form 24 and photoacid generator
(PAG) — were uniformly dispersed in a PMMA film.
Two-photon absorption at 532 nm generated by a pico-
second neodymium-doped yttrium aluminium garnet
(Nd:YAG) laser was used in the recording procedure. The
photogenerated acid reacts with the probe 24 to form
Rhodamine 700 coloured fluorescing molecules, which pro-
vide spots at the focus of the laser pulses (bits), inside the
memory PMMA disk. The written information can be read
by irradiation of the written bits using a low power
continuous wave (CW) diode laser that emits at 650 nm
absorption maximum of Rhodamine 700. The diode laser
light provides a fluorescence of the stored bits. Measuring
the emitted fluorescence allows one to read the stored
information.

Rhodamine B lactone form 25 has been shown to act as
a sensor to acidity photogenerated in organic solvents as
well. It gives rise to intense absorption at 530 nm and
emission at 560 nm due to the formation of the laser dye
Rhodamine B during its irradiation in the presence of PAGs
(Scheme 17). The ring opening is also promoted by the acid
provided by photodehydrogenation of pyrazolines in the
presence of perchloroalkanes.

Thus, dehydrogenation of pyrazolines generates highly
fluorescent laser dye Rhodamine B from its lactone form
during irradiation in polymer (PMMA) films. This acid
sensitivity of the rhodamine latent forms has been success-
fully used for creation of new media in optical recording of
information.233-236

0] NEt,
SOOAN
e
O
\
\O
25 (no fluorescence)

ELN Scheme 17

+ +
EtoN O ¢NEt2 EtoN O ¢NEt2
9o 90¢

OH —H* 0o-
Q \ Q N\
\O (6]
Fluorescence
R2 R2
N/ /
N/ 3 l» N/N 3 H+
R1 R1

R" = But, Ar, HetAr; R2 = R3 = Ar



V.F.Traven, D.A.Cheptsov
Russ. Chem. Rev., 2020, 89 (7) 713—-749

727

5.2. Activation of latent forms of organic dyes by metal ions
A Rhodamine B-based fluorescence probe 26, which exhib-
its a sensitive and selective recognition towards mercury(Il),
has been synthesized.?37

As expected, the probe 26 itself exhibits a very weak
fluorescence. After the addition of mercury ions to a
solution of 26 in acetonitrile, the emission band at 580 nm
appears being assigned to the delocalized xanthene structure
of the open form of rhodamine moiety. The fluorescence
intensity of the solution shows ca. 65-fold increase com-
pared to that of the free probe 26 and the solution turns
from colourless to pink. The association constant for the
Hg?* ion complex formation is estimated as
1.73 x 10° mol—2 in acetonitrile with 1:2 stoichiometry.
The 'H NMR experiments confirm the ring opening
mechanism. The addition of Hg?™ ion does not cause any
obvious shifts in the '"H NMR spectrum. It was suggested
that there was not any direct binding between the molecule
of 26 and Hg?* ion. The addition of Hg?™" ions leads only
to the simple opening of rhodamine spirolactam ring. The
same conclusion has been made from the ESI-MS spectra.
The probe 26 showed an intense peak with m/z = 662.32 in
acetonitrile, which was assigned to [26 + H] " both with and
without Hg?™ ion. The probe 26 was suggested to have
certain steric hindrance for reliable complexing with Hg?™
ion. Nevertheless, the competition experiments revealed
that the Hg'"-induced fluorescence rise was unaffected in
the presence of relevant ions. The alkali-, alkaline-earth-,
the first row transition metal ions did not interfere with the
Hg!'-induced fluorescence enhancement (the concentration
of Hg2™ is 10 umol L~ 1), confirming the remarkable selec-
tivity of the probe 26 (1 umol L—') for Hg?>™ over other
metal ions. Even the presence of 10 umol L—! of Zn!!, Cd!!
as well as Pb! and Ag! could not bring any obvious
fluorescence change.

EtoN (0] NEt,
o™

N
O [ OEt
Yo

/
26 O~ “OEt

Structure 26

The rhodamine derivative 27 was synthesized and found
to be highly selective to the mercury ion. In opposite to the
probe 26, compound 27 forms a well registered complex
with Hg?™ ion and can be recommended as a ‘turn-on’
probe for facile mercury sensing (Scheme 18).238

The specificity of Hg?*-27 interaction provides definite
selectivity for the Hg?* detection. The visible naked-eye
detection due to a drastic emission enhancement is reported.
In the presence of the Hg?" ion, the opening of the
spirolactam ring takes place. In a fluorescence correlation
spectroscopic study of probe 27, detection of Hg?™ ion in
solution was found at a level of 5 pmol L—!. The binding
constant equal to 2.4x 107 mol—! was estimated from
Benesi— Hildebrand plot. The 1:1 binding stoichiometry
was confirmed by the Job’s plot and also by ESI-MS mass
spectra. The peak at m/z 829.1700 corresponding to the
27-Hg? " Cl complex was observed, whereas the probe 27
without Hg?*t exhibited peak only at m/z 593.2406 corre-
sponding to [27 + H]* ion. The probe 27 can be also applied

Scheme 18
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to detect Hg?" ions in living cells such as cervical cancer
(HeLa) and macrophage cells. Lifetime of the compound 27
in HeLa cells increases from 0.21 to 2.01 ns after complex-
ation with Hg?". These obvious changes indicate that 27
was cell membrane permeable and capable of imaging Hg?™
ions in living cells.

Lactam ring opening provides sensory effects of fluo-
rescein dyes as well. Among various fluorophores, fluores-
cein is one of the most common fluorophores having some
excellent spectroscopic properties: high fluorescence quan-
tum yield, long absorption and emission wavelengths, easy
operation and fast response, good biocompatibility and low
toxicity.>*” Nevertheless, fluorescein-based probes have
received comparatively little attention.?*%:24° Thus, thi-
oxofluorescein-based probe 28 has been reported for Hg?™*
ion sensing (Scheme 19).2%0

Scheme 19

In the absence of Hg?™ ions, non-fluorescent signal in
the range from 500 to 610 nm was observed, which was
ascribed to the ring-closed spirolactam structure of 28.
Upon the addition of Hg?>* ions, a notable fluorescence
enhancement emerged at 529 nm. With the concentration of
Hg?* ions being up to 2 equiv., the fluorescence intensity
increased by ~ 37 times. The relative fluorescence intensity
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of 28 solution was linearly proportional to the concentra-
tion of Hg?™" ions in the range from 0.25 to 2.5 umol L—1.
The detection limit was calculated to be 3.90x 108
mol L—! (R2 = 0.9933). On the basis of the Job’s plot, a
possible model for binding of probe 28 with Hg?* ions was
proposed (Scheme 19), the molecules prefered their spiro-
lactam ring-closed state and low fluorescence and absorb-
ance signal could be recorded in the absence of Hg?™.
However, when the probe 28 encountered with Hg?* ions,
the imino N and the thioether S atoms of both ligands were
involved in the binding with Hg?™" ions as confirmed by LC-
MS analysis. In the absence of Hg?>", a peak at mjz
457.0671 corresponding to 28 was observed. With 5 equiv.
Hg?*, a peak appeared at m/z 1108.2, which was assigned to
the [2(28) + Hg2™ —2H ™). To further explore the complex-
ation behaviour of probe 28 towards Hg?™ ions, '"H NMR
titration experiment was also performed.

The substituent at the lactam nitrogen atom of rhod-
amine derivatives can be involved into the recognition
process in a higher extent. Thus, compound 29 with two
appended 1,2,3-triazole moieties via a diaminopropyl linker
was found to be a highly selective fluorogenic chemosensor
for Zn?" ions.?3°

In the presence of Zn?™, a colourless solution of probe
29 turns pink with maximum absorption at 555 nm and a
large fluorescence enhancement (140-fold) at 579 nm
(@ = 0.12). Such spectroscopic properties indicate that the
‘turn-on’ fluorescence emission of probe 29 is similar to that
of other rhodamine-based fluorescent probes and is based
on the opening of the spirolactam ring through the Zn2™"
ion chelation with the nitrogen and the carbonyl oxygen
atoms of the spirolactam moiety of the binding units. The
probe 29 turned to be highly selective towards Zn2™
compared to other metal ions including Cd?*, with a bind-
ing constant (K,) of 7.4 x 103> mol—! (by the Benesi— Hilde-
brand equation) and a detection limit of 1 uM (65 ppb). To
further investigate the sensing mechanism of the probe 29,
rhodamine bis(triazole-ethylenediamine), an analogue of 29
with a shorter linker and mono-triazolyldiaminopropane
rhodamine, an analogue of 29 with the only one 1,2,3-tri-
azole group have been tested. In the presence of Zn?>* both
analogues did not exhibit fluorescence, suggesting that both
triazolyl units of 29 are responsible for Zn?* binding and
the length of the diamino linker is also important for the
29-7Zn?"* complexation. The application of 29 in the living
cell imaging was also found. For this purpose, cultured
HeLa cells were incubated with compound 29 for several
hours. The fluorescence images demonstrated visual evi-
dence that the probe 29 is cell-permeable and can be used to
detect the intracellular presence of Zn?™".

