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Fluorescent chemosensors based on conjugated
polymers with N-heterocyclic moieties: two
decades of progress

Taisheng Wang,®® Na Zhang,?® Wei Bai® and Yinyin Bao (2 *¢

Among various fluorescent chemosensors based on different platforms, n-conjugated polymer-based
sensors have attracted much attention, owing to their amplified detection sensitivity in the detection of a
variety of environmental pollutants and bioactive compounds. Since the report of the first conjugated
polymer sensor in the 90s, this sensing platform has achieved more than two decades of progress, with
an explosion of the research in this field observed in the last ten years. In this review, we will focus on flu-
orescent polymer sensors with N-heterocyclic aromatic moieties, which have played a pivotal role since
the beginning of the development of the conjugated polymer-based fluorescence sensing strategy. We
will highlight the representative examples according to the different types of heterocycles, illustrate the
structure—property relationships, point out the limitations and challenges of current systems, and also
identify possible future research directions.

1. Introduction

Sensors provide a communication interface between humans
and the surrounding world. To perceive external signals,
during the long period of evolution, the human body has
formed five sets of sensors, that is nose, tongue, eyes, ears,
and skin." Inspired by nature, chemists have also been
working on developing synthetic chemical sensors to detect
various analytes due to their significance in biomedical ana-
lysis and environmental protection.”> Chemical sensors with
fluorescence as the output signal, commonly called fluorescent
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chemosensors, have exhibited great advantage compared to
traditional analytical methods, such as mass spectrometry,’
Raman spectroscopy’ and ion mobility spectroscopy.® This is
because fluorescence signals can enable high sensitivity and
selectivity, fast measurement, low cost, in situ analysis, and
sometimes even “naked eye” detection. Fluorescent chemo-
sensors are generally designed based on one system which
consists of two key components: a receptor and a fluorophore.
The receptor can selectively interact with a specific analyte in a
certain way, usually through coordination, ionic interaction,
hydrogen bonding, or chemical reaction, and thereafter the
fluorophore can change its photophysical properties when the
interactions between the receptor and analyte occur.® In par-
ticular, a certain spacer connecting the two components can
also be introduced to optimize the sensing performance in
some cases.”

Fluorescence sensing usually utilizes one of the following
characters: mostly the fluorescence intensity change (“turn-
on” or “turn-off”) and spectral shift (emission color change),
as well as the fluorescence life time variation and polarization
change, to a lesser extent.® These changes may be triggered
by interactions between sensors and analytes of interest. In
general, the performance of a fluorescent chemosensor is
usually determined by its selectivity and sensitivity. Other
characteristics including the response time, recovery time,
reversibility, overall lifetime, and cost, are also considered for
real applications. In addition, like any other analytical tools,
the ease of use, high accuracy, and acceptable reproducibility
of the results are also expected from the sensors.” Among
various fluorescent chemosensors from different materials,
n-conjugated polymer (CP)-based sensors have attracted
much attention as they can be used to detect a variety of
environmental pollutants and bioactive compounds, owing to
their amplified detection sensitivity. These conjugated poly-
mers are referred to as amplifying fluorescent polymers, typi-
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cally with distinctly high sensitivity for fluorescence sensing,
benefiting from their ability to transport electronic excited
states. According to the theory of Swager and coworkers, who
first developed CP-based chemosensors,'® excitons in
excited states can rapidly migrate throughout the conjugated
polymer chain or even diffuse within the bulk solid state.
This is due to both space dipolar couplings and strong
mixing of electronic states; thus the polymer backbone can
be viewed as a molecular wire. When CPs are constructed as a
detection system, once an analyte appears and interacts with
the receptor moiety of the polymer sensor, the excitation elec-
tron/energy transfer from the CP to the analyte will occur
immediately along the whole polymer backbone. As a conse-
quence, a greatly amplified signal can be achieved, resulting
in enhanced sensitivity, a unique benefit that conventional
molecular sensors do not possess. Moreover, different from
fluorescent chemosensors based on small molecules, the CP-
based sensors also display excellent film-forming properties
and high flexibility for chemical design and structure
modification.'*?

Since the report of the first example by Swager and co-
workers in the 90s,'"” the CP-based sensing strategy has
achieved more than two decades of progress, with an explosion
of the research in this field observed in the last ten years. %"
A number of CP-based fluorescent chemosensors have been
developed with various polymer backbones and receptor moi-
eties, and they have exhibited profound potential in biosen-
sing and environmental analysis, including metal ion/anion
detection, biomolecule sensing, bioimaging, explosive detec-
tion, etc.'* A series of comprehensive review papers have also
been published on this topic;''“?%¢ however, to our knowl-
edge, there is still no such review that exclusively focuses on
the nitrogen receptor moiety of the CP sensors, especially for
the ones based on aromatic N-heterocycles. The conjugated
polymers with aromatic N-heterocyclic moieties indeed played
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a pivotal role during the development process of CP sensors,"?
with the first example employing a 2,2"-bipyridyl group
reported in 1997 by Wasielewski and coworkers."” On the
occasion of the 100th anniversary of polymer chemistry, we
would like to take this opportunity to give a summary of the
two decades of evolvement. In parallel, as a witness and also a
contributor to the progress in such an exciting research area,
we will provide a perspective on the possible future research
directions. This review focuses on the CP-based fluorescent
chemosensors with aromatic N-heterocyclic moieties, and the
polymers are classified according to the different N-ligands
employed. Due to the characteristics of these heterocycles,
metal ions are the main analytes of interest, with also protons,
anions and other biomolecules as the targets of detection, to a
lesser extent.

2. Aromatic N-heterocyclic receptor
moieties

As one of the two key components of CP sensors, the receptor
moiety is crucial for achieving optimal detection perform-
ance. Many different types of interactions between analytes
and receptors have been utilized in the previous reports, such
as Lewis acid and base interactions," collision quenching,"*
formation/cleavage of chemical bonds,'>"® etc. Among these
detection mechanisms, the Lewis acid and base interaction is
the most frequently used strategy, owing to the rapid
response. The receptors used in this situation are always the
electron donating units containing nitrogen, sulphur or phos-
phorus atoms. In these polymers, the aromatic N-heterocyclic
receptors, especially for pyridine, imidazole and their deriva-
tives, occupy a prominent position, and have been success-
fully introduced into either the main chains or side groups of
the polymers. When the interactions between these receptor
moieties of the CP sensors and different analytes occur, the
fluorescence of these polymers can exhibit significant
changes such as quenching, emission red or blue shifts, and
fluorescence enhancement, to a lesser extent. This is a result
of photoinduced electron transfer (PET), the enhancement/
decrement of the conjugation or the electron transfer
between the polymer and analytes (e.g., FRET). In this review,
we summarize the related works on fluorescent CP chemo-
sensors according to the different types of aromatic
N-receptors, including pyridine-based (mono-pyridine, 2,2"-
bipyridine, and terpyridine), imidazole-based (mono-imid-
azole and 2,2-biimidazole) and fused heterocycles (quino-
line, 1,10-phenanthroline and their derivatives), as shown in
Fig. 1. Due to the highly rigid backbone and strong hydropho-
bicity of conjugated polymers, the fluorescence sensing is
usually conducted in organic solvents; thus the description in
the review is always considered as not in aqueous solutions,
if not mentioned specifically. In general, the fluorescence
quantum yield of these conjugated polymers is usually quite
high; thus concrete values will not be given for each case in
the later descriptions.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The aromatic N-heterocyclic moieties that were introduced to
conjugated polymer-based fluorescent sensors summarized in this
review.

