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Traditional luminescent polymers typically contain extended n—xn conjugated structures that suffer from
associated aggregation-caused quenching (ACQ) and high cytotoxicity issues. Therefore, there is a huge
demand for stand-alone luminescent polymers that can circumvent these drawbacks and can be
employed in diverse applications. In view of that, nonconventional luminescent polymers (NLPs) are being
developed and studied extensively for their distinctive characteristics and potential applications in wide-
ranging areas, and for an in-depth understanding of photophysical processes in science. These polymers
do not contain classical chromophores, but often involve isolated benzene rings or only electron-rich
moieties (e.g. amine, C=0, —OH, ether, imide, and heteroatoms N, O, P, S, etc.). This review article high-
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lights the recent progress in the field of NLPs, including their synthesis, underlying emission mechanisms,
and applications in materials and biological sciences. Besides, it is identified to be the foremost review
that extensively emphasizes on both the fluorescence and phosphorescence features of NLPs. Finally,
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1. Introduction

Conventional luminescent polymers are classified as polymers
integrated with large m-aromatic building blocks. On account
of their strong emission properties, these materials have been
the center of great attention for a variety of applications in
organic lasers,"” organic light-emitting diodes (OLEDs),>*
solar cells,” sensors,”” bioimaging,® etc. Despite their wide
utility, complex synthesis and toxicity of large conjugated
systems, poor miscibility in water medium and low resistance
to photobleaching restrict further improvement and appli-
cations of such luminogens. Additionally, they are eminently
luminescent in dilute solutions but exhibit weaker/no emis-
sion in their concentrated or aggregated state due to the aggre-
gation-caused quenching (ACQ) effect.” The aforesaid bottle-
necks have prompted researchers to contrive a new class of
photoluminescent materials devoid of large n-n conjugated
structures, referred to as nonconventional luminescent poly-
mers (NLPs).'® This new category of luminescent polymers
often consists of isolated benzene rings or involves different
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some prospects have been suggested for further exploration in this flourishing field of research.

subgroups (-OH, -NH,, C=C, and C=N) and electron-rich
heteroatoms (N, O, P, and S). Unlike traditional luminogens,
their emission phenomenon shows certain unique character-
istics including the following: they (i) do not require any exci-
tation of delocalized electrons and (ii) act as collective molecular
entities rather than a single or independent unit leading to sub-
stantial emission in their concentrated/aggregated states.''
Moreover, the advantages of these photoluminescent polymers
over conventional ones are easy preparation, low cost, environ-
mental friendliness, good processability, excellent biocompat-
ibility, and low toxicity or even complete non-toxicity, thereby
enabling them to be molded into potential materials for desired
applications.""? Because of such intriguing properties, hitherto
diverse luminogens have been demonstrated aiming at the
identification of emission mechanisms, and unfortunately, it
remains disputed. Clustering-triggered emission (CTE) and/or
aggregation-induced emission (AIE) have been proposed to
rationalize the emission properties of these nonconventional
luminogens. Nevertheless, the emergence of such materials in
the areas of luminescent polymers has led to immense leap-
frogging from the perspective of applications based on their
inexplicable luminescence properties. Eventually, the past
decade realization of rational synthetic strategies have offered
numerous nonconventional luminescent polymers and actuated
their implementation in a myriad of applications namely light-
emitting diodes (LEDs), light-harvesting systems, chemical
sensing, drug delivery, intracellular temperature measurements,
cell imaging, ink-free anti-counterfeiting printing, data encryp-
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tion, and so on. Broadly, the majority of these luminescent
materials have been found to be phosphorescence inactive due
to the lack of a higher fluorescence lifetime until recently. Now,
researchers have witnessed not only the cryogenic long-lived
phosphorescence but also room temperature phosphorescence
(RTP) from these unorthodox luminogens. Certainly, this fact
further lightens up their importance, and thus the catalog of
such materials is ever-escalating.

To date, limited reviews have amply outlined and discussed
the synthesis and properties of NLPs. In 2016, Yuan et al.'
reported the progress in the development of nonconventional
macromolecular luminogens and proposed a clustering-triggered
emission mechanism to rationalize the photophysical behavior of
most of the systems, based on the existing literature focused at
that time. A year later, Tomalia et al."* provided a comprehensive
overview of the history and evolution of non-traditional intrinsic
luminescence (NTIL) in the form of dendrimers, small/macro-
molecular architectures, elemental compositions and assemblies.
They also illustrated the mechanism of NTIL phenomena and
handful of applications of dendrimers/hyperbranched polymers.
Very recently, Tang and co-workers'? highlighted the intrinsic
luminescence behavior of metal clusters, natural and synthetic
polymers, and small molecules.

In the last few years, there has been an astonishing evol-
ution of nonconventional polymers featuring afterglow, dual-
emission (fluorescence and phosphorescence) behaviors, and
RTP, and their various applications have been explored at a
rapid pace. Yet, there is no such review that summarizes these
fascinating aspects of such materials in a single article. While
advances in this field have been continuing, it should be
noted that there are challenges in understanding the exact
emission mechanism. But as the nonconventional fluorescent
polymer library is getting enriched day by day, we think that
giving an overview of the developments in the current field
reported to date will help the readers think in a more logical
way about the underlying mechanism of this inexplicable
emission behavior. Our objectives in this review are therefore
to assemble state-of-the-art nonconventional luminescent
materials and concurrently highlight the associated significant
photophysical characteristics and advanced applications in a
more systematic and comprehensive way (Fig. 1)."> We firmly
believe that by doing so, we will provide thorough and unam-
biguous insight into each class of nonconventional lumines-
cent polymers to both experienced and new researchers in the
scientific world. Finally, several remaining challenges and
some promising future directions have been suggested.

2. Structural diversity of
nonconventional luminescent
polymers

2.1. Biological macromolecules

In 2013, Tang and coworkers observed the intriguing bright
blue emission from common rice upon irradiation with
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Fig. 1 Schematic representation demonstrating different classes of
NLPs fabricated from nonconventional chromophores and their
applications.

365 nm UV light. To gain a clear idea about the mechanism of
this unexpected autofluorescence, the photophysical pro-
perties of the major components of rice, namely starch and
other natural products, were further examined. At room temp-
erature, an aqueous solution of starch was non-emissive but
after cooling with liquid nitrogen (77 K) it became highly emis-
sive. Moreover, cellulose and the globular protein bovine
serum albumin (BSA) exhibited similar emission behavior to
starch both in the solution and solid states. As all the three
natural products did not show any fluorescence in solution
and amorphous states but exhibited strong emission in the
crystalline state, it was obvious for the authors to conclude
that crystallization is helpful in such unusual emission. Other
natural macromolecules viz. chitosan, dextran, and glycogen,
and some small sugar molecules such as glucose, xylose and
galactose were also found to display similar emission phenom-
ena. In fact, clustering of electron-rich groups with lone pair
electrons was believed to be responsible for such emission and
was termed ‘clustering-triggered emission’ (CTE).'®

In another study, the photophysical properties of polyhy-
droxy polymers, including microcrystalline cellulose (MCC)
and its derivatives, namely hydroxypropyl cellulose (HPC), cell-
ulose acetate (CA) and 2-hydroxyethyl cellulose (HEC), were
investigated and compared. Except for the CA, all three poly-
mers HPC, HEC and MCC have shown bright emissions with
distinct RTP. Such intrinsic emission could be ascribed to the
CTE and conformation rigidification."”

Yuan et al. unveiled the clustering-triggered emission and
persistent room-temperature phosphorescence (p-RTP) of
sodium alginate (SA), which is a naturally occurring anionic
polysaccharide composed of guluronic acid (G) and mannuro-
nic acid (M). Dilute solutions of SA were virtually non-emissive
even after cooling at 77 K but they became highly fluorescent
in concentrated solutions, films and solid powders. Unlike

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (A) BSA structure with nonaromatic (purple and yellow) and aromatic (green, cyan and blue) residues. (B) Photographic images of the solid
powder and tablet of BSA taken under 312 nm UV excitation in air or under vacuum. Reprinted with permission from ref. 22. Copyright (2019),

WILEY-VCH.

pure organic luminophores, amorphous SA solids possess the
p-RTP feature. Cross-linking with Ca®" boosted the film emis-
sion because of the existence of strong chain-chain associ-
ation and junction zone formation between G residues and
Ca”". Rheological measurements proved that the entanglement
of chains and their overlap in concentrated counterparts are
invariant with the enhanced emissions, thus certifying the
CTE mechanism. Moreover, SA was utilized for endosome
specific intracellular imaging of HeLa cells, which has a great
significance in biomedical research and clinical diagnostic
applications."®

Amino acids are the constituent components of peptides
and proteins.'® Earlier it was generally believed that protein
emission occurred primarily because of three aromatic amino
acids, namely phenylalanine, tyrosine, and tryptophan. But, Ye
et al. showed that oligopeptides and polypeptides based on
nonaromatic amino acids emitted fluorescence in the solid
state.’® It was observed that those oligopeptides adopted
ordered conformations such as p-sheets, a-helixes and turns
stabilized through inter/intramolecular hydrogen bonds. It
was speculated that these abundant hydrogen bonds bring the
highly polarized amide group into close proximity, leading to
the through-space interaction of amide groups’ electrons
resembling those of the aromatic structure based on the
through-space = electron interaction. In 2018, Zhang and co-
workers found that peptides could not only emit but also their
basic building blocks aliphatic amino acids could generate
noticeable visible light emission in concentrated solutions,
and particularly in the solid state.”’ In addition to prompt
fluorescence, persistent RTP was observed in powders of poly
(amino acids) of e-poly-i-lysine (e-PLL) after ceasing UV illumi-
nation. In concentrated solutions, amino acid molecules may
form diverse nanoaggregates approaching each other with the
aid of intermolecular hydrogen bonding interactions; however,
in dilute solutions they exist as molecularly dissolved individ-
uals. Furthermore, NH,, C=0, and OH subunits afforded
through space electronic communications among different =
and n (lone pair) electrons, resulting in electron cloud overlap
and thus extended electron delocalization together with simul-

This journal is © The Royal Society of Chemistry 2020

taneously rigidified conformations. These clustered chromo-
spheres are responsible for the unexpected emission.