Several novel rhodamine-based fluorescent probes for
Fe3™ ion (e.g., compound 30) were also designed.?4?
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Lactam ring opening in the rhodamine moiety of probe
30 leads to the formation of two binding sites (Scheme 20).
Highly selective and sensitive recognition toward Fe3 ™ over
other metal ions is observed. The detection limit of probe 30
has been evaluated to be 0.2438 pmol L—!. To better under-
stand the nature of this probe and the ‘turn-on’ sensing
mechanism, its energy optimized structure was determined
using the DFT calculations with the Gaussian 09 program
at the B3LYP/6-31G level. The spatial distributions and
orbital energies of HOMO and LUMO of 30 were also
obtained using DFT calculations. The HOMO of 30 turns
to be spread out on the Rhodamine B xanthene ring while
the LUMO is more localized and centred on the spirocycle.
The DFT calculations based on the Fukui function f*(r)
were also performed to elucidate the reaction mechanism of
probe 30. The results explain the reactivity of the latter
towards nucleophilic attack, which has been earlier sug-
gested for the Fe?™ detection. According to non-bonding
orbital (NBO) analysis, the condensed Fukui function for
30 consists of O(1) 0.013, N(1)—0.001, N(2) 0.017, N(3)
0.007, N(4) 0.01, N(5) 0.008, N(6)—0.004, O(2) 0.021,
indicating that 30 has two active sites for binding two
Fe3 " ions, such as O(1), N(2), N(3) and O(2), N(5), N(6)
atoms. The 1:2 complex formed by the probe 30 and Fe3*
ion is shown in Scheme 20. In a whole, the sensing response
of the probe 30 meets the selective requirements for bio-
medical and environmental applications.

New sugar—rhodamine conjugate 31 and its deacety-
lated analogue have also been used as highly selective and
very useful ‘turn-on’ probes for Fe3* ion recognition
(Scheme 21).241

Fluorescence and absorption responses of compound 31
to Fe’'ion in comparison with other metal ions were
investigated. The addition of 10 equivalents of Fe3"ions to
a solution of probe 31 in CH3CN—water (20:1, v/v mix-
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ture) led to a change in its colour from colourless to the pink
one and remarkably enhanced fluorescence at 582 nm. The
probe 31 shows a very good linear relationship between UV
absorbance and Fe3* concentration with the correlation
coefficient equal to 0.997 and the detection limit of
3.46x10—% mol L—!. According to the Job’s plot, 1:1
metal —ligand complex was formed. After addition of other
metal ions (Hg2*, Ca?*, Mg2", Pb2*, Ni?*, Cu?", Ba?",
Cd?*, Zn?*, Fe?*™, Ag*, K™, Na™) the solutions did not
show any colour and fluorescence. While discussing mech-
anism of Fe3™ ion detection, Chen and Fang?*! suggested
the opening of the spirolactam ring of probe 31 and
formation of a 1:1 metal—ligand complex (see Scheme 21).
It should be noted that sugar-based probes showing better
optical and biological responces had been earlier
reported.?7-242-244 With their use, Hg?" ion?24>24¢ and
bovine serum albumin (BSA) were also successfully
detected.338339

Benzothiazolines 32a,b were described as chemodosi-
meters for oxidation reagents, including Cu?* (Ref. 251)
and As®** ions?3? (Scheme 22). The oxidation reactions
occur quantitatively and provide excellent sensing proper-
ties of these probes.

The fluorescence of 32a in a water —acetonitrile mixture
(1:1, v/v) is weak (‘off’ state). With 10 equiv. of Cu?" ion
added, a strong green fluorescence (‘on’ state) is
observed.?3! It was shown that fluorescence spectra were
similar both in the absence and in the presence of oxygen
suggesting that benzothiazoline was oxidized by the Cu?™

32a,b (no fluorescence) Fluorescence

R =H (a), CF3(b)

ion. The addition of a chelating reagent (e.g., diethylenetri-
amine) to the solution did not change the fluorescence
intensity, thus demonstrating that the oxidation process is
irreversible. The sensing effect of the probe 32a is highly
selective. To explain why stronger oxidants (Fe3* ion,
H»0,, NaClO) show only little oxidative effect, the syner-
gistic effect of coordination and oxidation during oxidation
was proposed. The possible oxidative mechanism is shown
in Scheme 23.

At the same time, other common metal ions such as
Hg2+’ Ca2+’ Mg2+’ Pb2+’ Ni2+, Cu2+, Ba2+’ Cd2+,
Zn>*t, Ag*, KT, Na' provide only little fluorescence
intensity enhancement.

Benzothiazoline 32b turned to provide excellent sensory
effect towards As®* ion.?> This is a significant result, since
arsenic contamination is a serious environmental problem.
The currently accepted upper limit for arsenic in water is
~ 10 ppb. Therefore, there is a need for highly sensitive and
selective probes. The dye 32b is the first chemosensor for
As?" jon detection in organic solvents. It shows a 25-fold
fluorescence  increase in the emission spectrum
(Aem = 496 nm), when As3* ion is added to the solution of
32b in THF. The recorded spectral changes are due to
oxidation of benzothiazoline moiety to form benzothiazole
one. It should be noted that the probe 32b is thermally
stable in both solid state and in solution when stored in the
dark. It does not spontaneously oxidize to benzothiazole
even after long exposure to pure oxygen or air. Interest-
ingly, the probe 32b is selective for As’* ion over many
competing ions (Na™*, Mg2*, Ca?*, Mn?*, Fe2*, Ni?" and
Zn?*) in THF even at their 10-fold excess.

5.3. Activation of latent forms by other analytes

A new ‘turn-on’ fluorescent chemodosimeter 33 has been
developed to identify glutathione reductase (GR) selectively
among a series of other proteins or enzymes.?>? In the
sensing step, free ligand 33 was released from the Hg?"-33
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complex upon the reaction with a thiol compound such as
glutathione (GSH) and then was immediately oxidized to
the laser dye Coumarin 6, which was detected due to a
strong fluorescence increase (Scheme 24). No colour change
and fluorescence enhancement were observed within 5 min
after glutathione oxidized form GSSG (50 pumol) was added
to the Hg?*-33 complex solution. To illustrate the reaction
between Hg?"-33 and GSH, their fluorescent product has
been isolated and identified by '"H NMR spectrum data as
the Coumarin 6. In this study, Hg?>*-33 complex was
applied to quantify GSH and GR with excellent sensitivity
and selectivity. This method opens a novel way for enzyme
sensing.

An o-phenylenediamine — BODIPY hybrid 34 has been
successfully designed and studied to be ‘turn-on’ low-back-
ground fluorescence chemodosimeter to detect both NO
and nitrite ion.!3> The probe 34 was constructed through
attachment of the BODIPY dye at the meso-position to the
amino function of o-phenylenediamine (Scheme 25).

The probe 34 is nonfluorescent due to the PET effect.
However, it easily turns into a fluorescent state with high
selectivity and low detection limit upon treatment with NO
under neutral conditions or with nitrite in an acidic
medium. After addition of NO solution, fluorescence inten-
sity at 532 nm rose with increasing concentrations of NO.
A good linear correlation (R? = 0.993) between the inten-
sity and NO concentration was found in the range of NO

Scheme 25
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34 (no fluorescence) Fluorescence

concentration from 0 to 50 umol L—'. Thus, the detection
limit was calculated to be 28 nmol L—!. The cyclization of
o-phenylenediamine with NO to form benzotriazole is a
well-studied reaction.?#? Therefore, the resulting dye was
prepared from the probe 34 by the reaction with NaNO;
and characterized by 'H and '3C NMR spectra as well as
electro-spray ionization high resolution mass spectrometry
(ESI-HRMS). The resulting 8-benzotriazolyl BODIPY dye
can detect bioorganic thiols such as Cys, homocysteine
(Hcy) and GSH. In cell experiments, only blue fluorescence
was observed with chemodosimeter 34 using a standard
NO-source and with assistance by intracellular Cys and
GSH. However, with an increase in GSH concentration,
green fluorescence declined rapidly and blue fluorescence
increased when a large excess of GSH was used. The
observed blue fluorescence was explained by an increased
intermolecular replacement of the amino function with a
thiol moiety.

A fluorescent probe 35 for hypochlorite detection with
high selectivity and sensitivity has also been developed.2%°
Compound 35 easily turns into an oxidized state, which is
accompanied by fluorescence yellow to blue shift upon
addition of hypochlorite along with various reactive oxygen
and nitrogen species (Scheme 26). The limit of detection was
<8.9 nmol L—! showing good sensitivity to hypochlorite.

Qs OH sx Qs OH
" s _

S — N 0| -HCl

Scheme 26

35 Me Me

(a) HCIO, PBS (pH 7.4); PBS is phosphate-buffered saline

A sensing mechanism for the fluorescence change in the
presence of hypochlorite has been suggested. The benzo-
thiazole-hydroxy hybrid shows an excellent excited ESIPT
effect, which generally leads to emission at ~470 nm.
However, the probe 35 itself provides an emission at a
longer wavelength (ca. 546 nm), which can be assigned to
the aggregation-induced emission (AIE) effect of the probe
35. Upon addition of hypochlorite, compound 35 undergoes
deprotection of the dithiolane fragment, to give an aldehyde
function. In the '"H NMR spectrum, the signal of the CHO
proton appears at 10.43 ppm, supporting the formation of
an aldehyde group. The latter forms a complex with hydro-
chloric acid, which emits blue fluorescence at 464 nm due to
the ESIPT effect.