3. Pyridine-based CP chemosensors

3.1. 2,2"-Bipyridine-based CP chemosensors

Since the discovery of bipyridine groups in the late 19™
century, they have been widely reported for constructing
various functional polymers. Among the symmetrical isomers
of bipyridine (2,2', 3,3', and 4,4'), the 2,2"-bipyridine ligand has
been extensively applied as a metal coordinating ligand due to
its strong redox stability and easy functionalization."” It was
described as “the most widely used ligand” and this status has
not changed until now, which can be confirmed by the fre-
quent use of 2,2"-bipyridine in atom transfer radical polymeriz-
ation (ATRP)."® The most common coordination mode of 2,2'-
bipyridine is as a chelating bidentate ligand in which both
nitrogen atoms are bonded to the same metal centre.'® In a
transoid-like conformation, there is a 20° dihedral angle
between two pyridine planes. When incorporated into the
backbone of a CP, this polymer is not completely conjugated.
However, when coordinated with a metal ion, the coordination
interaction would cause the transformation of the transoid-
like conformation into a planar one which enhances the conju-
gation degree of the polymer.

The first example of a 2,2-bipyridine based CP sensor
(CP-1) was reported by Wasielewski and coworkers, and it is
also one of the earliest CP-based fluorescent sensors.'> CP-1
was designed to be partially conjugated in its metal free state.
A number of metal ions could induce ionochromic effects.
Upon incorporation of metal ions, the polymer underwent con-
formational changes, therefore converting to a nearly fully con-
jugated form along with the variation of the optical properties.
The metal ion size, coordinating ability and redox properties
are all responsible for the fluorescence response. Treating the
polymer-metal ion complex with competitive ligands could
convert it to its original metal free polymer state. Similar work
has also been reported by Ciou et al.>° Moreover, Wang and co-
workers found that tuning the electron density of the back-
bone through incorporating a fluorene structural unit (CP-2)
could vastly improve the detection selectivity.>' By tailoring the
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Fig. 2 The representative chemical structures of 2,2'-bipyridine-contained CP chemosensors.

fluorene unit fraction of the polymer backbone, the sensing
selectivity and sensitivity of CP-2 to Cu®>* could be efficiently
manipulated. Under optimal conditions, the Stern-Volmer
constant values (Ksy) could be as high as 1.44 x 10’ M™%, In
this work, cationic side chains were introduced to the system;
thus the resulting conjugated polyelectrolytes could realize the
selective detection of Cu”>* in aqueous solutions.

Cu”" could be reduced to Cu® in the presence of nitric
oxide. This change in the valence was reflected in turn on the
emission of the Cu®"~polymer complex. Based on this mecha-
nism, Lippard et al. constructed a bipyridine containing poly
(p-phenylene vinylene) derivative (CP-3) for the fluorescence
detection of nitric oxide (NO) with a “turn on” mode.** Cu**
was able to efficiently quench the fluorescence of CP-11 by
forming a coordinative crosslinking metal-polymer network.*
However, the bubbling of NO into the CP-3-Cu®" solution
reduced it to the CP-3-Cu’ complex, accompanied by a promi-
nent increase in the fluorescence intensity (Fig. 3). The detec-
tion process is free from the interference of other biological
reactive nitrogen species.

With regard to most of the conjugated polymers with 2,2-
bipyridine moieties on the main chain, the strong coordi-
nation ability with a large array of metal ions resulted in unsa-
tisfactory selectivity. Surprisingly, by attaching the ligand as
pendant groups, the selectivity could be more finely tuned,
while still retaining the advantages of the CP backbone. For
instance, the fluorescence of a poly(p-phenylene ethynylene)
derivative with pendant 2,2"-bipyridine groups (CP-4) could be
selectively quenched with Hg?*, with negligible influence of
other metal ions.>* Note that the detection limit was found to

3098 | Polym. Chem., 2020, 11, 3095-3114
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Fig. 3 The sensing mechanism of CP-3 for NO. Inset shows the fluor-
escence images of CP-3—-Cu(n) after bubbling the NO gas. Reproduced
with permission from ref. 22. Copyright 2005, American Chemical
Society.

be 8.0 nM, which is relatively lower than those of other similar
systems (Fig. 2).

Despite the excellent performance of the 2,2-bipyridine-
based CP sensor in the solution state, it is more challenging to
use them in the solid state as films, due to the self-quenching
of the emission caused by strong intermolecular n-r inter-
actions. Terao et al. proposed an interesting method to tackle
this issue.?® They synthesized a a-cyclodextrin (a-CD) insulated
CP containing 2,2"-bipyridine receptor (CP-5). The a-CD group
with large steric hindrance restricted the close packing of
polymer chains. As a result, even in the solid state, the
polymer exhibited strong emission, and the emission spectra
of the films are comparable to those of dilute solutions. The
complexation ability of CP-5 was sustained, leading to a fluo-
rescence change in response to metal ions (Fig. 4). The

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The chemical structures of CP-5 (a); change in the emission color of the CP-5 film with exposure to metal ions (b). Photographic images
were taken under UV irradiation at 365 nm. Double-headed arrows indicate the dipped regions of the films. Reproduced with permission from ref.

25. Copyright 2016, John Wiley and Sons.

luminescence color changes induced by different metal ions
were easily erased through removal of the coordinated metals
by immersion in an aqueous NH; solution. The emission pro-
perties of CP-6 are quite different from those of CP-5. With the
linked a-CD restricted rotation of the aryl rings in phenylene-
ethynylene, the Stokes shift of CP-5 was significantly smaller
than that of CP-6 in dilute solution. Meanwhile, a 100 nm red-
shift of the emission maxima was observed for CP-6 in the
solid state.