Recently, Yuan and coworkers reinvestigated the photo-
luminescence of natural protein taking BSA as the model
protein under different conditions (Fig. 2A). Like polysacchar-
ide SA, BSA showed AIE and concentration enhanced emission
characteristics. Intriguingly, BSA exhibited distinct p-RTP in
the form of amorphous powder or a tablet form under vacuum
even under ambient conditions (Fig. 2B). This fact may be
ascribed to the conformation rigidification caused by the
cluster formation among the peptide backbone and pendant
groups, which resulted in through-space electronic communi-
cations. Some other natural proteins, notably human serum
albumin (HAS) and ovalbumin (OVA), showed similar emission
characteristics to BSA.>>

2.2. Synthetic macromolecules

2.2.1. Poly(amidoamine). Poly(amidoamine) (PAMAM) den-
drimers consist of amido, amine, and alkyl groups. Although
the first starburst-dendritic PAMAM was synthesized by
Tomalia et al. in 1985, the serendipitous intrinsic fluorescence
from PAMAM was noted by Larson and Tucker in 2001.>* They
have examined the intrinsic luminescence of carboxylate-ter-
minated PAMAM dendrimers utilizing two different tech-
niques: excitation-emission matrices (EEMs) and lifetimes.
This unanticipated fluorescence was assumed plausibly
because of an n-n* electronic transition from the amido
groups throughout the dendritic structure. The overall relative
fluorescence intensity was found to be enhanced on increasing
dendrimer generation. Again, lifetimes were also susceptible
to the dendritic size and lengthened with generation, most
likely due to an increase in the number of emissive species
and structural rigidity (decrease in interior mobility) of the
dendritic interior. PAMAM dendrimers and hyperbranched
PAMAM (HPAMAM) are the foremost examples and most inves-
tigated NLPs comprising nonconventional chromophores.
Notably, there is continued curiosity in this theme without
interruption to the present.

Polym. Chem., 2020, 1, 7293-7315 | 7295
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Fig. 3 (A) Synthetic strategy adopted for the preparation of linear and hyperbranched PAMAMs, and stimuli-induced degradation of the hyper-
branched analog. (B) Fluorescence microscopy images of aqueous solutions of hyperbranched PMAMAMs in a capillary acquired with 40x magnifi-
cation. Reprinted with permission from ref. 24. Copyright (2009), WILEY-VCH.

In 2009, Pan’s research group synthesized a novel disulfide-
functionalized biodegradable HPAMAM by the Michael
addition polymerization of N,N'-cystaminebisacrylamide (CBA)
and 1-(2-aminoethyl) piperazine (AEPZ) (Fig. 3A). The resultant
HPAMAMSs displayed an absorption band at 360 nm in the
UV-Vis spectrum and excitation wavelength-dependent bright
wide-band fluorescence (Fig. 3B). In contrast, an aqueous solu-
tion of the linear PAMAMs did not display the UV-Vis absorp-
tion band, and only a weak emission was found. It was
believed that the tertiary nitrogen with lone pair electrons
inside the hyperbranched structure acted as the emissive
species. This was verified by converting the tertiary amine into
a quaternary ammonium group upon the reaction of the poly-
mers with CH;I. The absorption band at 360 nm disappeared
almost completely, and a drastic decrease in the photo-
luminescence intensity at around 460 nm was observed in the
case of quaternized HPAMAM. Such disulfide-functionalized
polymers were easily cleaved under mild conditions by several
stimulus reagents, such as 2-mercaptoethanol or glutathione
via disulfide/thiol chemistry.>* Chu et al. demonstrated the use
of intrinsically fluorescent PAMAM dendrimers as an efficient
nonviral gene carrier that could perform multiple functions
such as bioimaging, delivery and transfection at the same
time. To this end, NH,-terminated generation 4 PAMAM den-
drimers were readily treated with an oxidizing agent to yield
blue fluorescence with a moderate quantum yield (QY). Three
negatively charged antisense oligonucleotides NGF2, NGF1
and (AS-ODN) p75 were electrostatically associated with the
positively charged PAMAM dendrimer to produce fluorescent
complexes at various nitrogen-to-phosphorus (N/P) ratios.
Similar to the hyperbranched polyethyleneimine-mediated
gene transfection, these complexes were also found to be
capable of knocking down the specific protein expression to a
certain level, confirmed by western blot analysis. The intrinsic
fluorescence properties of PAMAM dendrimers enabled direct
analysis of cellular internalization behavior by fluorescence
microscopy and flow cytometry.>

7296 | Polym. Chem., 2020, 1, 7293-7315

In another report, biodegradable less toxic f-cyclodextrin
(B-CD) was incorporated into HPAMAM by a simple and
efficient one-step Michael addition copolymerization reaction
to improve biocompatibility and enhance photoluminescence.
The amplified fluorescence of the resultant p-CD containing
HPAMAM (HPAMAM-CD) was assumed to be generated from
the restricted rotational motion of terminal chains due to the
presence of large p-CD units, which suppressed collisional
relaxation and a self-quenching phenomenon. The
HPAMAM-CD could condense plasmid DNA (pDNA) very
efficiently. The intrinsic luminescence of HPAMAM-CD aided
in the study of the cellular uptake and gene transfection pro-
cesses of the complexes through confocal laser scanning
microscopy (CLSM) and flow cytometry, without any additional
fluorescence labeling.>®

Wang and coworkers developed a novel conventional
chromophore-free photoluminescent supramolecular hyper-
branched polymer (SHP) via inclusion complexation between
diethylenetriamine (guest) and a-cyclodextrin (host). The SHP
displayed excitation wavelength-dependent wide-band fluo-
rescence. The inclusion complex prevented the chain move-
ment and increased the rigidity of the SHP, which eventually
suppressed the non-radiative decay and amplified the
fluorescence.?”

A series of photoluminescent HPAMAMSs with dual thermal
and pH sensitivity, and reducible degradability were success-
fully prepared by the Michael addition mediated copolymeriza-
tion of tris(2-aminoethyl) amine and two bisacrylamide mono-
mers CBA and N,N'-hexamethylenebisacrylamide, and the sub-
sequent modification with isobutyric anhydride at room temp-
erature. The fluorescence intensity was enhanced by lowering
the pH and oxidizing the polymer by air. The tertiary amine
oxide was assumed to be the fluorescent species.”®

Shi and coworkers reported the synthesis of a label-free
green fluorescent and biocompatible PAMAM dendrimer
derivative via surface modification of pristine PAMAM with
acetaldehyde for traceable and controlled drug delivery.

This journal is © The Royal Society of Chemistry 2020
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Further PEGylation enables the fluorescent PAMAM to demon-
strate excellent intracellular tracking in human melanoma
SKMEL28 cells. The encapsulation of a model anticancer drug,
doxorubicin (DOX), into the new nanocarriers helps this nano-
composite achieve higher drug loading capability and better
therapeutic efficiency compared to the hydrophobic DOX and
the original DOX loaded PAMAM nanocomposite.*’

Hao’s research group unveiled HPAMAMs as novel
mechano-responsive fluorescent polymers where the lumine-
scence intensity of HPAMAM films increased upon stretching
the sample and the fluorescence intensity quickly returned to
the nearly original value automatically once the strain was
relaxed. HPAMAMSs exhibited sensitivity for the entire strain
range from 0 to 250% or even up to 350%. Besides, they
showed good recyclability in terms of fluorescence
responses.®

2.2.2. Poly(amino esters). Poly(amino esters) are another
class of NLPs lacking any traditional chromophore groups in
their structure but rich in aliphatic tertiary amino groups. In
2005, Liu and coworkers reported the synthesis of a family of
hyperbranched poly(amino esters) (HPAE) with a variety of
terminal groups by a 2A, + BB'B" strategy via Michael addition
reaction utilizing 2-aminoethyl piperazine and 1,4-butane dia-
crylate (BDA) which were protected with hydroxyl (OH), amino
and vinyl groups (Fig. 4). All the hyperbranched polymers
exhibited blue luminescence in water, much like perfect
PAMAM dendrimers, suggesting that amidoamine interior
compositions and perfect dendrimer architectures were not
essential for exhibition of NTIL emissive behaviour.**

The first report of degradable dual pH- and temperature-
responsive dendrimers displaying photoluminescence was pro-
vided by Shen et al. This dual-stimuli responsive dendrimeric
polymer was proved to be a perfect drug-delivery carrier. DOX
was incorporated into the dendrimers at low temperatures
without using organic solvents. The loaded DOX release was
very slow under physiological conditions, but very fast at acidic
PH, such as the lysosomal pH (pH 4-5) which caused quench-
ing of the autofluorescence of the dendrimer. Moreover, the
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Fig. 4 Synthetic strategy for the preparation of HPAE with diverse
terminal functional groups: monohydroxy, diol and amine. Reproduced
with permission from ref. 31. Copyright (2005), American Chemical
Society.
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fluorescence intensity decreased linearly when the DOX
content was increased from the range of 1-16 wt%. Hence, the
encapsulation and release of DOX can be monitored from the
dendrimer’s autofluorescence activity.**

Yan et al. reported melt polycondensation of triethanol-
amine and itaconic anhydride for facile preparation of water-
soluble poly(amino ester) polyols. The synthesized polymers
displayed unexpected bright blue emission which originated
due to the clusters of carbonyl (C=O0) and oxidized tertiary
amine functionalities. These fluorescent polymers have been
employed for consecutive detection of unlabeled Fe*" ions and
L-cysteine via “on-off-on” fluorescence switching.*?

An unprecedented multicolor photoluminescent HPAE con-
taining non-conventional chromophores was synthesized via
one-step A, + Bz melt polycondensation using
N-methyldiethanolamine and citric acid. The as-synthesized
polymers exhibited a full-spectrum of bright photo-
luminescence including blue, cyan, green and red fluorescence
under different excitation wavelengths. This unique emissive
characteristic of a non-conjugated polymer is caused by the
heterogeneity and wide size distribution of the polymer aggre-
gates. Besides, its fluorescence was very sensitive to Fe’"
ions.**

Recently, another HPAE has been reported from the poly-
condensation reaction between maleic acid and triethanol-
amine by Yan et al. The as-prepared HPAE did not display mul-
ticolor fluorescence; rather it emitted only blue light on exci-
tation with different wavelengths, which was assigned to the
homogeneous electron delocalization. Intriguingly, the HPAE
exhibited a multi-stimuli-responsive  photoluminescence
feature against solvent, pH, temperature and Fe**, enabling it
to act as a multifunctional macromolecular probe towards the
sensing of solvent polarity, temperature, pH and Fe**.>

Water-soluble fluorescent hyperbranched poly(amido acids)
with terminal -CO,H functionalities were synthesized using
straightforward self-condensation of N-(3-aminopropyl) dietha-
nosuccinate amine (AB, monomer). The amphiphilic poly
(amido acids) formed nanoscopic globular micelle structures
with a size around 30-50 nm in water and showed strong blue
emissions with a QY of 23%. Moreover, their photo-
luminescence intensity was highly influenced by solution
pH.36

2.2.3. Polyethyleneimines. Another family of polymers
devoid of traditional chromophores with intrinsic photo-
luminescence behavior is polyethyleneimines. Stiriba and co-
workers reported unprecedented intrinsic fluorescence pro-
perties of hyperbranched polyethyleneimines (HPEIs) and
linear polyethyleneimines (LPEIs) without the presence of tra-
ditional luminophores. In both the polymer architectures, the
emission intensity was found to be affected by the oxidation of
the PEI's amine groups and specific chemical modification
(i.e., methylation) and substantially strengthened by lowering
the polymer solution pH towards the more acidic region. In
contrast to the HPEI, the less compact linear analog LPEI was
shown to produce strong intrinsic emissive species with long
excited lifetimes. This observation clearly ruled out the state-
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ment that an NLP should possess a highly branched
architecture.?”