The H,POy ion is of significant interest in chemical,
biological and environment aspects. A novel chemodosim-
eter 36, being a complex of the naphthalimide moiety with
Fe2™ ion, was synthesized for the detection of the H,PO,
ion with high sensitivity and selectivity (Scheme 27).155

The probe 36 consists of two parts: the fluorescent
group (naphthalimide moiety) and the receptor group
(Schiff base). The experimental results show that conjugate
36 has no fluorescence, thus representing the latent form of
fluorophore. In the presence of H,PO;,, the solution of
probe 36 shows a bright yellow fluorescence. It should be
mentioned that compound 36 detects H>,POj ions sensi-
tively and selectively, the detection Ilimit being
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A quick responsive new ‘turn-on’ probe 37 also based
on 1,8-naphthalimide and thiourea was reported
(Scheme 28).15¢ It can colorimetrically detect Fe?* and
Pb2* ions in MeCN —H-»O solution. Moreover, the fluo-
rescent signal of Hg?™" ion in such systems is accompanied
by vivid colour changes observable with the naked eye.

The found detection is highly sensitive and selective and
is almost not affected by the presence of fluoride anion and
common coexisting metal ions such as Na*t, K*, Ca?",
Mg2 " Fe?*, Cu?*, Zn?*, Cr3*, Ni2™, Mn2?*, Co?" and
Cd?* ions. The probe 37 chelates Fe** and Pb%" ions
reversibly at a 1:1 stoichiometry, while the Hg?>* ion forms
first a 1:1 complex. The resulting complex releases HgS to
produce a three-membered ring-containing structure (see
Scheme 28). The 'H NMR spectra supported the suggested
mechanism. The signal at 10.13 ppm relating to the thiourea
NH proton shifted to 10.21 ppm was markedly weakened.
The signal at 9.88 ppm assigned to the NH function bound
to the naphthalene ring disappeared and the signals in the
range of 6.99-8.70 ppm became more complex. These
phenomena define a structure with a three-membered ring.
Similar mechanism was proposed earlier3#1-342 and is
shown in Scheme 29.343

Chemosensor 37 was suggested for tracking the environ-
mental and intracellular Hg?* ion.!>® Linear concentration
ranges for Fe3*, Pb?* and Hg?>" ions were 0—150, 0—80
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and 0—90 pmol L~ with the found detection limits of 6.86,
5.09 pmol L~ and 82.1 nmol L~ respectively.

An o-phenylenediamine-pyronin-bound dye 38 was
shown to provide ‘turn-on’ fluorescent sensing effect.?7
It is able to discriminate between phosgene and the proto-
typical nerve-agent mimic such as diethyl chlorophosphate
in solution or gas phase as confirmed by both fluorescent
and electron absorption spectra (Scheme 30).

The probe 38 is not fluorescent owing to the PET-
promoted quenching of fluorescence but it shows red
emission in the presence of phosgene (with formation of
39a) and green emission with diethyl chlorophosphate
(affording 39b). To support the shown mechanisms, ESI-
MS and NMR spectroscopy techniques were used to detect
the product formed during mixing the dye 38 with phos-
gene. Mass spectrometric data showed that the peak at m/z
373.3 relating to the molecular ion of 38 disappeared after
addition of phosgene and a new peak at m/z 399.2 appeared,
corresponding to adduct 39a. It should be noted that no
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peaks other than those associated with compounds 38 and
39a were found in the recorded spectra, thus indicating the
quantitative formation of product 39a. Furthermore,
adduct 39a was isolated from the reaction mixture and
completely characterized by 'H and '3C NMR spectra.
The probe 38 was used to prepare a portable kit for
detection of phosgene. For this purpose, the probe 38 was
immobilized on a polyethylene oxide membrane. The mem-
brane, which contained only a small amount of the sensor,
was initially transparent and colourless, emittting a weak
blue fluorescence under 365 nm UV-irradiation. After
exposure to various amounts of phosgene vapour
(0—20 ppm) for several seconds, the colour of the mem-
brane fluorescence became pink-red.

A norbornene-based Boc-protected quinizarin 40 as a
dye precursor (DP) was prepared for fluorescence imaging
by irradiation.?** The unprotected quinizarin derivative
absorbs at 486 nm due to the quasiaromatic nature induced
by the intramolecular H-bonding. Protection of both
hydroxy-functions removes the H-bonding and causes shift
of the absorption maximum to 341 nm. The Boc protecting
groups of the DP can be easily removed under irradiation in
the presence of a PAG — triphenylsulfonium triflate
(TPSOTf) — thus regenerating the highly fluorescing qui-
nizarin derivative (Scheme 31).

These reactions can also proceed in polymer films. A thin
PMMA film containing compound 40 and PAG was pre-
pared by spin coating on a quartz plate.?*> When this light-
yellow transparent film was irradiated at 250 nm wave-
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lenght, a red film was formed in 1 min following the post-
exposure bake treatment indicating the regeneration of the
original quinizarin derivative by the above-mentioned
mechanism.

Some latent derivatives of organic laser dyes can be
transformed into active fluorescent forms just by the irra-
diation. For example, N-acyloxazines 41 exhibited fluores-
cence activation during the irradiation, resulting in the
generation of a novel cationic oxazine dye (Scheme 32).258

h 2
O X Scheme 3.
T
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X = Me, Ph, CgH4Br-4, C¢H3Br»-3,5, CBr3

The acetyl derivative 41 was found to be the more light-
sensitive compared to the benzoyl one. The photochemical
response was analyzed by several methods including UV,
NMR and mass spectrometry. The mass spectral data
strongly suggest the acyl radical formation via homolytic
cleavage of the C—N bond. The observed signal at
m/z = 324.5 supports the oxazine dye formation.

The dihydro form of the laser dye Coumarin 6 and its
N-acylated derivatives 42a—c represent another example of
photoactivated latent forms of laser dyes.?5#235 In general,
transformation into fully conjugated heterocycles could be
achieved for such systems upon the action of SET-based
oxidants. However, the ease of the benzothiazole ring
rearomatization on exposure to the UV light was used to
prepare highly fluorescent dyes as novel materials for the
effective storage of optical information (Scheme 33).

Compounds 42a—c were highly sensitive to irradiation
in organic solvent medium. Their photoaromatization with
formation of Coumarin 6 was proved by comparison of the
isolated product with the authentic sample. Of particular
interest is that the similar changes in the absorption and
emission spectra were also observed for thin PMMA films.
There, an isosbestic point at 410 nm was detected in the
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absorption spectra after UV irradiation of the PMMA film.
The intensity of the absorption maximum at 394 nm
decreased and absorption maxima at 450 and 520 nm
appeared. Changes in the absorption spectra were accom-
panied by the appearance of fluorescence maxima at 475
and 550 nm. In was found that the photoaromatization did
not depend on the oxygen presence and probably followed
the mechanism as depicted in Scheme 34.
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Spectral characteristics of the irradiated polymer films
show that N-acylated derivatives of the Coumarin 6 dihydro
form in a polymer film are also converted to the aromatic
species under irradiation, thus providing a polymer material
for optical information recording based on precursors of
fluorescent compounds.

6. Probes with quenched fluorescence

This part of the review discusses the fluorescent organic
dyes whose fluorescence is quenched or blue-shifted during
their reaction with an analyte. Disturbance of the m-con-
jugated electronic structure of the dye is often responsible
for this sensing effect.

6.1. Quenching of fluorescence by metal ions
A near-infrared fluorescent ‘turn-off’ probe 43 characte-
rized by a large Stokes shift, high photostability and high
quantum yield has been developed to provide Cu?* ion
imaging in live mice.!3°

Addition of Cu?*ion leads to a hypsochromic absorp-
tion shift from 600 to 563 nm. The titration shows a clear
isosbestic point at 575 nm according to the transition from
free probe 43 to Cu-complex. The Job’s plot based on the
563 nm band shows 1:1 binding stoichiometry in the
43-Cu?* complex. The Cu?* titration of 43 leads to an
instantaneous decrease of emission. In the ESI-MS spec-
trum in the presence of Cu?", the main signal of m/z 765.83
for [43+ Cu+Cl]* was observed confirming the 1:1 com-
plex stoichiometry. The complex formation prohibits the

promoted ICT effect that takes place in the probe 43. The
decreased fluorescence of compound 43 can be recovered by
EDTA addition. The ‘off-on’ transitions were observed at
least five times, showing reversible sensing ability of the
probe 43. With such a result, this chemosensor is recom-
mended to monitor the Cu?" ion fluctuation during Cu?™
loading and unloading in living cells. The Cu?" fluores-
cence detection limit of the probe 43 is ~0.15 mmol L1,
which is much lower than the permissible Cu?™ level in
drinking water (31 mmol L—1"). These results open way to
the future development of NIR chemosensors for the in vivo
detection of metal cations.