3.2. Mono-pyridine-based CP chemosensors

Despite the frequent use of bipyridine in fluorescence sensing,
the single pyridine group, as a six-membered heterocyclic
moiety, is also a potential receptor unit for constructing a
chemosensor.?® Pyridine has lone pair electrons on nitrogen,
which endow it with weak alkalinity and strong coordination
ability. For example, Uwe H. F. Bunz and coworkers syn-
thesized a pyridine-containing  poly(aryleneethynylene)
(CP-7).*” The presence of the pyridine unit afforded CP-7 mul-
tiple fluorescence responsive behaviors including acidochromi-
city, solvatochromicity and metallochromicity (Fig. 6). Due to
the varied polarity, the emission color of CP-7 covers from blue
to green and yellow in various organic solvents, as a result of
the aggregation-induced planarization of the backbone. On
protonation, the pyridine ring becomes a stronger electron
accepting unit, and thus the donor-acceptor character is much
more significant. The red-shift in fluorescence upon addition
of TFA was observed as a consequence.

Due to the limited water solubility of the CP chemosensors
because of extended z-conjugation, it is challenging for these
sensors to be used in aqueous environments. In order to over-
come this challenge, water soluble branched oligoethylene
glycols (swallowtail) were introduced to the polymer side
groups, and a series of CPs with relatively high fluorescence
quantum yields were synthesized.>® Take CP-8 for example; it
emitted in a range from 450 to 500 nm in water with a fluo-
rescence quantum yield of 0.18. Upon protonation, a red-shift
and emission intensity decrease could be observed, which is a

This journal is © The Royal Society of Chemistry 2020

consequence of enhanced internal charge transfer. Transition
metal ions such as Cu®', Hg*>", and Fe®" were strong fluo-
rescence quenchers while the quenching effect was weaker for
the other metal ions such as AI**, Co>", and Zn*"* (Fig. 5).

Recently, Bhattacharya and showed that
n-conjugated p-phenylenevinylene oligomers with a pyridine
unit as the end group can selectively detect Hg”*.>* Addition of
Hg>" caused a distinct change in the color of CP-9 solutions
from colorless to yellow accompanied by the transformation of
the fluorescence from blue to intense yellow. Owing to the
interaction of Hg®" with the nitrogen-containing pyridine
moiety, the polymers can form two-coordination complexes.
Such complexes facilitate the intramolecular charge transfer
process resulting in red-shifts in both absorption and emis-
sion bands. Although the visual response was more pro-
nounced for oligomer CP-10 with a higher conjugation length,
the selectivity and sensitivity toward Hg>" was compromised
due to its higher degree of self-aggregation, lower basicity of
pyridyl nitrogen and restricted molecular motion (Fig. 7).

Li and coworkers employed di(2-picolyl)amine moieties as
the receptor group to construct a functional fluorene/carba-
zole copolymer sensor (CP-11).°° The three lone pairs on the
receptor unit could synergistically bind with Cu®** tightly,
leading to complete quenching of the fluorescence of the
polymer. Alkali and alkaline earth metal ions have no influ-
ence on the fluorescence of the polymer due to their poor
coordination ability with the receptor units. Other transition
metal ions such as Ag*, Zn*" and Hg”* could also quench the
fluorescence, but to a lesser extent. This CP sensor showed
great advantages over small molecules bearing the same
receptor unit, such as much higher sensitivity and better
selectivity, indicating that the sensing properties of molecular
sensors could be optimized by chemical derivatization by
extending n-conjugation. In addition, the quenched peak of
the complexes can be gradually recovered when CN™ is added
into the solutions. This is because CN~ could form very
stable [Cu(CN),]"~ complexes with copper ions, and thus the
ligand can be displaced. This work demonstrates that the

coworkers
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Fig. 6 Photographs of CP-7 in different solvents (a), with increasing content of trifluoroacetic acid (TFA) (b) and different metal ions (c) under a
hand-held black light with illumination at 365 nm. Reproduced with permission from ref. 27. Copyright 2014, American Chemical Society.

polymer-Cu®>" complex could also be used to detect CN~
based on the replacement strategy.

In 2011, Bai and coworkers reported a series of fluorescent
CPs containing 2,6-bis(2-thienyl)pyridine moieties (TPP).
Since the sulfur atom is considered as a “soft” donor atom in
a chelating agent, it generally increases the sensor’s affinity
for “soft” metals. The resulting CP-12 showed excellent

3100 | Polym. Chem., 2020, 11, 3095-3114

selectivity for Pd**.*>! As a result of the Pd*" ion induced intra-
chain linkage, an obvious color change from yellow green to
brown was observed, while the fluorescence intensity at
472 nm dramatically decreased. Although CP-12 was also
responsive to Pt*", the quenching was much weaker than that
induced by Pd*". Thus, the interference from Pt*" could be
prevented basically, and it was superior to the Pd*" sensor

This journal is © The Royal Society of Chemistry 2020
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ively. Reproduced with permission from ref. 29. Copyright 2019,
American Chemical Society.

based on the meta-acetenyl substituted pyridine moiety devel-
oped by Wang et al®* As expected, when the thiophene
groups on the 2,6-dithienyl-4-phenylpyridine units were
replaced by benzene groups, affording CP-13, no fluorescence
change was observed after the metal ions were added to the
polymer solutions.?® This could be attributed to the steric
hindrance effect of two benzene rings at the two ortho posi-
tions of pyridine. If the acetylene group with smaller size
replaces benzene groups attached to the two ortho positions
of pyridine, it becomes an efficient receptor for metal ion
coordination again. The steric hindrance of the coordination
units (TPP) embedded in the polymer chain is crucial to the
selectivity of the polymer for Pd** and Pt**.>* For less steric
hindrance polymer CP-14, the detection limits based on the
UV-Vis absorption change for Pd*" and Pt*" are both less than
1 x 107 M, and the fluorescence intensity also significantly
decreased on the addition of Pd*" and Pt*" with almost the
same quenching degree (Fig. 8), while for the polymer CP-12,
owing to the more restricted thiophene group in the TPP
units, the quenching degree induced by Pd** is approximately
three times larger than that caused by Pt**. This demon-
strated the feasibility of varying the polymer structures to
match the molecular spatial dimensions for controlling the
metal ion selectivity.

To our understanding, due to the versatile coordination
ability with various metal ions, the selectivity of the mono-pyri-
dine containing CP sensors is usually not outstanding without
derivatization. However, when other supportive co-ligands/
groups are introduced, the sensing performance could be
greatly improved.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review

CP-8

TPP

Fig. 8 Schematic illustration of the sensing mechanism of CP-14.
Reproduced with permission from ref. 34. Copyright 2012, The Royal
Society of Chemistry.