A series of hyperbranched graft copolymers (HPEI-g-HPG)
were synthesized through the ‘grafting from’ method. These
copolymers contain HPEI as the core and hyperbranched poly-
glycerol (HPG) as a shell with different numbers of glycidol
units. HPEI-g-HPGs emitted blue fluorescence centered at ca.
470 nm albeit it did not contain any traditional fluorophores.
The fluorescence intensity was found to be enhanced by a
combination of factors such as increasing the shell thickness,
oxidation of the polymer by air at 95 °C, adding tetrahydro-
furan (THF) into the solvent in an appropriate ratio, and lower-
ing the pH of the solution below 4. It was believed that tertiary
amine oxide acted as a primary fluorescence center.*®

A water-soluble amphiphilic polyethyleneimine-poly(p,t-
lactide) (PEI-PDLLA) copolymer was synthesized which
emitted intrinsic blue light in both the solid-state and concen-
trated solution under a 365 nm UV lamp (Fig. 5A). Further
transformation of the amphiphilic copolymer into polymeric
nanoprobes (PEI-PDLLA NPs) was attained by a facile nanopre-
cipitation method. Interestingly, the synthesized NPs exhibited
concentration enhanced fluorescence properties and a signifi-
cant excitation-dependent multi-wavelength emission charac-
teristic (Fig. 5B). The in vitro and in vivo imaging techniques
corroborated tumor-targeted imaging and lysosome-specific
staining capability of the PEI-PDLLA NPs with good biocom-
patibility and excellent photostability (Fig. 5C).>°

Self-monitoring and triple-collaborative nanotheranostics
(NPICS) was successfully constructed from the positively
charged amphiphilic autofluorescent copolymer PEI-polylac-
tide (PEI-PLA) which can simultaneously load NIR dye IR825
and hydrophobic antiangiogenesis agent combretastatin A4

NN

oy
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H)N/‘{VN\/\N/\/N\/\N/\/N\,}'\NH/
H H n
N o
H;N’\/ ~SNH 0.
0 OH
(o} no

PEI-PDLLA

Intensity profile

Fig. 5 (A) Molecular structure of an intrinsically fluorescent PEI-PDLLA
polymer. (B) Excitation wavelength-dependent multiemission cellular
imaging of MCF-7 cells incubated with PEI-PDLLA NPs. Scale bars =
50 pm. (C) CLSM images of PEI-PDLLA (blue fluorescence) treated
MCEF-7 cells followed by staining with LysoTracker Red (green fluor-
escence). The intensity profiles indicated the polymer’s ability to func-
tion as an alternative dye for lysosome imaging. Scale bar is 50 pm.
Reprinted with permission from ref. 39. Copyright (2019), Royal Society
of Chemistry.

7298 | Polym. Chem., 2020, 1, 7293-7315

View Article Online

Polymer Chemistry

(CA4), and interact with the negatively charged heat shock
protein 70 (HSP70) inhibitor (siRNA against HSP70). The
NPICS was applied for dual-modal imaging-guided cancer
anti-angiogenesis as well as gene silencing enhanced photo-
thermal therapy. Importantly, the inherent luminescence of
PEI-PLA assisted it in not only serving as the drug carrier but
also self-monitoring of the biodistribution and tumor accumu-
lation in a real-time manner by virtue of fluorescence
microscopy imaging.*°

2.2.4. Polysiloxanes. Feng and coworkers synthesized
several generations of siloxane-PAMAM (Si-PAMAM) dendri-
mers by alternating aza-Michael and amidation reactions.
Strong blue photoluminescence was noted from the low gene-
ration of Si-PAMAM even without the addition of an extra oxi-
dizing reagent. Interestingly, the fluorescence emission inten-
sity of the Si-PAMAM was found to enhance rapidly with the
increase of generation. In addition, the AIE behavior of the Si-
PAMAM was observed in a water-methanol mixture. Such
unusual emission was attributed to the aggregation of its C=0
groups caused by N — Si coordination bonds.*" This emission
intensity was found to decrease with increasing temperature
and quench rapidly in the presence of Fe** and Hg>" ions.**

In this context, Yan et al introduced two novel water-
soluble hyperbranched polysiloxanes (WHPSs) simultaneously
carrying primary amine and —~OH groups via melt polyconden-
sation, that is, transesterification reaction between the ethoxyl
groups of (3-aminopropyl)triethoxysilane and -OH groups of
dihydric alcohols such as 2-methyl-1,3-propanediol (MPD) and
neopentylglycol (NPG) using a one-step process under solvent-
free and catalyst-free conditions. Both the WHPSs exhibited
bright blue luminescence. However, the emission intensity
was much intense for the NPG moiety containing compound
compared to that of the other, plausibly due to the more easily
restricted intramolecular rotations of the former than that of
the later. They showed that the terminal OH functionalities
instead of primary amine groups in WHPSs were mainly
responsible for producing the blue-luminescent species.
Moreover, the photoluminescence intensities of the two unhy-
drolyzed polymers were enhanced after hydrolysis.*’

The same group has also synthesized fluorescent hyper-
branched polysiloxanes (HBPSi) comprising epoxy and -OH
groups, and observed that the aggregation of oxygen-rich
heteroatoms from both the ~OH and epoxy groups in the poly-
mers played a vital role in the formation of fluorescent
species.** It is noteworthy that these hyperbranched polymers
displayed reinforced photoluminescence in water after poly-
etherification by 20 wt% polyether amine. However, the fluo-
rescence intensity of the modified polymer in water dimin-
ished on further increase of the polyether content from 20 to
40 wt%, owing to its increased dissolubility that obstructs the
aggregation of the polymer and as a result an incompact
texture was formed.*?

Using a similar synthetic strategy they constructed lumines-
cent HBPSi, composed of plenty of -OH groups and non-conju-
gated C—=C bonds. With increasing molecular weight and con-
centration of the polymer, the fluorescence intensity was
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found to be dramatically strengthened, and even the brightest
light emission was observed in the solid-state. The authors
concluded that both the -OH groups and C=C bonds play a
pivotal role in creating the emissive centers, and their persist-
ent aggregation was responsible for the glow."®

For the first time, carbosiloxane dendrimers bearing C—=C
bonds were fabricated from a monomer containing two kinds
of C=C and a dithiol via orthogonal thiol-ene click chemistry.
Generation 1 dendrimers showed a stronger blue glow than
the monomer containing two types of C=C bonds, whereas
polydimethylsiloxane (PDMS) showed no glow at all under
similar conditions. In comparison with the non-luminescent
PDMS, the authors speculated that the introduction of sulfur
is accountable for such unusual emission; however, they men-
tioned that more experimental data are required to understand
the mechanism.*” Again, OH-terminated HBPSi containing ali-
phatic tertiary amines have been reported to show blue fluo-
rescence both in solution (water) and in the bulk state, and the
emission intensities in water increased progressively with con-
centration. It was revealed that the -OH group, rather than the
aliphatic tertiary amine, is crucial for the formation of blue-
luminescent species. Additionally, Fe® ions acted as a highly
selective fluorescence quencher of the polymers.*®

Zhang and coworkers unprecedentedly constructed hydro-
philic diamond-structured organosilica nanocrystals (ca.
2-6 nm) with finely tunable fluorescence (460-625 nm) from
nonfluorescent precursors utilizing the classic Stober strategy.
The synthesized nanocrystals exhibited size-dependent fluo-
rescence emission originating from the n-m interaction of
orderly stacked vinyl groups throughout the particle.*®

A series of water-soluble intrinsically luminescent comb
polysiloxanes containing various ratios of mercaptopropyl
groups and polyether were synthesized via thiol-ene click reac-
tion by Feng’s research group. It was presumed that the unpre-
cedented fluorescence is generated because of the formation
of S — Si coordination bonds that facilitate the through-space
charge transfer of the lone pair electron in sulfur to the 3d
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empty orbital of silicon. However, in response to Hg>" and
Fe®*, the S-Si interaction was broken and eventually quenching
of fluorescence occurred.”

Novel imidazole functionalized polysiloxanes were syn-
thesized for the consecutive detection of Fe*" and cysteine by
fluorescence quenching and a lighting mechanism. Here,
imidazole groups and the whole polysiloxane structure contrib-
uted to the fluorescence. The present system could be useful
for monitoring the Fe**/cysteine cycle in situ in living HelLa
cells.”

The HBPSi or common unconventional luminescent poly-
mers discussed above suffer from low fluorescence intensity
and efficiency; in particular the QY is low in comparison with
those of the traditional conjugated luminescent materials.
Recently, Feng et al. showed how the fluorescence QYs of
HBPSi could be improved. They synthesized HBPSi with both
C=0 and vinyl groups, which exhibited a nontraditional
intrinsic luminescence QY up to 43.9%, the highest value
obtained to date among the reported silica-containing hyper-
branched fluorescent polymers. To elucidate the fluorescence
mechanism, the results were compared with those of two refer-
ence oligomers, which contain either C=O groups or vinyl
groups (Fig. 6A). The absolute fluorescence QYs for only C=0
groups and only vinyl groups bearing polymers have been
reported to be 16.3% and 10.5%, respectively. Thus, the high
fluorescence QY of the designed hyperbranched polymer was
attributed to the synergism of vinyl and C=O groups along
with the Si-O groups which facilitated the through-space con-
jugation (Fig. 6B).>

Although the QYs of such nontraditional luminescent poly-
siloxanes substantially improved, their bioapplications are still
associated with a major shortcoming viz, low water-solubility.

Accordingly, to enhance the fluorescence intensity and
water solubility of HBPSI, B-CD, a rigid biodegradable molecule
with plenty of hydroxyl groups was decorated onto the surface
of the polymer architecture. The p-CD decorated HBPSi
showed promise not only as a drug delivery vehicle that can
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achieve high loading capacity and pH-responsive drug release
performance, but also in simultaneous cell imaging.>?