Structure 43

The BODIPY —indole ‘turn-off’ chemosensor 44 of
similar structure was also synthesized by a condensation
reaction.!3”

Compound 44 exhibits absorbance increase at 506 nm
and distinct emission at 635 nm. The addition of Cu?" ion
causes quenching of fluorescence intensity due to the
formation of cupric complex with the estimated detection
limit of 0.124 pmol L—'. The Job’s plot was employed to
analyze the binding stoichiometry (44:Cu?" = 2:1) with a
good linear relationship, the 2:1 ratio was further con-
firmed by the matrix-assisted laser desorption—ionization
technique (MALDI-MS) data. The complex formation is
believed to involve the indole ligand N(1) — Cu coordination
(see probe B in Scheme 2 for more detail). Quenching of the
intense fluorescence of probe 44 is assigned to oxidative
PET from the excited-state fluorophore to the indole moiety
coordinated to Cu?* (oxidative PET mechanism). It shows
high photostability, being quite resistant against a number
of other main group and transition metal cations, as well as
their mixtures and was successfully used in the living cell
imaging for both mammalian and bacterial cells.

Structure 44

A novel quick responsive, colorimetric and ‘turn-off’
fluorescent chemosensor 45 for the Ag* ions has been
synthesized.!”” Compound 45 turned to be essentially
insensitive to protons over a wide pH range while showing
high selectivity and sensitivity towards the Ag™ ions in
ethanol—water solution (Scheme 35).
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The strong emission band at 525 nm is typical of
4-amino-substituted 1,8-naphthalimide derivatives due to
the induced intramolecular charge transfer. Its intensity is
markedly reduced in the presence of Ag™, whereas the
presence of a variety of other metal ions, including K,
Ba2+, Cu2+, Ni2+, Sn4+, Mg2+, Ca2+, F€3+, Pb2+, C02+,
Na™, Hg?", Li™ and AI** induces no visible changes in the
emission spectra. These results show that the probe 45
coordinates with Ag™ ion to form a highly stable complex.
The binding constant calculated from the Stern— Volmer
equation was found to be 6.498 x 10*. The Job’s plot
revealed that the 2:1 complex is formed. The probable
coordination path between compound 45 and Ag* was
studied by the IR spectroscopy to determine the coordina-
tion mode. Upon addition of Ag™" to a solution of probe 45,
a new peak appeared in the range of 37003100 cm~! in
the IR spectra suggesting that the aromatic amine and
hydroxy functions are involved in the coordination.

6.2. Fluorescence quenching by other analytes

Detection of nitroaromatics, particularly trinitrotoluene, is
of great interest due to its importance in security and
environmental safety control.269-261 A fluorescence-based
technique is preferred for molecular sensing because of its
high sensitivity and ease of implementation.?9%-263 There-
fore, a number of fluorescent materials derived from
organic molecules having efficient excited state energy
migration and strong interaction with a target analyte
have been tested for such application.264-2%¢ Since the
most common explosives possess poor emissive properties,
formation of charge-transfer complexes of m-electron defi-
cient molecules of explosives with fluorophores became an
indirect approach to detect the traces of nitroaromatics in
water and air. Thus a functionalized carbazole-based probe
46 proved to be an effective detector of TNT even at
picomolar concentrations.?®’” The probe 46 can be used for
testing the contamination of water by TNT. The fluores-
cence intensity of the probe 46 nanoparticles in water was
found to vary in the presence of TNT. Upon addition of
1x10=12—1x10=°mol L—! of an aqueous TNT solution,

Structure 46

R =n-Cq2Hzs

a gradual quenching of the emission occurred, reaching the
maximum value of 50% at 1 x 10=¢ mol L—! of TNT. The
lowest detection limit of TNT was 10— 2 mol L—".

As described earlier, carbazole-based assemblies are
known as good donor materials and quenching of their
fluorescence upon vapour exposure must be due to an
electron transfer to TNT.264-266.268.269 Detajled studies
confirmed the supramolecular aggregation of probe 46
into rods and nanoparticles under certain conditions. Sol-
vents were changed from methylcyclohexane to water, while
poorer results were obtained using THF. In order to get
more insight into the mechanism of TNT vapour detection
by the probe 46 nanostructures, the quartz crystal micro-
balance experiments were performed. The frequency of the
quartz crystal was shown to decrease over time, which is an
indication of adsorption of TNT vapours. After 100 s, the
self-assembled rods showed 2.58 ng of TNT adsorption
registering a 38% fluorescence quenching and 2.12 ng of
TNT adsorption by nanoparticles exhibiting a 35% fluo-
rescence quenching. The former aggregates exhibited ca.
50% fluorescence quenching within several minutes on
exposure to TNT and dinitrotoluene (DNT) vapours and
sufficient selectivity over acceptor non-nitroaromatics, such
as benzonitrile or benzoic acid.

Low molecular mass organic conjugates (LMOGs) have
received extensive attention in various fields because of their
fascinating properties and potential applications such as
photovoltaics,3#¢ tissue engineering,’*’ molecular detec-
tion,?”! controlled drug release and delivery,?*3 oil or dye
absorbing 3#° and various stimuli-responsive materials.?*° In
particular, LMOGs are of bright promise as a new type of
sensing material due to their 3D-network structure, various
optical properties, chemical stability and larger surface
area, which can be applied in the selective and sensitive
detection of humidity, explosives and small mole-
cules.351-353

The probe 47 consisting of a fluorenone core and two
polyalkoxybenzamide branches was prepared and tested for
the ‘turn-off” detection of aniline vapours.?7?

Structure 47
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This compound self-assembles into a three-dimensional
system, which increases the diffusion of analytes and pro-
vides a fast response. The PET was postulated as the sensing
mechanism, while no chemical reaction was observed
between the decorated fluorenone and aniline. Quantum
chemical calculations were used to analyze the HOMO/
LUMO energy gap and provided additional information
regarding the electron transfer process. In order to verify
that the detection mechanism of compound 47 towards
aniline is based on the PET rather than on a chemical
reaction, a titration experiment of aniline with 47 in THF
was carried out. Two new absorption peaks appeared in the
IR spectra, the absorption increasing as the concentration
of aniline rose. Comparing these data with the absorption of
pure aniline, one can see that the above two absorption
peaks relate to aniline. According to the concentration-
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dependent emission spectra of the 47 —aniline mixture, the
emission of 47 decreases obviously with the increase of
aniline concentration. However, no red or blue shift of the
emission band is observed suggesting that the probe 47 does
not react with aniline to form a new compound. Therefore,
the quenching mechanism is explained from the energy
levels perspective in combination with the DFT level of
theory. Density functional theory calculation for compound
47 and aniline demonstrated that after excitation the hole of
47 could be filled by an electron from the HOMO orbital of
aniline. Thus, the PET occurred and the fluorescence
quenching could be observed. The probe 47 is chemically
resistant, can be easily recovered many times for reuse with
<5% efficiency losses and the detection limit of
~10 pg L.

7. Ratiometric probes

Compound 48 consisting of two coumarin molecules linked
by a short enone bridge proved to be a sensor of H,O
impurities in common organic solvents, such as DMF,
DMSO and acetone.?3®

In a whole, a solvent was found to have a dramatic effect
on the emission spectra of probe 48 including the position of
the emission band and quantum yield. As the solvents
polarity increased when passing from toluene to acetoni-
trile, the decrease of fluorescence quantum yields and
immediate increase of the Stokes shift were revealed. This
is due to the interactions between the fluorophore and the
surrounding solvent molecules, which affect the stabiliza-
tion energy difference between the ground and excited
states. Protic solvents increase the possibility for nonradia-
tive relaxation of the excited dye, thus leading to a decrease
of fluorescence quantum yield. Meanwhile, water influences
the fluorescence quenching far more significantly. The
probe 48 has a number of advantages over the known
fluorescent probes for H>O detection. The linear ratiometric
fluorescence response to the water content with excitation at
380 nm is worth to be mentioned. The results were found to
be in a good agreement with the standard Karl Fischer

Structure 48

titration method. Twisted intramolecular charge transfer is
the most convenient mechanistic explanation of the
observed fluorescence quenching, similarly to the known
push-pull dyes.

A fluorescent ratiometric probe 49 based on a chlori-
nated BODIPY dye for detection of glutathione has been
synthesized.!3® The sensor is characterized by high selecti-
vity to GSH over Cys/Hcy (Scheme 36).

The chlorine atom in the dye 49 turned to be highly
reactive to nucleophilic attack. It can be rapidly replaced by
biothiols. The amino functions of Cys/Hcy (but not GSH)
further replace the thiolate groups to form an amino-
substituted BODIPY, which exhibits extremely different
photophysical properties when compared to the sulfur-
substituted BODIPY produced in the reaction with GSH.
In the '"H NMR spectrum, a broad signal at ~6.86 ppm and
a triplet at 1.75 ppm were assigned to the exchangeable
protons of the aromatic amine and SH, respectively. These
signals show that cysteine is attached to BODIPY moiety
through the amino function. Thus, the probe 49 provides
the unique example of discrimination of glutathione from
Cys—Hcy pair.