3.3. Terpyridine-based CP chemosensors

Besides bipyridine and mono-pyridine in the pyridine
family, terpyridines and their derivatives have also evoked
extensive research interest in the area of coordination chem-
istry and materials science.”® The strong binding affinity
towards a variety of metal ions has brought about diverse
supramolecular architectures and a wide range of potential
applications including photovoltaic conversion,*® light emit-
ting devices,®” DNA binding,*® anti-tumor active agents and
catalytic applications.®® On top of that, the dendritic terpyri-
dine ligands can form polymetallic species which then can
be utilized as fluorescent sensors or to construct supramole-
cular architectures. Terpyridine is a tridentate pincer ligand
which can tightly coordinate with various metal ions in a
planar geometry. Based on the number of coordination units
used, terpyridine has two possible coordination patterns:
mono-pincer complexes and bis-pincer complexes.’® To
avoid the electrostatic repulsion of the lone pair electrons on
nitrogen atoms, the 2-pyridine adopts a trans geometry
before coordinating with the metal ion. On chelation, a cis
geometry is formed, and the pyridines take a perfect planar
conformation consequently, which is similar to the bipyri-
dine groups. This character enables terpyridine to be a
potential recognition unit for sensing applications. In par-
ticular, CP sensors with terpyridine units as recognition
sites have gained considerable attention recently for their
high detection sensitivities.

The pioneering work regarding the terpyridine-based CP
sensors was reported by Shirai et al. in 1998.*' The synthesized
ortho-terpyridine substituted poly(p-phenylenevinylene)
(CP-15) exhibited its sensing ability to various transition metal
ions, while the control polymer, which lacked the terpyridine
segments as recognition sites, showed no change in the photo-

Polym. Chem., 2020, 1, 3095-3114 | 3101
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CP-20

physical properties. In the presence of metal ions such as Fe*",
Fe**, Ni*" and Cu®*, complete fluorescence quenching was
observed, due to the energy transfer between the metal com-
plexes and the polymer backbone. However, Zn>* ions brought
about a red shift of the emission band, which occurred due to
an intra-ligand charge transfer state, originating from the con-
jugated main chains to the zinc-terpyridine complexes. A sys-
tematic study concerning the Zn>" ion induced ionochromic
mechanism of a terpyridine-based CP has been reported.*>
Regarding the CP sensors incorporating a terpyridine moiety,
generally, complete conjugation between the recognition unit
and backbone is not required for emission quenching,
although the fully conjugated ones show higher quenching
efficiency for Ni** (CP-16 and CP-17).*’

The chemical structure of the polymer backbone and reco-
gnition unit, as well as the substitution position of the terpyri-
dine group on the main chain have prominent influence on
the detection sensitivity or selectivity of the CP sensors
(Fig. 9).** For example, the polymer with a higher degree of
conjugation (CP-18) showed much higher sensitivity to Cu>*
compared with CP-19, which has a lower conjugation level (the
Ksy value is 2.3 x 10> M™* for CP-18 and 1.05 x 10° M™* for
CP-19). This is a result of enhanced intermolecular inter-
actions between the receptor-Cu®" complex and the backbo-
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Fig. 9 Chemical structures of the representative terpyridine-based CP chemosensors.

ne.**® Accordingly, the complex was used to detect CN~ ions

by the displacement mechanism, and it also showed a similar
difference in the sensitivity. The influence of the substitution
position of the recognition unit on the detection selectivity
was also observed.**? Greater fluorescence quenching in the
presence of Cu®* ions was found in the solution of meta-pheny-
lene-containing poly(phenylenevinylene) with a pendant ter-
dentate terpyridine ligand (CP-20) (with the quenching level in
the order of Cu®* > Co®" > Ni** > Hg*" > zZn*" > Cd*"), while
cr’’, Fe*') and Mn”" ions could not quench the fluorescence.
The results are in contrast to those of its isomeric polymer
CP-15, whose fluorescence in solution has been reported to be
completely quenched by Fe**, Ni**, Cu**, Cr**, Mn>" and Co>".
Regarding the complex CP-20/M>", the resonance interaction
from the terpyridine center is only transmitted up to the meta-
phenylene bridge. The molecular design of CP-20 limits the
resonance interaction between the terpyridine and polymer
backbone, thereby attenuating the metal ion-induced fluo-
rescence quenching to allow the observed selectivity (Fig. 10).
This structural design strategy has judiciously been applied to
poly(metaphenylene-alt-fluorene) with meta-substituted terpyr-
idine as a Cu®" sensor (CP-21), to enhance the fluorescence
detection selectivity with a Kg, of about 4.1 x 10> M~
(Fig. 11).%*

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Resonance interactions for CP-15-M?* and CP-20-M?* com-
plexes. Reproduced with permission from ref. 44b. Copyright 2009,
Elsevier.

Fig. 11 Sensing mechanism of CP-21 for Cu?*. Reproduced with per-
mission from ref. 44c. Copyright 2018, Elsevier.

4. Imidazole-based CP
chemosensors

4.1. Mono-imidazole-based CP chemosensors

The imidazole ring exists extensively in nature and plays an
important role in many bioactive structures within the human
body, such as histidine and ergamine.*”> Most uses of the imid-
azole ring as a bioagent revolve around its ability to bond to
metal ions as a ligand, as well as the formation of hydrogen
bonds with molecular drugs and proteins.*® The NH proton of
the imidazole exhibits weak acidity, which can be tuned by
changing the electronic properties of the imidazole substitu-
ents. On the other hand, the donor pyridine-like nitrogen
atom shows weak alkalinity. Due to its amphoteric nature, the
imidazole ring and its derivatives can function as either a
selective anion or a cation receptor.

In 2003, Leclerc and coworkers first reported an imidazole
substituted conjugated polythiophene (CP-22) for naked eye
iodide-specific detection.”” The process is free from the dis-
turbance of a wide range of other anions including F~, Br~ and
Cl". The exact sensing mechanism is that the iodide anions
induced planarization and aggregation of the polymer, leading
to the enhancement of the polymer conjugation length. Since
then, a series of studies related to imidazole-based CP sensors
have been vigorously performed.*® For example, in order to
detect metal ions in aqueous media, the polyfluorene functio-
nalized in the side chain with imidazole moieties (CP-23) was

This journal is © The Royal Society of Chemistry 2020
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covalently attached to a polymethacrylic acid matrix.**? Based
on a microemulsion polymerization procedure, fluorescent CP
microspheres were prepared. The carboxyl groups in this struc-
ture facilitate the dispersion of the microspheres, and also
favor the penetration of water into the structure. The prepared
microspheres were highly sensitive and selective to Cu®*" com-
pared with other divalent cations. Compared with the bulk
polymer, this polymer microsphere sensor showed unique
advantages such as an improved selectivity, stronger stability
and a faster regeneration after coordination with the metal ion
for subsequent reuse (Fig. 12).