Very recently, a novel multicolor emissive HBPSi with adja-
cent C=0 and C=C groups was designed and developed by
Tang et al. (Fig. 7A). To explore the multicolor emission
mechanism, a reference linear polymer with the same chemi-
cal components was synthesized (Fig. 7B), and its photo-
physical properties were compared with a more compact
hyperbranched one. The hyperbranched analog showed higher
QY (7.71%) and luminescence lifetime (1.0 ns) compared to
the linear one (QY = 1.12%, lifetime = 0.57 ns). Notably, the
hyperbranched polymer displayed multicolor luminescence at
different excitation wavelengths (Fig. 7C) in contrast to the
linear polymer which emitted only weak blue fluorescence. An
innovative luminescence mechanism namely “multiring-
induced multicolor emission” was proposed based on the
results obtained from density functional theory (DFT) calcu-
lations (Fig. 7D). Furthermore, on account of their quenching
effect in response to Fe’’, the application of the hyper-
branched polymer in data encryption was accomplished by
using disodium ethylenediaminetetraacetate  dehydrate
(Na,EDTA) as the “ink” and iron(m) chloride (FeCl) as a “key”
to decode the encrypted information on the security paper
(Fig. 7E).>*

2.2.5. Polyacrylonitrile. Zhang and coworkers were the first
to report the intrinsic emission from polyacrylonitrile (PAN), a
semicrystalline non-conjugated polymer which contains a
simple polyethylene backbone and directly attached cyano pen-

7300 | Polym. Chem., 2020, 11, 7293-7315

dants (Fig. 8A). PAN did not emit in dilute solutions, but
became highly fluorescent when concentrated (Fig. 8A) or
aggregated as solid powders, films or nanosuspensions, with
quantum efficiency (¢) values up to 16.9%, revealing a distinct
AIE phenomenon (Fig. 8B and C). Along with the prompt fluo-
rescence response, PAN powders were capable of exhibiting
delayed fluorescence (DF) and RTP generated from a long-lived
triplet manifold, which is rarely observed in other unorthodox
luminogens. Such unique emission of non-conjugated PAN
was attributed to the clustering of nitrile groups in solid aggre-
gates and condensed solutions that behaved as the exact
chromophores and are liable for the observed light emission.
In such clusters, the overlap of = and lone pair (n) electrons
among nitrile groups extended the delocalization and simul-
taneously rigidified the conformation, thus causing the emis-
sion (Fig. 8D). Again, triplet emission is the result of the n-n*
transition of lone pairs of electrons from the nitrogen atoms of
nitrile groups.*

Surface-grafted PAN brushes were synthesized by
copper (Cu)-mediated photoinduced atom transfer radical
polymerization (ATRP) using a-bromophenyl acetic acid-based
initiator-modified silicon wafers. The AIE behavior of PAN was
validated by making polymer brushes with various film
thicknesses, and it depends on the molecular weight of the
grafted chains and grafting density. It was observed that, as
the film thickness increases the emission is more pronounced,
which is attributed to the formation of larger fluorescent
clusters.>®

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (A) Chemical structure of intrinsically emissive PAN. Photographs of PAN in only DMF and (B) a DCM/DMF mixture with various fpcms
obtained under a 365 nm UV lamp. (C) Luminescence images of (i) solid powders and (ii) a film of PAN on exposure to 365 nm UV excitation. (D)
Schematic illustration of plausible intra- and inter-molecular interactions present within nitrile clusters in the aggregated state. (E)
Photoluminescence image of SR6 ENRs taken under 365 nm UV irradiation. (F) Photographic images of ENRs at 77 K in UV lamp-on/lamp-off mode
at different time courses. Figures A, B, C and D are reprinted with permission from ref. 55. Copyright (2016), John Wiley and Sons. Figures E and F
are reprinted with permission from ref. 57. Copyright (2020), Royal Society of Chemistry.

In a recent work, the non-conjugated PAN was implemented
for the fabrication of electrospun nanofiber ribbons (ENRs) by
electrospinning and high heat stretching above the glass tran-
sition temperature (T,). The resultant mesoscopically ordered
ENRs were light-weight and found to exhibit tremendous
mechanical strength and toughness. It is noteworthy that
upon excitation at 340 nm, the ribbons showed polarized deep
blue luminescence with anisotropy and QY values of 0.37 and
31%, respectively. Along with the prompt luminescence
(Fig. 8E), delayed deep blue and green phosphorescence was
also observed at room temperature (Fig. 8F). In a nutshell, the
authors have exemplified a very fascinating material with the
combination of the unique properties of emission, anisotropy
and mechanical behavior.””

2.2.6. Polyurethane. A series of nonaromatic polyurethanes
(PUs) were outlined and developed by the polyaddition reac-
tion between diisocyanates and simple diols. The as-syn-
thesized PUs were nonfluorescent in dilute solutions, but
turned out to be highly emissive in their aggregated state as
films/powder or concentrated solutions, featuring AIE and con-
centration enhanced emission characteristics. Moreover, the
polymer was used for PA detection and cellular imaging.>®

An unprecedented aggregation-induced long-persistent
phosphorescence (>1 s) in a non-conjugated PU system at 77 K
was reported for the first time by Bryce et al. It was proposed
that the appearance of such unusual behavior is because of
the formation of intra- and/or inter-molecular C=O clusters at
low temperature that facilitates spatial electronic overlap
between = electrons and lone pairs. Interestingly, the incorpor-
ation of conjugated aromatic units into the non-conjugated PU
backbone has been shown to increase the lifetime of long-per-
sistent phosphorescence, revealed that the intersystem cross-
ing rate was enhanced through the inter- or intra-molecular
n-7* transition from the electron-rich C=0O groups to the con-

This journal is © The Royal Society of Chemistry 2020

jugated aromatic units.> In the follow-up work, they prepared
a series of fluorescent non-conjugated PU derivatives by incor-
porating classical n-aromatic chromophores, and applied them
for highly selective and sensitive recognition of PA both in
solution and in the solid state. The sensing mechanism was
ascribed to the combined effect of Forster resonance energy
transfer (FRET), photoinduced electron transfer (PET) and
strong IFE.%°

Zhao and coworkers reported NLPs based on dynamic co-
valently cross-linked polyhydroxyurethane (PHU2), synthesized
from amines and aliphatic multifunctional cyclic carbonates
avoiding the use of toxic isocyanates (Fig. 9A). It was observed
that the fluorescence intensity of PHU2 progressively became
stronger without any sign of quenching on increasing the
curing time from 0 to 8 h (Fig. 9B). It is noteworthy that it dis-
played long persistent phosphorescence under cryogenic con-
ditions. In addition to the unique luminescence properties,
the new NLP possessed excellent mechanical strength along
with smart characteristics including shape memory (Fig. 9C)
and self-healing (Fig. 9D and E). The efficient transcarbamoy-
lation dynamic exchange reaction between carbamate and
—-OH groups was responsible for the good shape memory prop-
erty and self-healing behavior of PHU2. Utilizing these alluring
characteristics of the synthesized NLP, “lightassisted ink-free
screen printing” was established to prepare anti-counterfeiting
materials, which eliminated the use of expensive security
inks.**

Very recently, a series of novel hyperbranched polyurethane
(HPDU) elastomers have been developed by Zhang et al. using
a simple polycondensation reaction among commercially avail-
able poly(tetramethylene) glycol, methylene-bis(4-cyclohexyl
isocyanate) and diazolidinyl urea by following the A, + B, strat-
egy (Fig. 9F). The resultant PUs were transparent (Fig. 9G) and
showed super-tough, puncture-resistant (Fig. 9H) and photo-

Polym. Chem., 2020, 1, 7293-7315 | 7301
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Fig. 9 (A) Chemical structure of PHU2 and (B) its fluorescence images taken under daylight and UV excitation (1 = 365 nm) at various reaction time
periods at 90 °C. (C) The shape memory properties of a PHU2 sheet and its self-healing behaviour monitored at 160 °C using (D) a polarizing micro-
scope and (E) a SEM. (F) Chemical structure of HPDU. (G) Transparent photograph of a HPDU4 film. (H) Illustration of puncture resistant properties
of the HPDU10 film. (I) Schematic view of a crack shaped as XJTU with bright-blue fluorescence on the film surface. (J) Photographs of crack XJTU
on the HPDU4 film surface when exposed to UV excitation after being healed for different time intervals at 90 °C. Figures A, B, C, D and E are re-
printed with permission from ref. 58. Copyright (2020), American Chemical Society. Figures F, G, H, | and J are reprinted with permission from ref.

59. Copyright (2020), American Chemical Society.

luminescence elastomeric behavior with crack self-diagnosis
and healing tracking ability. Upon irradiation with 365 nm UV
light, the fracture surface furnished strongest emission inten-
sity as compared to the entire film, which was found to dimin-
ish gradually with self-healing. Consequently, the change in
the emission intensity on the crack guides in the diagnosis of
the crack location and concomitant tracking of the progress of
the self-healing process (Fig. 91 and J).®*

Carbon dioxide (CO,)-derived siloxane (Si-O-Si)-containing
linear PHU was designed and synthesized and it possessed
strong photoluminescence (QY = 23.6%), high photostability,
and broad absorption and emission characteristics both in
solution and bulk states. The hydrophobicity and flexibility of
the siloxane linkages in PHU led to strong fluorescence
through the significant aggregation of hydroxyurethane
chromophores along with H-bonding interactions. To demon-
strate a practical application, a low voltage cool white LED was
fabricated with a color rendering index (CRI) of 83 by combin-
ing the polymer as a single phosphor with a commercially
available UV chip.®?

Recently, a white LED with a high CRI of 95 has been
reported from a non-conjugated PHU microsphere (PHUM)
prepared via the crosslinking of 1,6-hexanediamine and tri-
methylolpropane tri(cyclic carbonate) ether. The high degree
of crosslinking as well as various H-bonding structures
prompted the construction of carbamate clusters with
different sizes and broad distributions, enabling a wide-range
emission spectrum (white light emission).®* Another report
used a similar synthetic strategy to prepare non-traditional
fluorescent PHU. The collective results of the methyl-
thiazolyldiphenyl-tetrazolium bromide (MTT), hemolysis and
cytokine release assays for PHU certified its much lower cyto-

7302 | Polym. Chem., 2020, 11, 7293-7315

toxicity and immunotoxicity along with good blood compatibil-
ity with a <5% hemolysis rate in comparison with the tra-
ditional isocyanate-derived PU. This polymer was applied for
fluorometric detection of Fe*", and the LOD was calculated to
be 4.56 pM.®”

2.2.7. Polyesters and polycarbonates. Yan et al. reported
the preparation of fully bio-based hyperbranched polyesters by
adopting a one-pot A, + B; step-growth polymerization reaction
between succinic or adipic acid and glycerol. Upon irradiation
with a 365 nm UV lamp, a strong blue light emission from syn-
thetic polyesters was observed. The fluorescence intensity
strengthened with the increment of the molecular weights and
solution concentrations of the polyesters. Notably, an absolute
QY of 16.75% was achieved for the resulting polyesters. This
unanticipated fluorescence behavior of the aliphatic hyper-
branched polyesters could be attributed to the aggregation of
C=0 groups.®® They also described the unprecedented strong
blue photoluminescence characteristics of non-conjugated
hyperbranched polycarbonates (HBPCs). The hyperbranched
polycarbonates were synthesized via catalyst or solvent-free
one-pot A, + B; transesterification reaction between diethyl
carbonate and triol (glycerol®” or trimethylolpropane®®). The
resultant HBPC exhibited excitation wavelength-dependent
and concentration-dependent emission behaviors in ethanol.
The authors have envisioned that the intermolecular H-bond
probably formed between the oxygen atom of the carbonate
group and the unreacted -OH group suppressed the non-radia-
tive decay processes through rigidifying the polymer confor-
mation and thus furnished bright emission.