Different mechanisms for the detection of CN~ ion have
been already discussed. However, ratiometric probes are
also worth of attention, since they provide additional
sensory mechanisms based on ESICT,?!° ESIPT 4 and
ESICT-ESIPT switching.?°! Moreover, some probes shown
below differ advantageously from many reported CN~ ion
sensors 334355 by the simplicity of synthetic procedures.

A simple 7-azaindole derivative 50 was synthesized.?!°
1-Methyl-7-azaindole moiety was substituted with a dicya-
novinyl moiety acting as an electron-withdrawing group,
which is responsible for a sensing function (Scheme 37).

The probe 50 exhibits two absorption bands at ~293
and 362 nm. The latter is due to the ICT transition. The
emission spectra of compound 50 are significantly red-
shifted with increase of the solvent polarity, which agrees
with strong ICT character of the excited state of the probe.
The blue shift induced by the addition of CN~ is large
(144 nm) with an isoemissive point at 465 nm. After addi-
tion of CN—, the peak at 532 nm is completely quenched,
while the band at 388 nm appears. The ratios of fluores-
cence intensities at 388 and 532 nm (/33s//532) exhibit a
dramatic change from 0.05:1 to 6.93: 1, indicating a ratio-
metric fluorescent sensing ability of the probe 50 for cyanide
detection in aqueous media. According to the 'H NMR
spectra, addition of cyanide ions to probe 50 results in
decreasing vinylic proton signal at 8.23 ppm, while a new

Scheme 36
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signal corresponding to the proton of the dicyanovinyl
group appears at 4.43 ppm. The interruption of the m-con-
jugation results in a substantial blue shift in the absorption
spectrum and weakening of the ICT character.

The probe 51 represents one more example of how the
ICT can be hindered by the analyte molecule interaction
with the m-conjugated system, i.e., blue-shifting (or quench-
ing) of the emission process.?!”

Structure 51

The probe 51 turned out to be a novel ratiometric
fluorescent chemodosimeter for ‘blue-shifted’ cyanide detec-
tion (photophysical mechanism was illustrated in
Scheme 3). In the presence of cyanide ions, dye 51 shows a
significant fluorescent response, with emission having a
large Stokes shift (~210 nm). The detection of cyanide ion
is performed via its nucleophilic addition to the indolium
group of the dye 51. The addition product was separated
and totally characterized by 'H and '3C NMR spectra.
Competitive anions do not show any notable changes in
either colour or emission. This indicates the high selectivity
of the sensor 51 to CN~ ions.

The close analogue of the probe 51, fluorescent chemo-
dosimeter 52, was synthesized via linking N-ethylcarbazole-
3-formaldehyde and 1,1,2-trimethyl-3-ethyl-1H-benzole]in-
dolium iodide with the ethylene bridge.?!® It turned to be a
useful ‘blue-shifted’ probe for cyanide ion detection at very
low concentrations (Scheme 38). The detection limit was
evaluated as 0.23 pmol L—! (S/N = 3), which is much lower
than the WHO permissive level (1.9 pmol L—1). It is also
worth mentioning that the shift of two emission wave-
lengths is very large, up to 155 nm, which allowed the
accurate measurement of their intensities, as well as resulted
in a huge ratiometric value.

The visible colour and strong fluorescence of the probe
52 are due to its outstanding ICT effect from the electron-
donating carbazole group to the electron-withdrawing ben-
zoindole moiety. The detection effect is based on the
nucleophilic addition of the cyanide anion to the polarized
C=N bond of the benzo[e]indolium group. All '"H NMR
signals turn to be shifted upfield. Furthermore, the forma-

Scheme 38

Blue fluorescence

tion of the sensor 52-CN adduct was also confirmed by
mass spectrometry. As a result, m-conjugation between
benzo[e]indolium moiety and carbazole group is blocked.
This reaction provides a prominent fluorescence and colour
changes. The hindrance of the m-conjugation in fluorophore
52 results in a blue shift both in absorption (218 nm) and
emission spectra (155 nm).

Recently, several potential ESICT —ESIPT coupled sys-
tems were synthesized and investigated. The ESICT-
ESIPT-based fluorescent probe 53 for the detection of
cyanide is shown below (Scheme 39).20!
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The structure of the probe 53 is composed of a well-
known ESIPT molecule, salicylideneaniline, in which
diethylamino and dicyanovinyl groups are attached so as
to act as electron-donating and electron-withdrawing
groups, respectively. The electrophilic nature of the dicya-
novinyl group provides its receptor properties to the cya-
nide ion. Compound 53 shows two absorption bands at
~330 and 470 nm; the former is attributed to the m—m=*
transition and the latter is due to the ICT transition. Unlike
the small shift in absorption spectra, the emission spectra of
probe 53 are noticeably red-shifted with increase in the
solvent polarity, indicating the strong ICT character for the
excited state of the compound. Upon the addition of F—,
Cl—,Br—,I-,SCN—, AcO—, NO3, BzO—, H,PO;, HP,O7;
and HSOj; anions, no substantial change was observed in
the emission spectra of compound 53. The only significant
response appeared on CN~— addition. The fluorescence
band at ~523 nm appeared and the band at 626 nm
(@ = 0.15, ESICT) diminished. The former 523 nm emission
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band is unambiguously assigned to the ESIPT emission. The
blue shift induced by the addition of CN~ was high with an
isoemissive point at 531 nm. After the addition of 20 equiv.
of CN—, the peak at 626 nm was completely quenched. The
ratio of emission intensities (/s23//¢26) exhibited a 75-fold
decrease. The detection limit of the probe 53 for CN~ is
2.4 pmol L—!, which is quite close to the maximum level
permissible in drinking water (1.9 umol L—1).

Addition of cyanide ion resulted in reduction of the
vinylic proton signal at 8.10 ppm, which disappeared upon
the addition of 1 equiv. of cyanide ion. A new signal
appeared at 4.25 ppm, corresponding to the B-proton of
dicyanovinyl function. Meanwhile, the upfield shifts of two
sets of aromatic protons are observed at the ortho- and
meta-positions relative to the ethylene group. The structure
of 53-CN adduct was further confirmed by mass spectrom-
etry analysis. These results are consistent with the assump-
tion that CN— attacks the P-conjugated position of
dicyanovinyl moiety. The molecule of probe 53 is nearly
planar, with an angle of 10.1° between two phenyl rings.
Such planar conformation provides an efficient m-conjuga-
tion and thus favours the efficient ICT transition from the
amino group to the dicyanovinyl moiety. The ground-state
geometry undergoes an apparent twist upon the addition of
CN~ ion. The n-conjugation between the dicyanovinyl and
the salicylideneaniline is interrupted resulting in a signifi-
cant blue shift in the absorption decreasing the ICT char-
acter. In the case of probe 53, the electron density in the
HOMO was localized on the salicylideneaniline moiety,
while that in the LUMO was mainly localized on the
dicyanovinyl group. Consequently, generation of a charge
separation can be expected while an electron is promoted
from the HOMO to the LUMO. However, the electron
distribution in 53-CN, particularly in the LUMO, was quite
different from that in 53. Because of the interruption of the
m-conjugation, the electron population in the LUMO of
53-CN was confined to the salicylideneaniline moiety, with-
out involving the malononitrile.

Probe 54 has been also suggested for the ICT mechanism
operation. When compound 54 is excited at 415 nm, it
exhibits two emission bands with maxima at 462 and
589 nm.?!” The major emission band at 589 nm is attributed
to the ICT. It is supported by the solvent-polarity depend-
ent shift of the emission band, whereas the absorption
bands remained unaltered on changing the solvent polarity.
Upon the addition of different anions (Cl—, Br—, F—,
AcO—, ClOy, NO,, N3 and SH ) to the solution of 54,
no considerable change in the emission spectra was
observed. Upon addition of the cyanide anion, the emission
intensities of the peaks at 462 and 589 nm were gradually
increased and decreased, respectively. The ratio of emission
intensities (F462/Fsg9) exhibited a 14-fold enhancement.
After the addition of 20 equiv. of cyanide anion, the peak
at 589 nm was completely quenched. To get more insight
into the mechanism of the colorimetric change and ratio-
metric fluorescence enhancement of 54 in the presence of

Structure 54

CN~—, DFT calculations were carried out for compounds 54
and 54-CN at the B3LYP/6-31G(d) level using a suite of
Gaussian 09 programs. In the optimized structure of 54, the
dihedral angle between the dicyano group and the middle
thiophene ring of terthiophene is 15°, indicating an effective
m-conjugation between the terthiophene and dicyano groups
via the vinyl bridge. Addition of CN~ to the latter elimi-
nates the conjugation hampering the ICT process in the
reaction product 54-CN.