The interaction between Cu®" and imidazole is relatively
weak. Thus, with the addition of the strong complexing unit,
Cu®" can be deprived from the Cu**~polymer complex, leading
to a recovery of the fluorescence. Based on this replacement
strategy, an imidazole-functionalized polyfluorene (CP-24) was
used as a selective chemosensor for Cu®" and further for
cyanide.”® Since the imidazole groups could enable efficient
energy transfer from the conjugated backbone to Cu®*, the
fluorescence of this polymer could be completely quenched by
Cu®" at concentrations as low as 0.2 ppm. Owing to the fact
that CN~ has strong binding affinity with Cu®", when CN~ was
added to the solution of the Cu®>-polymer complex, the
coordination between the Cu** and imidazole groups was
destroyed, accompanied by the recovery of the blue fluo-
rescence. This indirect strategy to probe CN™~ could be used to
design new anion sensors. Tang et al. replaced the main chain
into polyacetylene to synthesize an imidazole-functionalized
polymer (CP-25).>° This sensor also showed high detection sen-
sitivity toward Cu®*, but the detection selectivity is superior to
those of other CPs containing imidazole moieties with little
influence from other transition metal ions, indicating that the
sensing properties could be adjusted by tailoring the backbone
structure. In the solid state, the polymer was still emissive, and
thus could be used in a film form. Similarly, the resulting
Cu*"-polymer complexes were available for sensing CN~ and
a-amino acids based on a replacement mechanism. The com-
pletely quenched fluorescence of CP-25 by Cu®" was turned on
after the addition of CN™ at concentrations as low as 7.0 x 107>
M. Other anions caused nearly no disturbance to the selective
sensing of CN~, except for a little influence from HPO,>~ and
PO,*” (Fig. 13).

Zhu et al. synthesized a cationic CP-26, containing an imid-
azole moiety and water-soluble quaternary ammonium salt
groups, which was used for nitric oxide detection in aqueous
solutions.”" In the presence of Cu®" ions, the fluorescence of
the polymer was efficiently quenched through a photo-induced
electron transfer (PET) process. Upon the addition of nitric
oxide, paramagnetic Cu®" was reduced to diamagnetic Cu",
inhibiting the PET process; therefore, the fluorescence of the
polymer was recovered. Different from the replacement mecha-
nism that is mentioned above, the Cu* ions still bind to the
imidazole receptors instead of being snatched by another
ligand during the sensing process.

Recently, Patra et al. synthesized a highly emissive conju-
gated polymer containing fused imidazole moieties on the

Polym. Chem., 2020, 11, 3095-3114 | 3103
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Fig. 12 Chemical structures of the representative mono-imidazole-based CP sensors.
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Fig. 13 Schematic representation of Cu?* and CN™ sensors based on the fluorescence “turn-off” and “turn-on” of the polyacetylene. Reproduced
with permission from ref. 50. Copyright 2008, The Royal Society of Chemistry.

main chain (CP-27) through Suzuki coupling polymerization.>>
The nitrogen and sulphur donor atoms of the fused hetero-
cycle can serve as efficient coordinating sites for Hg>" ions.
Upon treatment with Hg>", a prominent turn-off fluorescence
response was observed with the detection limit found to be in
a range of 40-50 ppb (Fig. 14). Interestingly, all the other com-
peting metal ions do not interfere with the detection process.
The polymer-Hg>" complex is reversible essentially, and can
further serve as a sensor for $>~, due to the displacement.

4.2. 2,2-Biimidazole-based CP chemosensors

2,2'-Biimidazole, the dimeric analogue of imidazole, is one of
the most important derivatives of imidazole, and plays a par-

3104 | Polym. Chem., 2020, 11, 3095-3114

PL ON

Fig. 14 Proposed sensing mechanism for CP-27. Reproduced with per-
mission from ref. 52. Copyright 2019, Elsevier.
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ticular role in crystal engineering because of its excellent
coordination ability and diverse coordination modes.*?
Despite 2,2-biimidazole being first obtained by Debus in
1858,>* the chemistry of this biheterocyclic compound had
received little attention due to the fact that the synthesis of
the bicyclic structure is very laborious. Furthermore, the
extremely poor solubility of 2,2"-biimidazole in organic sol-
vents has restrained its direct functionalization.®> However,
the 2,2-biimidazole unit indeed possesses great potential in
various fields such as materials science®® or pharmacology,””
benefiting from its structural features, including the multi-
nitrogen atom and =n-conjugation. Hence, the functionali-
zation of 2,2'-biimidazole is of great importance in view of
full tapping potential for its application. Triggered by this
motivation, various strategies have been developed to functio-
nalize 2,2"-biimidazole easily under mild conditions.’® In par-
ticular, the unique structure associated with 2,2"-biimidazole
can guarantee it as an ideal N,N-bidentate ligand for con-
structing novel coordination complexes, with potential for
use in antitumour drugs, bioinorganic chemistry, catalysis,
organic light-emitting diodes, chemosensors and supermole-
cular frameworks.’® In 2003, 2,2'-biimidazole-based homopo-
lymers were prepared by dehalogenative polycondensation by

R
N <
N)—-(/\
A
RS
N
\
CeHiz

R = CHyCH,COOCH,CH,CH,CH3

CP-28

N

CP-31a

Fig. 15 Chemical structures of the representative 2,2-biimidazole-based CP sensors.
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Yamamoto’s group.®® Later on, MacLean et al. successfully
prepared CPs with the 2,2’-biimidazole moiety via electro-
chemical polymerization.®® Different from 2,2'-bipyridine,
2,2"-biimidazole has a large M-N (metal-nitrogen) bond
length of 4.2 A, instead of 2.51 A, which might endow CP
sensors with distinguishing sensing properties. However, the
2,2'-biimidazole moiety did not attract much attention from
researchers in the field of CP sensors in the first decade of
the 2000s. Until 2011, we designed and synthesized a series
of novel 2,2'-biimidazole-incoporated conjugated polymers,
which opened new perspectives of efficient fluorescent
sensors based on this unique heterocyclic moiety.®> Owing to
the strong coordination ability of the 2,2"-biimidazole moiety,
metal ions are usually considered as the primary analytes,
also with protons, anions and other biomolecules as the
targets, to a lesser extent.

We first synthesized two conjugated polymers by Suzuki
polycondensation from the derivatives of 2,2'-biimidazole and
3,6-carbazole (CP-28 and CP-29a).°** Both of the polymers
showed a blue emission peak, due to the presence of the car-
bazole-biimidazole unit, while CP-29a also had an emission
band centered at 560 nm, which could be attributed to the
additional carbazole-benzothiazole structure. Based on the

R = CH,CH,COOCH,CH,CH,CH3

CP-29a
CaHQ
N, N
1JI‘>—<’ I
N N n
R R
OCgH17
o
R= /\)LONO)Q\
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%
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absorption peak of the carbazole-benzothiazole unit overlap-
ping with the emission peak of the carbazole-biimidazole unit,
it was found that an obvious Forster resonance energy transfer
(FRET) process existed in CP-29a. The addition of Ag" ions
induced a decrement in the fluorescence intensity of the blue
emission peak for both of the polymers accompanied by a
small red shift, likely because of both electron density vari-
ations on the backbone and chain aggregation induced by
coordination (Fig. 16a). The fluorescence response of CP-29s to
Ag" was somewhat different from that of CP-28 in that the
emission band at 560 nm showed a weaker fluorescence
quenching because of the FRET process. As a result, the inten-
sity ratio of two emission peaks gradually increases with the
Ag' concentration with the fluorescence changing from
reddish orange to yellow orange. Based on this significant
response, Ag" could be readily distinguished from the other
metal ions by the emission shift and ratiometric measure-
ments (Fig. 16b). Subsequently, the complexes of CP-28 and
CP-29a with Ag" ions were also constructed as highly sensitive
and selective fluorescent sensors for the detection of cysteine
(Cys), thanks to the strong thiol-Ag" interactions (Fig. 16¢ and
d). The detection limit was determined to be as low as 90 nM
by a fluorimetric assay.