2.2.8. Polymers containing isolated benzene rings. Poly
(ethylene terephthalate) (PET) comprises isolated, small aro-
matic systems with merely short-range electron delocalization.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Overall emission properties of PET at different states. Reprinted
with permission from ref. 69. Copyright (2018), American Chemical
Society.

Despite PET emitting weak UV light (emission at 330 nm for
individual terephthalate wunits) in dilute solutions, it
became highly emissive in concentrated solutions or in the
aggregated (solid) state (Fig. 10). Moreover, in solid films,
PET displayed noticeable fluorescence and RTP dual
emissions with crystallization-enhanced emission (CIDE)
characteristics.®

Li et al. demonstrated a new class of polymers based on a
non-conjugated methacrylate backbone appended with a
single switchable boron chromophore (Fig. 11A). Impressively,
the homopolymers displayed rare multicolor emission in solu-
tion which was found to be dependent on the degree of
polymerization (DP). Moreover, these homopolymers exhibit
solvent and temperature-tunable fluorescence color changes
(Fig. 11B and C).

The color-switching mechanism is associated with the
structural transition from an open form (tricoordinate boron

View Article Online
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chromophore, blue-emitting) to a closed-form (tetracoordinate
boron chromophore, red-emitting). In a nutshell, the solvent,
temperature and DP (molecular weight of the polymer) have
immense effects on the open-to-closed form ratios of the
attached pendant boron chromophore (Fig. 11D). Notably, a
pure white light emission was attained in solution by finely
adjusting the homopolymer molecular weight, and also in a
thin-film/solid-state by copolymerizing the luminescent boron
monomer with non-fluorescent monomers in an appropriate
ratio.”®

Long-lived room temperature phosphorescence (LRTP) has
emerged as an appealing optical feature in the area of organic
photonics and electronics.”* Amorphous polymer poly(styrene
sulfonic acid) (PSS) showed green phosphorescence in air (dry
solid-state) with a maximum lifetime up to 1.22 s. The RTP
lifetime was greatly influenced by the molecular weight of PSS
and percentage of sulfonic acid groups in PSS incorporated
through sulfonation reaction. It was presumed that the inter-/
intra-chain H-bonding network amongst the pendant sulfonic
acid groups suppressed non-radiative transition processes via
restricting the motion of the chromophores, enabling ultra-
long RTP lifetimes. However, exposure to water caused RTP
quenching of solid-state PSS, and restoration occurred by
removal of water. This reversible “off-on” RTP switching of
PSS powder upon exposure and expulsion of water was realized
in lifetime-encoding application simply by injecting water
vapor within the PSS film using a mask.”?

Huang et al. reported the achievement of the longest life-
time (RTP lifetime is around 2.1 s) of organic phosphorescence
in polymer luminogens by a facile ionic bonding cross-linking
strategy. Instead of PSS, poly(sodium 4-styrenesulfonate)
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Fig. 11 (A) Synthesis of methacrylate-based polymers containing pendant switchable boron chromophores. (B) Photographs of P1-P9 showing
multicolour emission in toluene, DCM and THF acquired under UV illumination of 365 nm. (C) Emission spectra of P1-P9 in toluene. (D) Schematic
view of the DP-dependent boron chromophore structural change and fluorescent colors of the methacrylate polymers. Reprinted with permission

from ref. 70. Copyright (2019), WILEY-VCH.
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(PSSNa) as an ionic polymer model was taken to prove the
hypothesis. Similar steady-state fluorescence and phosphor-
escence spectra were observed after the replacement of Na'
with different cations (Li", K, Rb" and NH,"). The universality
of the ionic interlocking for LRTP was verified by introducing
the ionic bonding cross-linking into nonaromatic polymers. So
a set of totally four ionic polymers, namely PSSNa, poly(acrylic
acid sodium salt) (PAANa), poly(maleic acid sodium salt)
(PMANa), and poly(maleic acid-co-4-styrenesulfonic acid
sodium salt) (PSSNa-co-PMANa), were designed and syn-
thesized. On chromophore variations, the LRTP emission
colors were successfully transformed from yellow to blue. It is
noteworthy that both aromatic and nonaromatic polymers
exhibited ultralong phosphorescence on varying the
excitation wavelength under ambient conditions.”> The
delay time-dependent RTP emission was first reported in the
case of poly(4-styrenesulfonic acid-co-maleic acid) salt by
Gong et al. The existence of the free volume that provided
space for altering the conformation in order to relax the
excited states was primarily responsible for the observed
phenomenon.”*

On the other hand, amorphous purely organic phosphores-
cent polymer materials with color-tunable and long-lived emis-
sion by a concise chemical ionization strategy have been
reported. Poly(4-vinylpyridine) (PVP) was chosen as an ioniza-
tion model. Upon ionization with 1,4-butanesultone, the PVP-
based ionization product poly(4-vinylpyridine)butane-1-sulfo-
nate (PVP-S) (Fig. 12A) showed distinct phosphorescence be-
havior with an emission lifetime of 578.36 ms, which is 525
times longer than that of the PVP polymer under ambient con-
ditions. Intriguingly, the phosphorescence emission color
could be precisely tuned over the full-spectrum of the visible
region from blue to red, by changing the excitation wavelength
(Fig. 12B), whereas, the PVP polymer did not show any exci-
tation-dependent phosphorescence at room temperature, even
when cooled to 77 K. It was proposed that the strong ionic
interactions between PVP and sulfonic acid help in generating
ultralong phosphorescence in the PVP-S polymer by improving
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the local rigidity and suppressing the non-radiative decay of
the excited triplet state through the restriction of the vibration
and rotation of the molecules (Fig. 12C).”°

The development of the foremost instance of the amor-
phous RTP polymer containing nonmetal dative bonds has
been reported. In the copolymer of vinylphenylboronic acid
and acrylamide, nonmetal dative bonds formed between boron
and nitrogen/oxygen atoms enhanced the probability of an
intersystem crossing (ISC) process to populate the triplet exci-
tons; the charge transfer and subsequent inhibition of the
motions of the phosphors resulted in an effective RTP lifetime
in air (Fig. 12D). Additionally, the dynamic dative bonds and
H-bonds endowed the material with self-healing and outstand-
ing anti-counterfeiting capabilities.”®

Jin’s research group recently reported non-conjugated RTP
phosphoramidic acid oligomers consisting of a phosphoryl
group having dn-pz bonds and a diamino group as a H-bond
donor with ultralong phosphorescence lifetimes and phos-
phorescence QY up to 776.9 ms and 4.6-10.5%, respectively.
The system was easily synthesized by the polycondensation
reaction of H3;PO, (phosphoric acid) and variable diamines
including 1,3-bis(aminomethyl)cyclohexane (BAC), norbornane
dimethylamine (ND) and m-xylylenediamine (XY). The
ultralong phosphorescence lifetime was attributed to the
H-bond trapping excited electrons, albeit it was not fully
understood.””

2.2.9. Maleimide and maleic anhydride containing poly-
mers. Park’s research group developed a novel ratiometric pH
sensor with tricolor (green, yellow and orange) fluorescence
based on a poly(N-phenylmaleimide) (PPMI)-containing block
copolymer (Fig. 13A). In addition to the pH-tunable reversible
color-switching behavior (Fig. 13B), the PPMI derivatives
exhibited strong solvatochromism (Fig. 13C). Based on theore-
tical calculations they inferred that the keto-enol tautomerism
in succinimides played an important role in the observed mul-
ticolor fluorescence, as the tautomeric equilibria are greatly
influenced by the solution pH and solvent polarity
(Fig. 13D).”®

500 600 700
Wavelength (nm)

Fig. 12 (A) Synthetic route to an amorphous PVP-S polymer. (B) Phosphorescence spectra of PVP-S acquired at 77 K at various excitation wave-
lengths. Inset shows the afterglow multicolor phosphorescence emission on excitation with a wide range of wavelengths from 280 to 500 nm at
77 K. (C) Schematic illustration of ionization-induced ultralong phosphorescence of PVP-S. Reprinted with permission from ref. 75. Copyright (2019),
WILEY-VCH. (D) Graphical representation of the RTP polymer involving boron—nitrogen dative bonds and their fluorescence images under sunlight
and UV “on-off" conditions. Reprinted with permission from ref. 76. Copyright (2020), American Chemical Society.
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Fig. 13 (A) Chemical structure of poly(ethylene oxide-b-N-phenylma-
leimide) (PEO-b-PPMI). (B) Ratiometric fluorescence changes and mul-
tiple emission colors of PEO-b-PPMI at different pH values in water on
excitation at 445 nm. (C) Emission profiles (lex = 445 nm) of PPMI in
different solvents. (D) Tautomeric structures of PPMI, responsible for
pH-tunable emission and solvatochromism phenomena. Reprinted with
permission from ref. 78. Copyright (2015), American Chemical Society.

Tang and coworkers showed how a pure oxygenic non-con-
jugated polymer based on poly[(maleic anhydride)-alt-(vinyl
acetate)] (PMV) could emit strong blue-light upon UV illumina-
tion (Fig. 14A). Moreover, its photophysical behavior could be
manipulated by varying the solvent (Fig. 14B). Because of the
rigid conformation of succinimide-based polymers, a hetero-
dox cluster by the collection of many C=O groups is gener-
ated. It was believed that the clusters formed within the locked
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C=O0 groups by interacting in a through-space manner gener-
ated the actual chromophore, leading to bright emission upon
UV light irradiation. Again, the existence of the polymer/
solvent complex is accountable for the solvatochromism.”

Qiao and coworkers have demonstrated how the emission
intensity/QY of PMV could be enhanced, and how the emission
color could be altered from common blue to red. Hydrolysis
and esterification reaction of PMV with a strongly alkaline
sodium hydroxide solution afforded PMV-Na, which emitted
high-intensity blue-green light in solution and solid-states.
The calculated QYs of the PMV-Na solution and solid were
found to be as high as 35% and 66%, respectively. By ther-
mally treating at around 170 °C for 5 min, blue-emissive
PMV-Na solids could be converted into a red emission agent.
It was recommended that the construction of isolated C=C
bonds is responsible for the unusual red emission from such
non-conjugated PMV polymers (Fig. 14C and D).** In the sub-
sequent year, a new kind of PMV derivative was synthesized.
The new red-emissive PMVs were synthesized by utilizing large
alcohol molecules such as diacetone alcohol produced from
acetone under basic catalysis. Two types of C=O chromo-
phores were present in the newly synthesized PMV derivatives:
a blue light-emitting sodium carboxylate group and a red light-
emitting bulky carboxylic ester group, and both exhibited exci-
tation-dependent luminescence. Also, such non-conjugated
photoluminescence polymers having dual chromophores
showed AIE characteristics.®!