The high coordinating ability of gallium(Ill) in com-
plexes with cyclic tetradentate ligands 55 and 56 was
employed to construct novel colorimetric probes useful for
detection of F~ and CN~ ions (Scheme 40).20°

In the porphyrinoid series, corroles have attracted
special attention due to convenient methodologies of their
synthesis. These macrocycles having one direct pyrrole—
pyrrole linkage possess unique spectral properties, which
are used in optical and sensing applications. Addition of the
cyanide ion to these probes leads to decreasing intensity of
the band at 570 nm and increasing intensity of that at
609 nm as well as a red shift in the absorption spectrum.
The binding constant of the probe 55 interaction with the
cyanide ion was estimated as logK = 10.52 with stoichiom-
etry of one anion per two ligands. This value is much higher
than that for the probe 56 (logK = 6.89). The corrole probe
55 is able to quantify ca. 1.00 pumol L= of cyanide. The
compound 56 demonstrated somewhat lower sensing char-
acteristics, which was attributed to electronic effects of the
fused quinone moiety. In order to confirm the compounds
55 and 56 as molecular probes, several MALDI-TOF-MS
titrations with fluoride and cyanide ions were performed.
Both probes were found to interact with cyanide ion also in
the gas phase.

Structures 55, 56
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Scheme 40
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7-Diethylaminocoumarin and 1-indanone-fused fluores-
cent dye 57 as a ratiometric probe undergoes rapid covalent
bonding with hydrazine (Scheme 41), showing the
subsequent blue shifts in the absorption and fluorescence
spectra.??0

Scheme 41
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The probe 57 was proposed as a convenient alternative
to traditional coumarins. Condensation of the compound
57 with hydrazine leads to release of malonodinitrile, and
formation of the corresponding hydrazone. The latter
results in the inhibition of the ICT effect and appearence
of remarkable blue shifts. Dye 57 represents a rapid naked-
eye probe working at the biological pH (7.4) levels, and is
highly selective towards a number of similar contaminants
(e.g., functionalized organic amines and hydrazides). Upon
treatment with increasing concentrations of hydrazine
(0—-130 umol L—1), the fluorescence of the probe 57 at
557 nm gradually rose and the final enhancement factor
was over 190-fold. The observed fluorescence intensity is
proportional to hydrazine concentration of up to
10 pmol L—!. The detection limit of the probe for hydrazine
was determined to be 8.6 nmol L—1.

An 1,4-oxazine-based colorimetric sensor 58 was deve-
loped for ratiometric fluorescent detection of bisulfite ion
(Scheme 42).3!'7 The compound exhibits the naked-eye col-
our change in the presence of sulfite ions, while no response
is noted for a variety of other inorganic anions, such as
halogens, azide and dithionite. The mechanistic and
pH-effect studies revealed that the addition of HSOj3 to
the C=C double bond is the main factor responsible for the
fluorescence. The detection limit for bisulfite was estimated
to be 87 nmol L~'. During the reaction with bisulfite in an
aqueous solution, the chemical shifts of vinyl protons in the
'"H NMR spectra were shifted upfield, which may indicate
the nucleophilic addition of HSO3. The HR-MS analysis
confirms the formation of the probe 58-SO3~ adduct.
Hindrance of the ICT-effect therein is a key reason for the

Scheme 42
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observed ratiometric properties. The probe 58 was sug-
gested for the efficient bisulfite detection in food, as well
as sulfur dioxide in living systems. Among the numerous
advantages of this probe, the ease of synthesis, low cost,
simple and real-time detection and high resolution should
be noted.

4-(Benzothiazol-2-yl)-3-hydroxybenzaldehyde 59 is of
significant research interest as another example of the
SO?™ fluorescent sensor (Scheme 43).202

Scheme 43
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On the basis of absorption and emission studies, the
sensing mechanism for probe 59 with SO~ is proposed in
Scheme 43. The SO~ ion attacks the aldehyde function of
the probe 59 to form adduct 60, in which the ICT process is
inhibited thus resulting in a significant blue shift in the
adduct emission spectra. Unlike other 2-(benzothiazol-
2-yl)phenol-based fluorescent probes in which the ESIPT
process was inhibited, both probe 59 and the reaction
product 60 exhibit an ESIPT process upon excitation
because of the presence of the free hydroxy function.
Therefore, the favoured large Stokes shift resulting from
the ESIPT process was always available for probe 59 both in
the absence and in the presence of SO3~. The large Stokes
shifts exhibited by probe 59 and the formed dye 60, along
with their absorption spectral overlap allowed single wave-
length excitation in the fluorescence detection. Compound
59 itself shows yellow emission (Agn: = 563 nm) with a
186 nm Stokes shift. Upon interaction with Na>SOs, the
simultaneous change of the fluorescence takes place:
A08% =467, 133 nm Stokes shift. The proposed reaction
mechanism is also supported by the NMR spectral data
and HR-MS studies. The proton signal at 9.94 ppm (H,) of
the aldehyde group shifts to 5.09 ppm (Hp), which is
assigned to the proton at the saturated carbon atom of the
formed adduct 60.

Boron fluoride anionic complex with dipyrrolomethy-
lenes bearing styrene substituents 61 was prepared for the
determination of hypochlorite anion.!3?

As expected, the compound without styryl substituents
showed absorption and emission bands centred at 497 and
507 nm, respectively, along with green emission, which is
typical of BODIPY derivative. For styryl derivative 61 an
absorption maximum is shifted to the longer wavelengths at
638 nm, because of the extra m-conjugation of two styryl
substituents. Strong magenta emission with maximum at
657 nm is observed. Complex 61 provides good selectivity
over H>O; and tert-butyl hydroperoxide with almost linear
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Structure 61

growth of the fluorescence intensity on addition of CIO—.
In aqueous media, the probe demonstrated colorimetric
change from blue to purple and orange fluorescence, selec-
tively to hypochlorite, with the detection limit of
0.26 pymol L—!. The proposed oxidation pathway involves
epoxidation with a subsequent hydrolytic ring opening and
formation of ketone functions, which leads to marked
orange emission in the presence of even small amounts of
NaClO (Scheme 44).

To gain more information of the reaction between probe
61 and NaOCl, the oxidation products were studied by mass
spectrometry. After mixing compound 61 with 5 equivalents
of NaOCI for 30 min, the mass spectrum of the resulting
mixture has a peak at m/z = 546.25 corresponding to the
molecular ion of 61 and the peak at 580.30 that corresponds
to the product 62a of epoxidation followed by ring-opening
hydrolysis. Further oxidation of 62a into B-hydroxy ketone
62b explains the orange emission of probe upon the addition
of NaOCl.

8. Probes for multiple analytes

Supramolecular conjugates constructed using low-molecu-
lar-weight structures33%-357 are of much attention because
they have many practical applications.?%%:3%% A common
way to provide such conjugates with special characteristics
is to introduce functional groups into their molecular
structure. Many supramolecular conjugates have found
application in photovoltaics,?? field-effect transistors,3¢!
oil or dye absorbing3%? and various stimuli-responsive
materials.363

An L-phenylalanine derivative 63 consisting of benz-
oxazole as the proton-binding site, highly m-conjugated
fluorophore with low HOMO energy level and cyano
moieties as electron-withdrawing groups, has been synthe-
sized.?”! It proved to be a sensitive probe to several analytes
(Fig. 4).

Based on this derivative, materials that exhibit responses
to both acid and organic amine vapours were studied. The
xerogel film based on the probe 63 possesses high green
fluorescence. It was used as a dual chemosensor and is
capable to quantify volatile acid and organic amine
vapours. The fluorescence of the sensing solution and
xerogel film decreased gradually upon addition of trifluoro-
acetic acid (TFA). The nitrogen atom of benzoxazole
moiety is considered as a proton binding site. Upon expo-
sure of the xerogel film to saturated aniline vapour (over
91%), fluorescence quenching was also observed. The
quenching effect is due to the PET from the HOMO of the
aromatic amine to that of the excited probe 63. The sensing
effect is specified by the short response time and low
detection limit. The detection limits of the new chemosensor
63 were found to be 796 ppt and 25 ppb for gaseous aniline
and TFA, respectively.
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hydrolysis

Scheme 44

hydrolysis oxidation
_

- HO 62a (Jem = 590 nm) OH

ONa
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Figure 4. Structure of the probe 63.

fluorophore with low HOMO energy level

proton binding site

63

A BODIPY-complex 64 containing an additional acetyl-
acetone side chain was studied as an ‘on-off-on’ type
fluorescent chemosensor.'#? The molecule shows remark-
able selectivity for Cu?™" ion over many other cations (e.g.,
Na*,K*,Li*, Ba?", Mn2", Ca?", Ph?™", etc.), due to the
specific complexation with the enolate moiety (Scheme 45).
The complexation quenches emission of the compound 64 at
570 nm.