(b)

View Article Online
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Despite the strongly hydrophobic conjugated backbone,
interestingly, CP-29a exhibited strong orangish-red fluo-
rescence emission in aqueous solutions after simple nanopre-
cipitation, benefiting from the aggregation-enhanced FRET
activity. This endowed the polymer with extra function to
sense electron deficient nitroaromatic molecules, based on the
photo-induced  electron  transfer (PET) mechanism
(Fig. 16€).°*” The nanoparticles formed were fairly stable in
dispersity and fluorescence intensity, and exhibited high sensi-
tivity for the detection of picric acid with a Kgy of 3.4 x 10* M™*
and a detection limit of 5.1 x 1077 M, as well as high selectivity
over other nitroaromatic molecules. As the 2,2-biimidazole
units were tightly embedded in nanoparticles, the detection
process was free from the interference of metal ions, showing
excellent advantages previously reported methods
(Fig. 15).

To further check the effect of the hydrophilicity of the side
chains on the fluorescence of the polymer, CP-29a was sub-
sequently ammonolyzed to obtain CP-29b with amphiphilic
side chains.®®* This new polymer could be dispersed in
aqueous solutions and could form different aggregates in
various solvents due to the strong n-r stacking interaction of
the conjugated backbone. In dioxane-H,O solutions, when the
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Fig. 17 (a) Fluorescence color changes, under a UV lamp, observed for
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CP-29b upon changing the water content from 0 to 90% in dioxane solu-

tion. (b) Selectivity profiles of CP-29b (8.0 pM) for sensing in MES (0.01 M) solution (dioxane—H,O = 4:1, v/v, pH 6.0). Inset: Fluorescence color
changes, under the UV lamp, observed upon addition of 10.0 equiv. of Ag*; (c) selectivity profiles of CP-29b (8.0 uM) for sensing in MES (0.01 M)
solution (ethanol-H,O = 4:1, v/v, pH 6.0). Inset: Fluorescence color changes under the UV lamp; (d) schematic illustration of the aggregation-
based multifunctional sensing platform with multicolor fluorescence response from amphiphilic CP-29b. For metal ions: 1, blank; 2, Na*; 3, K*; 4,
Mg?*; 5, Ca%*; 6, Co?*; 7, Ni?*; 8, Zn?*; 9, Cd?*; 10, Pb?*; 11, Mn?*; 12, Cu?*; 13, Fe®*; 14, Hg?*; 15, Ag*; and 16, Cu*. 1, = 338 nm. Reproduced with
permission from ref. 62c. Copyright 2014, The Royal Society of Chemistry.

water content increased from 0 to 20%, because of a decrease
in the aggregation degree, the emission peak at 560 nm gradu-
ally decreased while the emission peak at 420 nm exhibited a
small enhancement. The fluorescence color variation from
pink to blue could be distinctly observed with the naked eye.
When the water content was further increased from 20% to
90%, the emission peak at 420 nm sharply decreased and the
fluorescence intensity at 560 nm exhibited an obvious incre-
ment, because the polymer backbone and the hydrophobic
side chains began to aggregate, and subsequently the FRET
effect was greatly enhanced, accompanied by self-quenching.
Simultaneously, the emission color variations from blue to
orange could also be observed (Fig. 17a). Surprisingly, CP-29b
exhibited significantly different sensing performance, but with
high selectivity, in two different media. In dioxane/water (4: 1,
v/v) mixed solvent, the fluorescence of CP-29b turned into a
purplish red color after the addition of Ag" (Fig. 17b), while
Hg>" and Cu®" almost had no influence on the fluorescence. In
parallel, when the detection medium chosen was ethanol/
water (4:1, v/v), it showed a visually noticeable fluorescence
response to Hg>*, with high selectivity over other metal ions.
Therefore, the structural design of the side chains has enor-

This journal is © The Royal Society of Chemistry 2020

mous impact on the fluorescence properties and sensing beha-
viors of the 2,2"-biimidazole-based conjugated polymers, as
shown in Fig. 17c.

To explore further applications of conjugated polymers con-
taining 2,2"-biimidazole moieties, we also used dialkoxy p-phe-
nylene as the building units instead of 3,6-cabarzole groups,
for the Suzuki polycondensation.®®? As shown in Fig. 18, the
fluorescence of the resulting polymer (CP-30) with PEG side
chains could be strongly quenched by Cu®" ions in aqueous
solutions, with a Ksy of 3.3 x 10° M™%, This indicated that the
design of the conjugated backbone also has significant influ-
ence on the polymer’s sensing properties, in accordance with
the discovery related to 2,2-bipyridine-based polymers. The
polymer-Cu®>" complex was further developed as a highly
efficient sensor for the detection of pyrophosphate anions
(PPi), and the detection limit was determined to be 0.17 ppm.
This work provided a new strategy for the development of PPi
Later, it was found that the introduction of a
branched structure to the conjugated main chain could
enhance the sensitivity of the fluorescence sensing.®*

Wu and coworkers also developed a series of platinum(n)
polymetallaynes with different 2,2-biimidazole-based organic

SENsors.
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Fig. 18 (a) Fluorescence spectra of CP-30 upon the titration of Cu?* in DMF—HEPES (pH = 7.4, v/v = 4 : 1). Inset: Fluorescence intensity of CP-30 as

a function of the Cu?" concentration. (b) Schematic representation

Fluorescence spectra of the CP-30—Cu?* complex upon titration of PPi

of PPi sensors based on the fluorescence “on-off-on” of CP-30. (c)
in DMF-HEPES (pH = 7.4, v/v = 4:1). Inset: Fluorescence intensity of the

CP-30-Cu?* complex as a function of the PPi concentration. (d) Fluorescence spectra of the CP-30—Cu?* complex and (e) intensity ratios F/Fo of
the P1-Cu?* complex in the presence of 40.0 yM PPi and 80.0 uM various anions in DMF—HEPES (pH = 7.4, v/v = 4:1). [CP-30] = 8.0 pM. [Cu®*] =
20.0 pM. dex = 338 nm. For anions: 1, PPi; 2, F~; 3, Cl7; 4, Br; 5, 17; 6, NO3™; 7, HSO,4; 8, ClO,4; 9, AcO™; 10, HCO5™; 11, CO32‘, 12, H,PO,4~; 13,
HPO,2; and 14, PO,>". Reproduced with permission from ref. 62d. Copyright 2012, American Chemical Society.