Novel multicolored AlIE-active photoluminescent polymers
were developed by mixing the PMV solid with basic aqueous solu-
tions of variable pH in suitable ratios at room temperature. The
PMV/alkaline sodium hydroxide ratio played a key role in tuning
the emission color from cyan to red.*” The mechanism behind
the above phenomenon was not fully elucidated. However, it has
been assumed that the addition of NaOH altered the clustering
state of the carbonyl chromophores present in PMV.

)\_ﬁ_gro NaOH om Heat O%:C
©.®

@ 180 oc

PMV PMV-Na PMV-Na-R

PMV-Na PMV-Na-C PMV-Na PMV-Na PMV-Na-R

@PVA

| = e

Solutions Solids

Fig. 14 (A) Synthesis of PMV. (B) Photographs of PMV solutions under daylight/365 nm UV illumination in different organic solvents and corres-
ponding UV and fluorescence spectra (lex = 330 nm) in NMP and THF. (C) The synthetic route to PMV-Na and PMV-Na-R. (D) Photoluminescence
images of PMV-derived polymers in solution and in the solid state upon UV excitation at 365 nm. Figures A and B are reprinted with permission from
ref. 79. Copyright (2015), American Chemical Society. Figures C and D are reprinted with permission from ref. 80. Copyright (2017), WILEY-VCH.
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Wang’s research group utilized a conventional free radical
precipitation copolymerization technique to synthesize a
series of poly(maleic anhydride-alt-vinyl pyrrolidone) (PMVP)
copolymers with variable molecular weights. The resultant
PMVPs emitted strong light in both DMSO solvent and solid-
state, demonstrating their AIE characteristics. Besides, the
PMVPs exhibited distinct excitation-dependent fluorescence
(EDF) and molecular weight-dependent fluorescence
(MWDF). More importantly, their emissions were signifi-
cantly red-shifted in comparison with those of the homopo-
lymers poly(maleic anhydride) (PMAh) and poly(N-vinyl-2-pyr-
rolidone). They suggested that the copolymerization of
N-vinyl-2-pyrrolidone with MAh increased the flexibility of
polymer chains and as a result the rigidity of the polymer
chain was compromised, which facilitated the stronger and
more extended intra- and/or inter-chain n-n* and n-n* inter-
actions between the anhydride and pyrrolidone groups in
the aggregation state, leading to the strong and red-shifted
emission of PMVPs.*?

To prove the previous hypothesis that the polymer chain
flexibility plays an imperative role in enhancing the photo-
luminescence of NLPs, they synthesized poly(itaconic anhy-
dride) (PITA) and poly[(1-octene)-co-(itaconic anhydride)]
(POITA) by using 1-octene and itaconic anhydride (ITA) as the
comonomers.** The photophysical properties of these as-syn-
thesized copolymers were compared with those of PMAh and
poly[(maleic anhydride)-alt-(2,4,4-trimethyl-1-pentene)] (PMP)
to elucidate the mechanism in terms of chain flexibility. In
comparison with PITA, POITA exhibited red-shifted and stron-
ger luminescence both in solution and in the solid state. The
finding is completely different from the result of PMP, where
the bulky 2,4,4-trimethyl-1-pentene (TMP) segregated the MAh
moieties and thus obstructed their intra-chain interactions,
leading to very weak emission. Thus, the increased chain flexi-
bility enabled the functional groups to adopt proper confor-
mations to brighten up the emissions.

The photoluminescence characteristics of poly(itaconic
anhydride-co-vinyl caprolactam) (PIVC) and poly(itaconic anhy-
dride-co-vinyl pyrrolidone) (PIVP) were recently highlighted
keeping in mind that in some cases the chain flexibility is ben-
eficial for boosting the fluorescence of NLPs.® ITA was
chosen, as it has a cyclic acid anhydride ring that is attached
to the polymeric structure via only one carbon atom; therefore
these structures possess much higher flexibility in comparison
with PMAh. It was found that the emissions of both the copo-
lymers are significantly red-shifted (emission maxima in the
orange-red region) in solutions. Interestingly, PIVP and PIVC
displayed bright white and orange-red emission in the solid-
state upon 365 nm UV illumination, respectively. Both the
polymers emitted blue fluorescence at a low concentration in
DMSO, but surprisingly the emissions changed to orange as
the concentration was increased. It was speculated that two
distinct chromophores were present causing the blue and
orange emissions, and the number of chromophores corres-
ponding to the orange emission increased with the increase of
the polymer concentration.
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The reversible addition-fragmentation chain transfer
(RAFT) method was employed to prepare alternating copoly-
mers based on the poly(styrene-alt-maleimide) skeleton by the
sequence-defined copolymerization of para-methoxydiethylene
glycol-substituted styrenes and N-(2-salicylaldehyde-amino-
ethyl)maleimides. The as-synthesized alternating copolymers
exhibited a fast and highly sensitive “off-on” fluorometric
response toward Zn>" with a LOD value of 0.25 pM by inhibit-
ing the PET process. Apart from this, a notable green fluo-
rescence “off-on” switching (230-fold) was arrested while the
pH changed from 11 to 12.%°

Polyhedral oligomeric silsesquioxane (POSS)-containing
homopolymer poly(maleimide isobutyl POSS) and various
alternating copolymers namely poly(styrene-alt-maleimide iso-
butyl POSS), poly(4-acetoxystyrene-alt-maleimide isobutyl
POSS) and poly(4-hydroxystyrene-alt-maleimide isobutyl POSS)
were synthesized through free radical polymerization and sub-
sequent post-polymerization modification reactions. Although
the POSS-containing polymer does not contain any common
fluorescent moiety, it exhibited emission at high concentration
and in the solid-state. Moreover, the POSS-appending homopo-
lymer displayed stronger photoluminescence emission in the
bulk state with a much higher ¢ compared to those of the
POSS-integrated alternating copolymers, presumably due to
the former’s crystallinity and aggregation of locked C=O
groups of five-membered rings.®’

Qiao and coworkers developed a new family of photolumi-
nescent alternating copolymers by the copolymerization of
MAh and diverse olefin derivatives. These fluorescent polymers
were totally transparent and exhibited thermoplastic behavior.
Additionally, the copolymers prepared from styrene or its
derivatives and MAh were found to be phosphorescent.®®

Concurrently, we reported the development of dual pH- and
thermo-responsive luminescent alternating copolymers based
on the poly(styrene-alt-maleimide) skeleton (Fig. 15A). To this
end, an N-substituted maleimide monomer bearing a diethyl-
ene oxide side-chain, (N-(methoxydiethyleneglycol) maleimide)
and a tert-butylcarbamate (Boc)-protected leucine appended
styrenic monomer was copolymerized at an equimolar feed
ratio to obtain well-defined copolymers with perfectly alternat-
ing sequences of these two monomers. The as-prepared Boc-
protected copolymers showed bright-blue emission in organic
solvents, whereas the deprotected copolymers retained their
luminescence behavior in organic solvents and also exhibited
dual pH/temperature-tunable fluorescence activity in water.®®
This conventional fluorophore-free water-soluble luminescent
copolymer was applied as a turn-off fluorescent sensor for
selective, sensitive and instantaneous detection of the nitro
explosive PA in 100% water. Besides, this polymeric sensor
showed the ability to detect PA in both solid and vapor phases
(Fig. 15B). The ground-state electrostatic complex formation
with concomitant ground-state electron transfer from the
analyte (picrate anion) to the polymeric probe was proposed as
the fluorescence quenching mechanism.”®

In another report, we engineered an alternating polyampho-
Iyte based on the same polymeric building block by copoly-
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Fig. 15 General structure of a poly(styrene-alt-maleimide) copolymer with variable pendants R1 and R2. (A) Solution properties and unusual photo-
luminescence behaviour of a dual pH and thermo-responsive copolymer and (B) its PA sensing application. (C) Chemical structure of leucine-
derived alternating 1:1 polyampholyte luminogen and its implementation in CS; sensing in both solution and vapour phases. (D) Schematic repre-
sentation demonstrating pH-induced drug delivery application using such an alternating copolymer. Figure A reprinted with permission from ref. 89.
Copyright (2016), Royal Society of Chemistry. Figure B reprinted with permission from ref. 90. Copyright (2017), Royal Society of Chemistry. Figure C
reprinted with permission from ref. 91. Copyright (2019), Royal Society of Chemistry. Figure D reprinted with permission from ref. 92. Copyright

(2019), American Chemical Society.

merization of two rationally designed monomers: r-leucine-
derived functional group protected maleimide and styrene-
based monomers via RAFT polymerization. The expulsion of
protection groups resulted in the formation of a charge-neutral
polyampholyte having an anionic and a cationic functional
entity placed in a perfectly alternating fashion. Interestingly,
the as-synthesized polyampholyte displayed emission behavior
in aqueous media and was applied for the specific recognition
of carbon disulfide (CS,) amongst volatile organic compounds
(VOCs) in pure water (Fig. 15C). In addition, a colorimetric
“naked-eye” detection of CS, vapor with significant sensitivity
and selectivity under ambient conditions was accomplished
with this polymeric probe.”*

Next, to explore the biomedical applications of such intrin-
sically emissive alternating copolymers, an autofluorescent
amphiphilic brush copolymer was fabricated as a pH-sensitive
drug delivery nanocarrier for the intracellular administration
of the fluorescent inactive aromatic nitrogen mustard chloram-
bucil (CBL) drug into the cancer cells. To serve the purpose, a
CBL functionalized N-substituted maleimide monomer was
copolymerized with a poly(ethylene glycol) (PEG) attached
styrenic macromonomer, which provided a well-defined lumi-
nescent alternating copolymer. These copolymers were self-
assembled into nanoparticles in aqueous medium where the
CBL drug was enclosed into the core of the self-assembled
nanostructures. At endolysosomal pH 5.0, 90% of the CBL was
released from the nanocarrier by the cleavage of pH-responsive
aliphatic ester linkages, connecting CBL to the polymeric
chain. The unique luminescence property assisted intracellular
monitoring of CBL-incorporated nanocarriers by virtue of fluo-
rescence microscope imaging is noteworthy (Fig. 15D).%>

This journal is © The Royal Society of Chemistry 2020

The generation of fully controlled 1:1 alternating p- and
t-alanine containing sequence-regulated polymers based on the
poly(styrene-alt-maleimide) backbone using an N-substituted
maleimide monomer bearing Boc-t-alanine and a styrene conju-
gated Boc-p-alanine monomer via the RAFT polymerization
process has been reported. It is noteworthy that these copoly-
mers displayed fluorescence in various organic solvents and
retained their fluorescence activity even after deprotection as
observed in organic and aqueous media.”* Recently, we
employed an alanyl-alanine tethered maleimide monomer and
a glycyl-glycine functionalized styrenic monomer to make these
two dipeptides containing 1:1 alternating copolymers on the
same polymer skeleton. Unusual luminescence characteristics
in solution and in the solid state were observed, where only blue
emission occurred in solution but in the solid-state tri-color
emission (blue, green and red) was observed.’*