Scheme 45

Fluorescence ‘turn-off’

The DFT calculations for the probe 64 and 64-Cu?™
complex were carried out to understand their geometry and
optical properties. The geometries were optimized by DFT
with B3LYP/6-31G(d) basis set using the Gaussian-09
software program. The HOMO and LUMO of the probe
64 were located over the entire molecule, indicating exten-
sive m-conjugation between the BODIPY and B-diketone
units. This accounts for significant red shifts of absorption
and emission maxima compared to those of the parent dye.
In the complex 64-Cu?™*, the electron density of HOMO-2 is
also located on the BODIPY and Cu?™*-coordinated B-dike-
tone moieties. However, the LUMO electron density is
localized on the Cu?" ion, indicating a strong ligand-to-
metal charge transfer process. This explains non-fluores-
cence nature of 64-Cu?" complex making the probe 64 a
selective sensor for Cu?* ions. The 'H NMR studies
revealed considerable changes in the form of the enolic
OH proton signal (6 = 15.65 ppm) following the addition of
Cu?*ion.

The cupric complex of the probe 64 exhibits recovery of
the quenched fluorescence on reaction with S>2— anion with
high specificity. Formation of cupric sulfide is accompanied

by the release of the molecule of 64 with fluorescence at 570
nm, which was additionally proved by its chromatographic
isolation and the detailed '"H NMR spectral studies. Thus,
the probe 64 turned out to be very useful as a dual chemo-
sensor for detecting both the cupric and sulfide ions. More-
over, it can be repeatedly used for a tandem detection of
Cu?* and S~ ions. It is also useful for imaging Cu?* and
sensing sulfide ions in living biological substrates. More-
over, the application of the dye 64 in logic gate systems by
sequential addition of Cu?* and S?~ ions is suggested.

The probe 65 provides one more ‘on-off-on’ example of
response to several analytes. Despite the fact that many
metal cations possess similar sizes, they often demonstrate
different coordination energies. This can be employed for
the selective determination of one ion over another.
A supramolecular detector 65 consisting of calix[4]arene
bearing pendant benzothiazolyl and phenolic substituents
has been investigated for cation- and anion-binding abilities
(Scheme 46).203

It was found that the conjugate 65 displays high and
selective affinity to the Cu?™ ion with ‘on-off-on’ type
sensing recognition on further addition of sulfide anions.
The probe 65 exhibits the emission maximum at 542 nm
being excited at 370 nm. High fluorescence of the probe is
completely and selectively quenched by Cu?* ion, indicat-
ing a strong complex formation of 65 with this cation. The
generated 65-Cu?™ complex is useful for S>~— recognition
due to the high affinity of sulfide to Cu?* ion. On addition
of S2— to 65-Cu?™ solution, a remarkable fluorescence
enhancement was observed at 542 nm. Meanwhile, addition
of other anions, including F—, Cl—, Br—, 1=, HyPOy,
HPO3~, NO3, NO3, AcO—, ClO7, SO3~, HSO;, CO3,
HCOj3 and OH~ does not produce any significant fluores-
cence enhancement. These results demonstrate the L-Cu?™*
complex to have a high selectivity toward S?>— ion.

It is also important to emphasize, that the strong
fluorescence was experimentally observed on contact of
the probe 65 with HSOj ions with ca. 1 umol L~ sensing
limit and 10-fold fluorescence enhancement at 542 nm,
which has been attributed to the hydrolysis of the four
Shiff base moieties. This was convincingly confirmed by the
dynamic 'H NMR spectroscopy, which indicated the
appearance and growth of the aldehyde proton signal. On
the other hand, compound 65 was very inert towards the
acidic phosphate or highly basic fluoride and hydroxide
anions. The system is easily reusable and seem to be highly
promising.

The probe 66 was found to provide sensory effects to
Zn?" and sulfide ions (Scheme 47).272

When excited at 340 nm, the probe 66 exhibits a weak
fluorescence emission (Amax = 500 nm). Upon addition of
the metal ions such as K%, Na®™, Mg2", Fe?", Fe3",
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HSO; +H,0 —> SO; +H*

HSOy

hydrolysis of
the Schiff base

Scheme 46

NH. HoN Strong fluorescence

No fluorescence

Scheme 47

66 (fluorescence ‘off’)

Fluorescence ‘on’
ZnS

Xis a solvent or NO3

Mn2+’ Ca2+’ A13+, Ga3+, CI‘3+, C02+, Ga“, Ni2+’ Cu2+
and Pb%*, no or slight increase in intensity at 500 nm was
observed. However, the probe 66 showed a green fluores-
cence enhancement in the presence of Zn?>* ion. The sensing
mechanism of compound 66 towards Zn?>" has been pro-
posed on the basis of UV/Vis titration, the Job’s plot,
'H NMR titration, theoretical calculations and ESI-mass
spectroscopy analysis. In order to understand the sensory
reaction mechanism of probe 66 towards Zn>" ion, the
DFT calculations by the B3LYP/6-31G(d,p) basis set with
the Gaussian 03 program were performed. According to the
calculation results, zinc(IT) ion turned to be coordinated to
2-, 5- and 6-nitrogen atoms of compound 66. Time-depend-
ent density functional theory (TD-DFT) calculations were
carried out to provide more information about the elec-
tronic interactions between ligand 66 and Zn?*. In the case
of ligand, the molecular orbital (MO) contribution of the
first lowest excited state was mainly determined for
HOMO — LUMO+1 transition (330.61 nm). The transi-
tion indicated the PET from the ligand piperazine nitrogen
atom to that of the quinoline one with the initial non-
radiative process of 66. For 66-Zn>" complex, the main MO
contribution of the fifth lowest excited state was determined
for HOMO-3 — LUMO transition (327.50). This transition

is of the m — ©* type and indicates ‘turn-on’ sensing mech-
anism by inhibited PET transition from the N atom of the
piperazine group to the quinolone one.

Diketo-azaphenalene bearing aza- and thiacthylene gly-
col side groups 67 was explored as a novel ‘on-off-on’ type
probe for fluoride, cyanide and carbon dioxide.!38

il

Structure 67
OH

o

o

Va
zZ

N\
o

N N
iH Hj
s s
\ \
Me Me
67

Addition of F~ and CN~ ions led to red shifts in the
absorption spectra, which can be explained by the increased
ICT due to the strong hydrogen bonding between amino
function and anions. Similar enhanced ICT effect was
previously reported for naphthalimide derivatives.364.365
Addition of cyanide ion provides also a moderate fluores-
cence quenching effect. These changes were explained on the
basis of the considerable hydrogen bonding with the title
polyaromatics, with detection limits to fluoride and cyanide
ions equal to 1.56x10- 1 and 247x10~'mol L—!
respectively. The 'H NMR studies clearly demonstrated
the broadening of amine proton signals and differences in
the corresponding chemical shifts, which indicated the
possibility of complete deprotonation. On further exposure
to CO; gas, the fluoride complex showed a visible colori-
metric change, resulting in an ‘on-off-on’ type fluorescence.
Presumably, the unstable intermediate carbamic acid can
transform into bicarbonate anion, with simultaneous
release of the highly fluorescent naphthalimide derivative.
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9. Probes sensitive to conformational effects

Changes in the molecular packing of the proper materials
dependening on temperature, pressure and aggregation can
be utilized to alter their photophysical properties,?73~276
since the photofluorescent properties of organic dyes are
significantly influenced by their conformations. Such mate-
rials are considered as good candidates for sensors. For
example, many dyes changing their photofluorescent prop-
erties through thermal treatment without melting have been
prepared, because temperature change is a well-known way
to induce dynamic transition in molecular assembled struc-
tures.?74277-279 A large number of studies also showed the
possibility to use conformational stimulations to control the
molecular arrangement and thereby the optical response of
fluorescent m-conjugated molecules of organic dyes.

The conventional fluorophores, such as fluorescein,
rhodamines, cyanines are known to aggregate in water-
containing environment resulting in aggregation-caused
quenching (ACQ). This effect greatly limits their practical
application, for example, in physiological environ-
ment.?80-283 However, the discovery of the AIE of organic
dyes provide new opportunities to overcome the ACQ
effect. In contrast to ACQ, organic dyes with AIE effect
emit intensely upon aggregation while showing no fluores-
cence in dilute solutions.?®* Various mechanisms have been
studied to elucidate the reasons for the AIE phenomena.
Restriction of intramolecular rotations (RIR), J-aggregate
formation, conformational planarization, E/Z isomeriza-
tion can be mentioned as the most actively discussed
mechanisms.?85-287 For example, the RIR process inhibits
the free vibration of the fluorophore and intramolecular
rotations of its fragments, providing an emission
increase.?88.289 Mechano- and aggregation-responsive sen-
sors are reviewed in a number of excellent papers.8- 10,290
Therefore, only a few examples of conformation-effected
analytes are presented in this text.

Xu et al.?*' have developed an asymmetric probe 68,
which could integrate the properties of AIE and mechano-
fluorescence (MF).

Structure 68

A high photofluorescence quantum yield (93.3%) and a
long fluorescence lifetime (1.23 ms) have been observed for
the powder form of compound 68. Moreover, when the
powder sample of 68 was scratched under pressure, a strong
green luminescence appeared even in the daylight. This
study proposes a strategy to integrate the features of AIE
and MF effects into the same compound, which provides its
potential applications in design of sensory materials.

Tang and coworkers 2?2 developed an AIE-active probe
69 for sensitive detection of an anionic surfactant, sodium
dodecylbenzenesulfonate (SDBS) (Scheme 48).