spacers.®® By adjusting both the configuration and the steric
effect of the 2,2-biimidazole-based spacers, the sensing pro-
perties of the polymetallaynes can be tuned remarkably. The
fluorescence signals for CP-31a and CP-31c were clearly
quenched by Cu”" ions with Kgy values determined to be 3.5 x
10* M~ for CP-31a and 6.8 x 10" M~ for CP-31c, respectively.
However, the fluorescence of CP-31b was quite insensitive to
Cu”" ions (Kgy was 7.9 x 10> M™'). Conferred by the locking
effect of the ethylene unit, a good coplanar feature of the bii-
midazole units existed in CP-31c. This configuration favored
its binding with Cu®*, which induced the quenching of the
fluorescence. The coordination of the 2,2-biimidazole units
with Cu®' ions in CP-31a and CP-31b, however, involved the
rotation of the imidazole rings from the low-energy optimized
configuration with two alkyl groups in the trans pattern to the
coplanar configuration with two alkyl groups in the cis form.
The bulky hexyl groups in the biimidazole unit of CP-31b
exhibited a higher steric effect than the small methyl groups
in CP-31a. This large steric effect restricted the coordination of
the biimidazole unit in CP-31b with Cu®", thus showing
inferior sensitivity.

This year, Geng and coworkers prepared two biimidazole-
based porous organic polymers for sensing both I, and
nitroaromatic compounds (e.g., picric acid and p-nitrophenol)
via fluorescence quenching, and in particular, one polymer
exhibited high sensitivity toward iodine with a Ksy of 1.16 x
10" L mol™ and a detection limit of 0.13 nM.%! Despite the
promising results obtained from biimidazole moiety-deriva-
tized polymer sensors, the publications are still much fewer
than those based on bipyridine group-incorporated polymers.

3108 | Polym. Chem., 2020, 1, 3095-3114

In other words, there are still many opportunities for develop-
ing more efficient chemosensors and exploring new appli-
cations, by means of chemical structure design on both the
biimidazole unit and polymer backbone/side group, as well as
the investigation of structure-property relationships.

5. CP chemosensors based on fused
N-heterocycles

In addition to the typical pyridine and imidazole-derived
receptor units, fused heterocycles with nitrogen atoms were
also employed to construct efficient fluorescent sensors. In
this part, the representative fused heterocycles including
quinine, 1,10-phenanthrolene and their derivatives will be
introduced regarding their sensing performance in conjugated
polymers.

Quinine, as a key member of various fused heterocycles,
has evoked much interest in recent decades as a result of its
broad applications in medicine, organic light emitting diodes,
light harvesting materials, etc.®® Its function in CP fluorescent
sensors has also been studied. For instance, in 2002, two poly-
quinolines including CP-32 were reported by Wang et al.
Interestingly, most of the metal ions had no influence on the
fluorescence of CP-32 except that Ag' induced a distinct
quenching. Amplified fluorescence quenching arises, mainly
from the Ag" induced intermolecular aggregation.®®
8-Quinolinol, as one of the most important derivatives of
quinine, possesses a superior coordination ability toward
metal ions, making it a good receptor to fabricate novel che-

This journal is © The Royal Society of Chemistry 2020
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mosensors.®®” Yamamoto and co-workers synthesized two con-
jugated polymers with 8-quinolinol on their main chain
(CP-33a and CP-33b), which exhibited strong affinity to certain
metal ions.®” Zn>* could moderately quench the fluorescence
of CP-33b; in parallel, AI’" led to the emergence of a new peak
at 500 nm, while Pd*>" almost fully quenched the fluorescence.
A similar phenomenon was also observed for the CP sensors
bearing 1,10-phenanthroline groups, developed by the same
group.®® The position of the substituent on 8-quinolinol has
an obvious influence on the sensitivity of metal ion detection.
An electron withdrawing ethynyl group substituted at the
ortho-position induced a higher acidity of the hydroxyl group
in the 8-quinolinol unit. This made the resulting polymer
CP-33a more sensitive compared with CP-33b, which has sub-
stituted groups at the meta-position. There are other systems
containing 8-quinolinol units also reported with a similar
phenomenon.®’

The functional groups attached to the backbones play an
important role in the response behaviors of the polymers.”
CP-34 has a bromoalkyl functional group linked to the
hydroxyl group of the 8-quinolinol unit, and its fluorescence
was hardly quenched by Cu®*,”°® whereas, once the group was
replaced with imidazole or detached, the resulting polymers
CP-35 and CP-36 immediately showed a strong affinity to Cu>*
ions, and their emissions were dramatically quenched. The
metal-polymer complexes were further investigated for their
sensing properties to amino acids. Similarly, the type of substi-
tuent group of the 8-quinolinol unit also led to different per-
formances in the detection. The addition of glycine into the
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= ===t
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CP-35-Cu”* system induced a recovery of the quenched emis-
sion; in contrast, the same action could not facilitate any vari-
ation in the optical properties of the CP-36-Cu”" complex. The
reason is that 8-hydroxyquinoline (8HQ) is much strongly co-
ordinated to Cu”’, which prevents it from being snatched by
amino acids (Fig. 19).

Liu and co-workers synthesized a polymer with quinoline
substituted side chains (CP-37).”'* The polymer CP-37 is
weakly emissive in DMSO because of photo-induced electron
transfer from electron-rich groups (OH and NH) to the electron
deficient unit. Among various metal ions, only the addition of
Hg>" caused an obvious fluorescence enhancement, showing
good selectivity (Fig. 20). This is one of the few examples that
transition metal ions can switch on the emission of CP
sensors. In general, publications on fluorescent sensors based
on polymeric 8-quinolinol remain limited, compared to those
based on small molecules.”*?

As one of the most significant building blocks for fluo-
rescent supramolecular architectures, metallo-chelates and
pharmaceutics, 1,10-phenanthroline possesses many attractive
structural properties such as high rigidity, planarity and strong
coordinating capacity.”” This makes it an entropically better
chelating molecule than the commonly used 2,2"-bipyridine,
endowing it with a fascinating unit for constructing CP chemo-
sensors.”” Yamamoto and coworkers prepared a m-conjugated
polymer (CP-38) containing a 1,10-phenanthroline unit, and
studied its optical properties in the presence of various metal
ions.”* Numerous metal ions can induce the variation of the
fluorescence properties. The changes can be categorized into

OC12Has OC12Hzs

C12H250

CP-33b

Fig. 19 Chemical structures of the representative CP chemosensors based on fused N-heterocycles.
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Fig. 20 Fluorescence sensing properties of CP-37 with metal ions in
DMSO. (a) Interactions of the polymer (0.01 mg mL™) with various metal
jons (1.0 x 10™* mol L™); and (b) emission color changes of polymer
solutions in the presence of various metal ions. Reproduced with per-
mission from ref. 71a. Copyright 2017, Elsevier.

two groups: (i) a relatively small degree of red-shift; and (ii) a
relatively large red-shift and quenching due to an energy trans-
fer from the polymer backbone to the metal complexes.