Yang et al. observed that although succinimides act as
common fluorescence quenchers of proteins, and common
succinimide monomers are nonfluorescent but succinimide-
based compounds and also succinimide-containing polymers
became fluorescent only after functionalization with dithiol/
amino substituents without introducing any conjugated fluo-
rescent entity. The unexpected fluorescence of dithio/amino-
succinimides originated from the spatial separation between
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), realized from DFT cal-
culations. Compared with monomers, the 2-amino-succini-
mide-based polymers showed considerable enhancement in
emission intensity (up to ~200-fold) owing to the isolation
effect where the non-radiative decay occurring among succini-
mide units was significantly suppressed.®®
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Poly(amide-imide)s (PAIs) belong to a class of outstanding
engineering materials which express the combined properties
of both polyamides (PAs) and polyimides (PIs) viz. superior
thermal stabilities, high mechanical strength, chemical resis-
tance and facile processability.”>°” Broadly, PAIs are nonemis-
sive, and do not exhibit fluorescence except when they are
totally aromatic or semi-aromatically connected with emissive
species. Therefore, the construction of fluorescent aliphatic
PAIs has been challenging and has rarely been reported.
Meanwhile, PAIs mostly suffer from their solubility issue in
common organic solvents and water, restricting their potential
roles in biological applications. However, Yang et al. demon-
strated the synthesis of luminescent aliphatic PAI with excel-
lent solubility in both organic and aqueous media. To this
end, initially, a functional thiolactone-maleimide monomer
was synthesized using a Cu(i)-catalyzed click reaction. An
efficient polycondensation between the thiolactone-maleimide
and an aliphatic diamine afforded fluorescent aliphatic PAIs
containing pendant thiols and 2-aminosuccinimide fluoro-
phores through the combination of the ring-opening of thio-
lactones and amine-maleimide Michael addition reaction.
Furthermore, the released thiol was employed for PEGylation
via a thiol-methacrylate Michael addition that significantly
resolved the solubility issues of PAIs in both common organic
solvents and aqueous media.’® Using similar types of chemical
reactions, they also fabricated hyperbranched aliphatic PAI
with fluorescence behavior. The as-prepared polymer was
found to be soluble in various solvents and showed solvent-
dependent emission with moderate QYs.”

Again, by using a similar synthetic route, non-conjugated
PEGylated PAI was prepared with isolated benzene rings. The
authors serendipitously discovered that this amphiphilic
PEGylated PAI self-assembled into nanovesicles with unex-
pected red fluorescence in water. It was believed that the syner-
gistic effects of n-m stacking interactions and H-bonding
endowed non-conjugated PAI with a significant bathochromic
shift (>100 nm) from the blue-green fluorescence of the amino-
succinimide fluorophore to red emission. Moreover, the self-
assembled structure shielded PAIs from the interaction with
water and suppressed the H-bond formation between amino-
succinimide fluorophores and water, prohibiting the quench-
ing of fluorescence in protic solvents and as a consequence
the PAIs were found to be emissive in water. Finally, the graft
copolymer showed excellent biostability and photostability and
a promising cell imaging ability.'%°

Tang et al. developed an easy and effective multicomponent
tandem polymerization method to afford a series of NTIL poly
(aminomaleimide)s (PAMIs) with well-defined structures and
moderate molecular weights in excellent yields from alkynes
and diamines. The as-synthesized PAMIs were employed as
macromonomers to carry out further polymerization which
resulted in PAMIs that barely contained simple and single
maleimide moieties in the polymer main-chain. However, they
exhibited strong blue-green emission in DMSO/ethyl acetate
(EA) mixtures. Interestingly, the emission color and intensity
did not change with the addition of different EA fractions (fg,)
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in the DMSO/EA solvent mixture, although EA is a bad solvent
for PAMI and it aggregated in solvent mixtures with a high fia.
PAMIs showed outstanding biocompatibility, and were there-
fore advantageous for bioimaging applications.**

Although Tang’s group proposed that the unexpected
photoluminescence behavior of maleimide or MAh-based
homooligomers and alternating copolymers is a result of
through-space electronic communication among the locked
C=O0 groups of MAh or maleimide units, the mode of inter-
action of these non-aromatic groups was not known; and
therefore further investigation was required. To prove the
hypothesis they synthesized the homooligomer of oligo(maleic
anhydride)s (OMAhs) and an alternating polymer of PMP as
well as their copolymers, and their systematic structure-prop-
erty relationships were investigated. Instead of a small vinyl
acetate comonomer, they have used more bulky TMP as a
comonomer partner to isolate the MAh units, thereby inhibit-
ing their intra-chain through-space interactions, and this
assists in the examination of the effect of the in-between dis-
tance on the fluorescence characteristics in condensed phases.
OMAhs showed distinct absorption at ca. 365 and 458 nm,
whereas PMP did not absorb above 300 nm. Furthermore,
under UV irradiation (365 nm), OMAh4 showed intense emis-
sions, but PMP emitted very weakly both in solution and in
the solid state (Fig. 16). It was anticipated that bulky #-butyl
groups segregated MAh repeating units in PMP. Again simu-
lation results revealed that the distance between two adjacent
MAh units of OMAhs is in the range of 2.84-3.18 A, whereas
for PMP, the distance was 4.90-5.37 A. It was further unveiled
that the existence of the intra- and inter-chain n-n* inter-
actions of the C=0 groups of MAh units present in OMAhs is
responsible for unexpected light emission. Detailed experi-
mental results and theoretical simulation study led to the
coining of the term CTE or clusteroluminescence mechanism
for rationalizing the inexplicable luminescence of such non-
aromatic polymers.'>
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Fig. 16 Chemical structures of PMP and OMAh4 and corresponding
luminescence photographs of their solids when exposed to 365 nm UV
illumination. Reprinted with permission from ref. 102. Copyright (2017),
Royal Society of Chemistry.
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Turner’s research group synthesized tert-butyl carboxylate
functionalized four alternating copolymers: two poly(stilbene-
alt-maleic anhydride) and two poly(styrene-alt-maleic anhy-
dride), and their fluorescence properties were studied in
detail. The stilbene-containing copolymers I and II exhibited
strong fluorescence with high QYs of 71.2% and 65.9%,
respectively, whereas both of the styrene-containing copoly-
mers IIT and IV (Fig. 17) exhibited weak fluorescence with low
QYs of 2.6% and 3.1%, respectively. The fluorescence
remained unaltered even after the removal of tert-butyl groups
which makes the resulting copolymer completely water-
soluble. The origin of the fluorescent band with high QY was
assigned to the extra phenyl groups and “through space” n-n
interactions between the phenyl rings of stilbene and C=O
groups from the succinimides."*?

2.2.10. Other polymers. You et al. reported one of the ear-
liest examples of NTIL polymers comprising non-fluorescent
monomers containing amide bonds. They prepared a simple
linear poly(N-isopropyl acrylamide) (PNIPAM) using a trithio-
carbonate chain transfer agent (CTA) via RAFT polymerization.
Unexpectedly, the resultant homopolymer was able to exhibit
luminescence characteristics (excitation = 380 nm; emission =
410 nm) with a QY of 63.6%. Consequently, PNIPAM displayed
a strong blue luminescence when exposed to a UV lamp of
366 nm. Meanwhile, a remarkable enhancement in the steady-
state fluorescence intensity was observed as a function of
molecular weight. DFT calculations suggested that this inex-
plicable fluorescence may be due to the n-n electronic inter-
action between the C=O0 unit of NIPAM and the benzene ring
of CTA present in the polymeric pendant and chain end,
respectively. Furthermore, the investigators synthesized a well-
defined luminescent multiblock copolymer comprising both
PNIPAM and poly(oligoethylene glycol acrylate) (POEGA) using
the same polymerization technique and used it for cell
imaging purposes.'®*

Tang and coworkers attempted to understand the chromo-
phore responsible for the intrinsic fluorescence of non-aro-
matic polymers such as PNIPAM and poly(N-tert-butylacryla-
mide) (PNtBA). By further investigating the emission features
of a group of non-aromatic bio-based and synthetic peptides,
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Fig. 17 Molecular structures of stilbene-containing luminescent alter-
nating copolymers. Reprinted with permission from ref. 103. Copyright
(2018), WILEY-VCH.
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they proposed that the fluorescence in the aggregation state/
condensed phase in such non-conventional fluorescent poly-
mers is attributed to the electronic interaction amongst the
amide groups, where H-bonds play a decisive role in bringing
these functionalities in the immediate vicinity.'%

Autoluminescent micelles were fabricated through the self-
assembly of amphiphilic polymer molecules having an intrin-
sic unconventional fluorophore and AlE-active polyetheramide
(PEA). A one-pot synthetic route was employed to prepare the
PEA molecule consisting of a hydrophilic poly(ethylene oxide)
(PEO) backbone and two hydrophobic chains on both the ends
from palmitic acid and commercially obtainable polyethera-
mine (Jeffamine ED2003). The AIE behavior of PEA emerged
from the structural rigidification caused by the restriction of
intramolecular rotation by virtue of multiple H-bonding inter-
actions within the amide groups rather than from the clusters
of oxygen atoms with lone pair electrons of PEO segments as
the aggregation of the PEO-PPO-PEO triblock copolymer
(Pluronic F127) was found to be non-emissive."*°

Wang et al. identified a new series of nonconventional fluo-
rescent polynorbornenes bearing aminosuccinimide side
groups. Under UV illumination, these polymeric materials
showed bright-blue emission (470-478 nm) with large Stokes
shifts of over 110 nm."®” The same research group also discov-
ered the intrinsic fluorescence of a common non-conjugated
compound, poly(N-vinylpyrrolidone) (PVP), a linear polymer
with side-chain pyrrolidone rings (a lactam) connected to a
simple polyethylene backbone. Although the monomer
N-vinyl-2-pyrrolidone (NVP) was very weakly emissive, its
polymer version PVP exhibited strong intrinsic fluorescence.
Surprisingly, the oxidized hydrolysate of PVP showed much
stronger fluorescence, about 1000 times stronger than those of
unhydrolyzed compounds (Fig. 18). The increased fluorescence
intensity was attributed to the formation of secondary amine
oxides.'%®

We unveiled the unprecedented luminescence, AIE activity
and heat-induced AIE characteristics of well-known non-conju-
gated thermoresponsive poly(N-vinylcaprolactam) (PNVCL), a
higher homolog of PVP. The PNVCL film displayed multicolor
emission (blue, green and red) upon illumination with
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Fig. 18 Fluorescence spectra of NVP, PVP and oxidized PVP hydrolysate
in water. Reprinted with permission from ref. 108. Copyright (2015),
WILEY-VCH.
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different excitation wavelengths, suggesting the coexistence of
multiple emissive species with different energy levels.
Impressively, the PNVCL (concentration = 0.1 wt% in water)
exhibited a bright blue emission upon heating above its lower
critical solution temperature (LCST) (37.5 °C), while it was
nonfluorescent below this temperature (Fig. 19A). This fact was
ascribed to the heat-assisted AIE phenomenon. Subsequently,
these fascinating properties, temperature-assisted aggregation
and AIE characteristics, were ingeniously utilized to apply
PNVCL as a suitable fluorescent polymeric thermometer to
determine the intracellular temperature (Fig. 19B).'*°