This probe can form highly emissive catanionic aggre-
gates or micelles with SDBS thus restricting the intramo-
lecular motion. Thus, the probe 69 can be used for
quantitative determination of SDBS concentration. It effec-

Scheme 48

Ci2H2s-n >

O=wn=0

N CigHar-n SDBS

69 Me
R
aggregates

tively avoids the interference of small anions and was used
for selective detection of SDBS with a detection limit of
0.051 umol L—', which is lower than the standard colori-
metric Methylene Blue method (~0.144 pmol L—1).293

Two unique compounds 70 and 71 containing phenox-
azine moiety emitting light in solids have been synthe-
sized.?>®

Both compounds are nonfluorescent in dilute tetra-
hydrofuran solutions and display AIE on addition of a
large amount of water. When the water fraction reaches a
certain amount (75% for 70, 70% for 71), both compounds
70, 71 show crystallization-induced emission. By careful
evaporaton of the solutions of 70 and 71 in appropriate
solvents, two single crystals were obtained for compound 70
and three single crystals were obtained for compound 71,
showing polymorphism-dependent emission (PDE). By ana-
lyzing the X-ray diffraction data, m—m stacking between
phenoxazine molecules was found as the main intermolecu-
lar contact that is responsible for the emissions of the
crystals, while the hydrogen bonding plays a key role in
their formation. Moreover, it was also elucidated that the
dihedral angle between the planes of phenoxazine and
benzene rings is essential for conjugation between electron
donor and electron acceptor in one molecule. The larger the
angle, the more blue-shifted the emission. It is also worth-
while to note that a loosely packed structure, with larger cell
volume and lower cell density, makes it easier for a crystal
to change morphology and to show mechanochromic fluo-
rescence under pressure.

Q\s OH
N/ Na
\
+ Oo—
Me
| +
Cl— |

Structures 70, 71
CN
™
° I
~N
CN

70 71

A long chain-linked polyheterocyclic probe 72 com-
prising naphthalimide structure was synthesized and exam-
ined as a potential highly emissive conjugate for detection of
hydrogen sulfide and nitric oxide in a logic gate manner
(Scheme 49).294
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For this probe, an azide-linked naphthalimide and a
modified rhodamine were connected through a rigid piper-
azine linker that prevents close contact of the two fluoro-
phores and provides an efficient Forster resonance energy
transfer (FRET) from excited naphthalimide moiety to
rhodamine fragment. The absorption bands of naphthali-
mide and rhodamine fluorophores are at ca. 432 nm and
550 nm, respectively. They are well separated and can be
independently excited. As a result, the presence of H»S can
transform the azide group into amine one and thereby turn
on naphthalimide fluorescence. Meanwhile, the addition of
NO breaks the lactame ring in the rhodamine moiety and
leads to its efficient emission. The reverse order of the
addition of reactants did not cause any considerable mech-
anistic changes and led again to the fluorescence at 570 nm.
This design can ensure the multiple sensing of NO and H,S
in a logic gate manner. Intracellular dihydrogen sulfide and
nitric oxide could also be effectively detected at tens of
umol L~ range, as compound 72 did not exhibit any
significant cytotoxicity in murine fibrosarcoma L.929 cells.

A cationic polyene-conjugated quinoline fluorescent
probe 73 has been designed for sensing of iodide and
Hg?>* ions in aqueous solutions.?®> The compound 73
possesses AIE.

Structure 73

Photoexcitation of a dilute solution of probe 73 gives a
very weak emission because of the active intramolecular
rotation of the triphenylethene group, which consumes the
energy of excitons through the non-radiative relaxation
channel. The AIE properties of the probe 73 in DMSO -
water mixtures were then checked by varying the amount of
water fraction (fw). As fw increased from 0% to 80%, the
emission spectra of the probe 73 stayed at a low level
without any significant change. However, after f,, exceeding
80%, the fluorescence was coming up and the emission
intensity at 610 nm rose sharply with increasing water
content. At fi, = 99%, the emission reached maximum and
showed approximately 13-fold enhancement over that in
pure DMSO. Meanwhile, the starting colourless solution
turned intense red under the 365 nm wavelength irradiation.
The observed phenomenon could be attributed to the
formation of molecular aggregates which suppressed the
non-radiative relaxation channels. The average diameter of
the probe 73 particles in the mixed solution with fi, of 90%
and 99% was determined to be 132.5 and 111.4 nm respec-
tively, by dynamic light scattering (DLS), confirming the
formation of nanoaggregates. Clearly, the probe 73 is a
typical AIE fluorogen with red emission. Careful examina-
tion of the crystal packing structure reveals that the distance
between two quinolinium planes of adjacent molecules is
5.201 A, which can hinder the intermolecular ©— & stacking
interaction and thus avoid the quenching of fluorescence in
the condensed phase.

Compound 73 has orange or red fluorescence in the
solid state or in H»O, respectively. Addition of I~ anion
resulted in drastic reduction of the emission, with excellent
linear dependence on the anion concentration and near-
nanomolar sensing limit. The standard method was used to
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analyze the concentration of I~ ion in running water
samples with the found sensing limit of 0.07 pmol L—! of
Hg?". However, in the presence of Hg?*ion the remarkable
recovery of the fluorescence is observed due to the strong
affinity between Hg?" and iodide. The detection limit for
iodide ion and Hg?* based on these findings is coming to
the nanomolar level.

Based on the steric effect of conformational functional
group (CFG) on the imidazole-containing probe 74, various
CFGs have been introduced into the imidazole moiety to
study the effect of different sterically hindered groups, thus
developing a series of AIE-fluorophores.??! The results
show that CFG not only plays a crucial role in the
restriction of intramolecular rotation in the aggregate
state, but also affects the planarity of molecules. Due to
these factors, the probe 74 originally showing the ACQ
effect was converted into a fluorophore with the AIE-effect
(Scheme 50).

MeO 74 (aggregate state ACQ)

MeQO
N
| \>—®CHO
N
O
CFG
€0 RIR

ACQ is aggregation-caused quenching, CFG is conformational
function group, RIR is restriction of intramolecular rotations

Scheme 50

Thus, a fluorescent molecular probe 75 with excellent
AIE property to detect mercury ion has been synthesized
(Scheme 51).

The responsive mechanism of the probe 75 was con-
firmed by 'H NMR titration experiments and mass spec-
trometry. The probe 75 exhibits favourable water solubility,
high selectivity and sensitivity, good linearity and superior
stability over a wide pH range (4—9). The fluorescence
intensity of the probe 75 rose and the maximum fluorescent
emission wavelength was red-shifted from 475 to 495 nm
after adding Hg?* ion in concentrations from 1 pmol L—
to 10 pmol L—!'. Furthermore, in the range of
110 pmol L—!, the fluorescence intensity at 495 nm was
in a good linear relationship with the concentration of
mercury ion. The lowest detection limit of the probe 75 for
Hg?* was calculated to be 0.036 umol L—!. Furthermore,
the probe 75 was applied to detect mercury ion in real water
samples and imaging of mercury ion in living cells. Owing to
its favourable biocompatibility, non-invasive and on-site

h 51
MeO . Scheme

MeO é
75

Hg2+

imaging, compound 75 has great potential in detection of
mercury ions in environmental and biological samples.

10. Conclusion

Fluorescence makes it possible to create numerous modern
sensory systems and technologies. Most of fluorescent
probes are based on the use of organic dyes, fused m-con-
jugated arenes and heteroarenes. Due to the ‘push-pull’
polarized m-electron systems and various functional groups
in their molecules, fluorescent dyes provide diverse mecha-
nisms of both fluorescence increase and fluorescence
quenching.

The data presented in this review allow us to note a
number of trends in design of novel sensory molecules and
materials. One trend is the construction of new latent forms
of known laser dyes. The obvious advantage of this trend is
that the spectral responses of the new sensory structures in
this case are based on the obviously high fluorescent
characteristics of such dyes. The latent forms of a series of
rhodamines, fluoresceins and coumarins have been synthe-
sized and used successfully in the related sensory applica-
tions. The new effective sensors for metal cations were
mentioned in Section 5. For analytes of nucleophilic nature,
the most effective sensors are cyanine dyes and their
analogues, which have highly polarized electronic structures
capable of very rapid and irreversible reactions with nucle-
ophiles, such as in Michael’s reactions. Among such sen-
sors, one can note ratiometric probes, which were able to
detect cyanide ions at concentrations an order of magnitude
lower than the maximum permissible concentration.

Another promising trend in developing new sensory
systems is the synthesis and application of hybrid structures
in which the possibilities of intramolecular distribution of
electron densities are combined with the effects of intermo-
lecular interactions. The advantage of this trend is based on
that the spectral response capabilities of the molecular
sensor can be transformed due to extremely diverse inter-
molecular contacts that become possible within the corre-
sponding hybrid materials. The prospects for creating
sensors of this type are illustrated by the aggregation-
dependent structures of Section 9.
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There is no doubt that a study of chemical and photo-
physical mechanisms of sensory effects in much detail will
also contribute to a successful design of novel specific
probes for modern sensory technologies.

The review was prepared with the financial support of
the Russian Science Foundation (grant No. 17-13-01302).
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