Zhu and coworkers” fabricated a dipyrido[3,2-a:2,3-c]phe-
nazine (dppz) based selective metal ion sensor with ultrahigh
sensitivity. The original polymer displayed red fluorescence in
THF solution, while a drastic intensity decrease was observed
for Ni** with a detection limit as low as 6.5 x 10~ M. The
observed fluorescence quenching is mainly ascribed to the
chelation between the polymer and Ni**, forming a low-lying
metal-ligand charge transfer state. It was found that there
were three linear regions in the Stern-Volmer plot. The Stern-
Volmer constants were determined to be 2.57 x 10° M *
[(0.0005-0.004) x 10° M], 2.63 x 10’ M ™" [(0.03-0.3) x 10™° M],
and 8.27 x 10° M™" [(1-20) x 107® M]. Although the exact
nature was not clear, an upwardly positive deviation at higher
concentrations indicated the presence of combined quenching
actions.

Recently, Chen and coworkers designed a thiophene-fused
derivative of 1,10-phenanthroline with a m-extended structure,
and used it to synthesize a series of new conjugated polymers
as fluorescent chemosensors.”® For example, the emission of
CP-39 was weakened by Mn>", while Cu®, AI’, and Co*"
caused a more significant decrease in intensity accompanied
by a red-shift in emission.”®* Complete quenching was
observed for Fe*" and Fe*" because of the strong coordination
with the 1,10-phenanthroline group and the amplification
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effect of the CP backbone (Fig. 21). Utilizing this S,N-hetero-
atom unit, a n-conjugated microporous polymer (CP-40) was
prepared by Sonogashira polymerization.”®” The introduction
of S,N-heteroacenes not only furnished the polymer with high
porosity but also endowed it with a unique sensing ability. The
electron deficient nitro aromatic compounds could quench the
fluorescence of the polymer, especially for picric acid (PA),
through a donor-accepter energy transfer mechanism. The S,
N-heteroatoms and porous structures of CP-40 enabled it to
load a high level of silver nanoparticles, thus achieving
additional antimicrobial activities. Note that this review did
not include all of the CP sensors based on N-heterocycles, but
only selected the most representative examples. Thus, there
are still certain amounts of CP sensors based on other hetero-
cycles, which could also be of interest to the readers, yet not
shown here.

6. Conclusions and perspectives

Over the past more than two decades of time, significant pro-
gress has been achieved in the research of =m-conjugated
polymer-based fluorescent sensors, especially for the ones con-
taining aromatic N-heterocyclic moieties. (i) Thanks to the sig-
nificant signal amplifying activity or molecular wire effect,
they usually displayed ultrahigh sensitivity to the analytes with
the detection limit in the micro- to nanomolar or even picomo-
lar range. In particular, to interact with transition/heavy metal
ions, the Stern-Volmer quenching constant (Ksy) could be as
high as 10°-10° M™", much higher than those of the chemical
sensors based on small molecules. Accordingly, the resulting
metal-polymer complexes also exhibited high sensitivity to the
target analytes, such as anions, amino acids, etc. (ii) Benefiting
from various N-heterocyclic groups available that can be intro-
duced to the polymer backbone or side chains, the sensing
performance can be manipulated by tailoring the receptor
type, main chain design and side group functionalization, and
consequently the sensing applications can be greatly
expanded. (iii) More and more conjugated polymer-based
sensors have been developed for carrying out the detection in
aqueous solutions,?"*$41051:620:¢ o that the application
becomes much more realistic than before. This is of high

!!!!!!3

Integrated Intensity

T T y T T
Pl Mn2+ Cu2+ Fe2+ Co2+ A+ Fed+

Fig. 21 Fluorescence response of CP-39 to metal ions in chloroform. Insets show the pictures of polymer solutions treated with metal ions (under
natural light or 365 nm UV light).”®® Reproduced with permission from ref. 76a. Copyright 2016, American Chemical Society.
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importance for biomedical applications, especially for diag-
nostics and bioimaging.

Despite the distinguished achievements, these polymer
sensors are still not in use in real life as molecular sensors, and
some of them have been commercialized for applications in life
sciences. In order to achieve similar targets, certain shortcom-
ings need to be overcome: (i) in general, the selectivity of the
sensors based on N-heterocyclic moieties toward metal ions
remains unsatisfactory, owing to the non-specific binding,
especially for the mono-aromatic ring receptor, such as pyridine
or imidazole. However, the recent strategy incorporating
additional aromatic rings with electron donating elements such
as sulfur could be a potential method to tackle this issue, with
the help of synergistic effects from multiple chelating groups.
(if) Most of the metal ion sensors based on heterocyclic conju-
gated polymers are based on the fluorescence quenching
approach, which is not optimal for real applications, given the
potential interference from the environment and machine back-
ground. Instead, the polymer sensors with emission-shifts as
responses are highly desired, and they can give a ratiometric
fluorescence signal.”” (iii) Although certain examples have been
reported for sensing in aqueous solutions, the detection in a
pure water environment remains limited. The introduction of
water-soluble side chains such as PEG or ionic groups could be
an efficient method; however, it can also cause the variation of
the sensing performance. Thus, the structure-property relation-
ships should be carefully evaluated.

In fact, there is still large space to be explored for the
design of heterocyclic conjugated polymers as efficient fluo-
rescent sensors. For example, in the case of 2,2-biimidazole,
only the simplest derivatives have been introduced into
polymer systems, with a number of possibilities of further
chemical modifications not taken into consideration. On the
other hand, new light-emission mechanisms including aggre-
gation-induced emission (AIE),”® through-space charge trans-
fer (TSCT)’”° and thermally activated delayed fluorescence
(TADF),** have emerged as efficient tools to design new fluo-
rescent materials. This could provide tremendous new oppor-
tunities for the fabrication of conjugated polymer sensors.
However, compliance with the rules in biomedical applications
such as diagnostics and drug delivery®" is still an unmet need
for heterocyclic conjugated polymer sensors. Note that compu-
tational modeling and simulation have been widely used in
the design of molecular chemical sensors,”*¢ and they could
be also of high importance for synthesizing polymer sensors,
despite the possible high working load from the complex poly-
meric structure and long polymer chains. Nowadays, artificial
intelligence is being used in the field of drug discovery and
chemical synthesis route development, and is changing our
lives unprecedentedly. Therefore, the design of conjugated
polymer sensors would be much more efficient in the near
future, supported by the above modern technologies.
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