Yuan et al. showed that the CTE hypothesis to rationalize
the inexplicable fluorescence properties of nonconventional
luminogens is also applicable to those compounds with
merely oxygen moieties (i.e., ether and —~OH). Impressively, in
solid-state xylitol, PEG and F127 displayed cryogenic persistent
phosphorescence sustaining for almost 12 s, and even persist-
ent RTP emission was observed from xylitol crystals.'*°

Wang and coworkers observed autofluorescence of hydro-
gels made of polyacrylamide (PAM) or polyacrylic acid (PAA)
and their derivatives devoid of any traditional fluorophore.
This autofluorescence was successfully applied for self-moni-
toring the gelation process, as the internal structural changes
of the gels strongly correlated with the fluorescence response.
It was found that with the decrease of water content in the as-
prepared gels, the fluorescence intensity gradually increased.
When the water content was >40%, a very weak fluorescence
was observed, while the emission intensity sharply increased

(A) Non-fluorescent — Weakly fluorescent — Highly fluorescent

“ (“L
WO Y S BCyQs-B <
U AIBN, THF, U HO |3 & .8,
65°C, 7h S o

NVCL PNVCL Hydrated Aggregated

v Non-conjugated & AlE-active i

j v’ Intrinsically emissive :
v' Non-toxic & biocompatible |

\ ¥ Thermo-induced emission

35°C

38 °C

Fig. 19 (A) Synthetic route to PNVCL and its thermo-induced fluor-
escence photographs on exposure to a 365 nm UV lamp in an aqueous
medium. (B) CLSM images of PNVCL treated MCF-7 cells at 25, 35 and
38 °C. Scale bar is 10 pm. Reprinted with permission from ref. 109.
Copyright (2020), Royal Society of Chemistry.
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once the water content decreased from 40% to 20%. Moreover,
the gel exhibited dazzling fluorescence on further diminishing
the water content to 10%. However, the quenching of fluo-
rescence takes place with some particular metal ion namely
Fe®*, the erasure. Accordingly, information rewriting in the
presence of visible and UV light, respectively, was successfully
realized by using an ethanol solution containing Fe*" as a
“writer” and ethanol as a “remover”.*'!

Yuan et al. reported the preparation of new sulfur-contain-
ing polythioether via a Michael polyaddition between 1,4-buta-
nedithiol and 1,4-butanedioldiacrylate. The synthesized poly-
thioether was found to be emissive under UV irradiation in
aggregates, despite the absence of remarkable conjugations.
Furthermore, boosting of the emission efficiency was realized
by the oxidation of polythioether to polysulfoxide and polysul-
fone both in the solid state and in concentrated solutions. The
clustering of sulfur-containing functional groups (O=S=O0 or
S=0, S) and ester moieties (COO) assisted in the “through-
space” electronic interaction and concurrently rigidified the
molecular conformations, making the clusters fluorescent
active under UV light irradiation.""?

They also reported the unique intrinsic luminescence and
additionally p-RTP from a group of non-conjugated and aro-
matic-ring-free amorphous polymers PAA, PAM and PNIPAM
(Fig. 20A). The polymers exhibited no emission in dilute solu-
tions, but became highly luminescent in solid powders/films,
nanosuspensions and concentrated solutions. Interestingly,
PAA and PAM solids showed distinct p-RTP in air, while
PNIPAM solids did so under vacuum or nitrogen (Fig. 20B and
C). Furthermore, ionization-induced increased efficiency and
prolonged p-RTP were realized in the case of PAANa and
PAMHCI powders resulting from the neutralization of PAA and
PAM with NaOH or fuming HCI, respectively. The p-RTP of
PNIPAM was also modulated by pressurization (Fig. 20D).™

Tang and coworkers reported the synthesis of luminescent
well-defined polythioamide via catalyst-free atom economical
multicomponent polymerization (MCP) reaction using elemen-
tal sulphur, aliphatic diamines, and aromatic diynes as mono-
mers. The synthesized polythioamides were found to be emis-
sive both in solution and in the powder state upon UV
irradiation. They envisioned that the H-bonding between the
secondary amine and thiocarbonyl group along with the n —
m* interaction among thioamides causes the formation of “het-
erodox clusters” which may behave as an actual luminogen.'**

Recently, Ling et al. achieved colorful ultralong clusteriza-
tion-triggered phosphorescent (CTP) PAMs by controlling the
polymerization requisites (Fig. 21A). Two reaction parameters,
specifically initiators and polymerization temperatures,
impose immense effects on the emission intensity and color of
the CTP PAMs. It was found that water-soluble initiators
((NH,4),S,05, and Na,SO;/(NH,),S,0g) can cause quite high
molecular weights of PAMs and strong persistent CTP than oil-
soluble 2,2'-azobis(2-methylpropionitrile) (AIBN) initiated PAM
(PAM1) and there was a correlation between the afterglow color
and polymerization temperature. PAMs initiated at high temp-
erature (PAM2 and PAM3) or aged at 100 °C (PAMS5) displayed

This journal is © The Royal Society of Chemistry 2020
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(A) Molecular structures of PAA, PAM and PNIPAM. (B) Schematic diagram of the variation of p-RTP features of the mentioned polymers. (C
and D) Luminescence pictures of different films and powders before and after ceasing the UV excitation at 312 nm and room temperature. PNIPAM/
p means PNIPAM powders are pressed at 2000 kg cm™2 pressure for one min. Reprinted with permission from ref. 113. Copyright (2019), Royal
Society of Chemistry.
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(A) Prompt fluorescence (lex = 347 nm) response of polyacrylamides (PAM2—-PAMS5). The inset shows their afterglow images while the

365 nm UV source was switched off. (B) Schematic representation demonstrating two different orientations of the polymer chain of PAMs: small and
large clusters were formed by intra- and inter-molecular hydrogen bonding, respectively. Reprinted with permission from ref. 115. Copyright (2020),

Royal Society of Chemistry.

green ultralong RTP by the formation of side-by-side small
clusters through intra-chain H-bonding among acrylamide
(AM) units, and that PAM4 obtained at low polymerization
temperature without heat treatment exhibited a yellow color
afterglow via the formation of head-to-head large clusters
mainly through inter-chain hydrogen bonding (Fig. 21B)."*®

3. Conclusions and outlook

Intrinsic luminescence was serendipitously discovered from a
few nonaromatic biomacromolecules and subsequently further
systematic investigation was performed in some other natural
polymers. These biopolymers include a few polysaccharides
such as starch, cellulose, chitosan, dextran, glycogen, sodium
alginate, etc., and some proteins such as BSA, OVA and HSA.

This journal is © The Royal Society of Chemistry 2020

Apart from natural polymers, other synthetic nonaromatic
polymers, for example, PAMAMs, PAE, PEIs, PEA, PU, poly-
ester, polycarbonate, PAN, PEG, PAA, PAM, PNIPAM, PNVP,
and PNVCL lacking traditional aromatic chromophores also
furnish intrinsic fluorescence. So the above libraries of lumi-
nescent polymers strongly indicate that the aromatic entities
are not a key requirement to acquire light emission behavior
from such polymers. In addition, a few polymers with isolated
benzene ring structures, such as PET, PSS, PVP-S and PVP,
showed exceptional fluorescence and phosphorescence
behavior.

The CTE mechanism was envisaged to justify the unortho-
dox photophysical characteristics of nonconventional lumino-
gens. That is, the electron cloud overlap of nonconventional
chromophores bearing lone-paired (n) electrons of O, N, P and
S atoms and = orbitals of double and/or triple bonds or C=0

Polym. Chem., 2020, 11, 7293-7315 | 7311
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groups in the cluster with concurrent conformational rigidifi-
cation can account for the unprecedented luminescence be-
havior of nontraditional luminophores. However, most of the
reported NLPs normally emit excitation-independent blue
luminescence upon irradiation with UV light and excitation-
dependent multicolor emission with relatively low QYs at
longer wavelength ranges. The aforementioned drawbacks
would limit their application possibilities, particularly in the
area of bioimaging, due to strong biological autofluorescence
in the blue region and potential tissue damage on exposure to
UV light."*® As the underlying photoluminescence mechanism
of NLPs is not yet crystal clear, only very few reports could be
made on the successful preparation of NLPs with long-wave-
length emissions. Therefore, achieving intrinsic long-wave-
length emission from NLPs upon excitation with visible light
of higher QYs is highly desirable for unequivocal understand-
ing of their luminescence mechanism/sources and for widen-
ing their practical enforcement.

Researchers before 2017 mostly focused on the fluorescence
processes of the NLPs, but their fascinating phosphorescence
behavior, particularly room temperature phosphorescence
(RTP), was almost overlooked. However, in the last 3 years,
special attention has been paid to glorious developments of
RTP materials. Various strategies such as hydrogen bonding,
ionic cross-linking, strong ionic interactions, nonmetal dative
bond formation, etc. have been employed for designing
many fascinating polymer-based RTP materials and strength-
ening their emission characteristics. It is noteworthy that
another review article highlighting the phosphorescence pro-
perties of NLPs was published by Bryce et al.''” when this
manuscript was in the evaluation stage. Generally, nonconven-
tional polymers exhibited cryogenic phosphorescence or RTP
mostly in the solid-state, so it is a great challenge to generate
phosphorescence in the solution phase especially in aqueous
medium.

The discovery of the cryogenic phosphorescence and RTP
phenomenon in NLPs is a huge breakthrough and one of the
most recent advancements. This will include another dimen-
sion within the field of bioimaging in the foreseeable future
due to the longer excitation lifetime of phosphorescence rela-
tive to fluorescence, and therefore more sophisticated instru-
ments could be potentially used or invented to look inside the
cells and subsequently perceive the dynamics of life processes.
To date, phosphorescent NLPs have been utilized mainly for
information encryption. But owing to their high biocompat-
ibility and less toxicity, these RTP polymers could be beneficial
as in vitro and in vivo bioprobes to improve the detection sensi-
tivity by diminishing the signal-to-noise ratio. Furthermore,
organelle targeted (such as the nuclei, lysosomes, and mito-
chondria) bioimaging could be a research hotspot for low cyto-
toxicity NLPs. By highlighting the fluorescence and phosphor-
escence behavior of NLPs in this article, we firmly believe that
this manuscript will help new and experienced researchers
from broad research areas to advance their knowledge and to
come up with new possibilities for expanding the horizon of
these NLPs.
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