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Nonconventional chromophores, without classic conjugation and rigid units, are a hot topic of
luminescent materials nowadays because of their unique under-explored fundamental properties and
their promising applications. Despite the increased attention recently paid to this exciting area, the
structural design and the mechanism of photoluminescence in these materials remain unclear and
controversial. Different luminescence mechanisms have been successively proposed in recent years,
such as oxidation, aggregation of carbonyl units, interactions with phenyl groups, clustering of

Received 25th August 2020, chromophores and through-space conjugation, etc. This review summarizes oligomers/polymers with

Accepted 17th September 2020 unconventional chromophores reported in recent years, which are classified according to their chemical
DOI: 10.1039/d0gm00626b structures and luminescence mechanisms. We present an interconnected overview of the topic

highlighting the opportunities for new materials synthesis, looking forward to accelerated future
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Introduction

In the past decades, organic photoluminescence (PL) materials
have undergone continued experimental and theoretical develop-
ment owing to their established applications in the fields of
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innovation and developments in this area.

optoelectronic devices, chemo-/bio-probes, solar cells, environ-
mental sensors, etc.' " Traditional organic PL materials generally
comprise predominantly m-conjugated units, such as phenyl,
thiophene, fluorene, and carbazole."> " Although they have been
exploited for many years, they still have some inherent disadvan-
tages, including complex multi-step synthetic processes. More-
over, m-m conjugated structures can limit many biological
applications due to high cytotoxicity and immunogenicity; they
generally exhibit aggregation caused quenching (ACQ) behavior,
showing no emission in concentrated solution and solid states,
which blocks some practical applications.'”™*° These undesir-
able features have prompted an alternative design of some
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unorthodox luminescent materials that might overcome the
above drawbacks.”°>* More recently, a growing body of research
demonstrates that some materials without any typical chromo-
phores in their structures,**® some even free of any (hetero)-
cyclic aromatic building blocks,”” ™" can also be induced to
produce intrinsic fluorescence and/or phosphorescence under
certain conditions. Generally, these unconventional chromo-
phores involve subgroups such as amino (-NH-),** acylamino
(-NH-CO-),* phosphonate (-P(O)(OR),),** carbamate (-NH-
CO0-),*® sulfide (-S-), sulfoxide (S=O0), sulfonyl (0=S=0),””
cyano (-C=N),* alkene (-C=C-),*® hydroxyl (-OH),"” ether
(-0-),*® etc, and some units that combine these subgroups, like
anhydride, imide, sulfonate, and so forth.**** Among these
emerging chromophores, oligomers/polymers have aroused
great attention because of their advantages of better hydrophilicity,
large structural diversity, low-cost and facile synthesis, high
chain flexibility (easy to functionalize or form a supramolecular
assembly) and good biocompatibility.>*>°

Although these novel materials are making rapid progress,
the understanding of the PL mechanism has not been unified,
due to the diversity of atypical chromophores in the molecular
structures and the complexity of the PL behavior. Various PL
mechanisms have been proposed based on different systems,
for example, oxidation/acidification,’>*> topological structure
and effect of end groups,” aggregation of carbonyl units,*®
formation of hydrogen bonds, spatial electron delocalization,
etc.>**® On the one hand, it was initially thought that these
materials which lack standard conjugated chromophores,
could not be emitting, and that the observed PL originated
from trace impurities in the material. On the other hand, with
only limited understanding of the PL of such chromophores,
researchers have often studied their photophysical properties
under a restricted set of specific conditions. Therefore, lacking
systematic investigation under different conditions means that
many studies have failed to reach a comprehensive conclusion.
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Scheme 1 An interconnected map of the ongoing understanding key
features of the luminescence mechanisms of unconventional chromophores.

Aggregation-induced Emission,

Unconventional
Chromophores

Scheme 1 shows a profile of the ongoing understanding of the
luminescence mechanisms of nonconventional systems.

In the early stages, the atypical luminescent chromophores
incorporated aliphatic amines [mainly composed of poly(amido
amine)s (PAMAM)s] and it was recognized that the tertiary
amines formed fluorescent centers after oxidation. Subsequently,
new fluorescent systems were reported.’>*”” These systems have
two distinctive features: (i) they do not contain tertiary amine
groups (or any N atoms) but all contain carbonyl (or ester) groups.
(ii) No emission can be detected in dilute solution, while obvious
fluorescence is observed in solid and viscous liquid states, which
is similar to the aggregation-induced emission (AIE) materials
that were a hot new research topic at that time.

In 2013, Yuan et al. found that ordinary rice emits strong
blue light when exposed to ultraviolet light, which was later
termed a clustering-triggered emission (CTE) mechanism and
was categorized as an AIE system.’® In this concept, atypical
chromophores aggregate into clusters, inducing effective short
contacts, leading to the overlap of intra- and/or intermolecular
electron clouds, bringing rigid molecular conformations and
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extended conjugation, finally boosting the emission. Recently,
another kind of AIE effect, hyperbranching-enhanced-emission
(HEE) was also proposed. According to current understanding,
two new categories of AIE, namely CTE and HEE, are triggered
by through-space conjugation (TSC) of clusters of subgroups
which strongly restrict non-radiative relaxation. These systems
generally possess excitation-dependent, molecular weight-
dependent and concentration-dependent behaviors (Scheme 1).
Atypical luminescent materials can emit light not only by
clustering and conformational hardening at a relatively high
concentration, but also by molecular aggregation at a relatively
low concentration, showing AIE properties. Both the concen-
tration enhanced PL and AIE properties are determined by the
specific structural characteristics of the materials. A detailed
analysis of structure-PL property relationships is necessary for a
deeper and thorough understanding of the AIE mechanism of
unconventional luminogens.

In the last few years, other molecular interactions leading to
atypical PL have also been established, such as hydrogen bonds
and ionic bonds, which are good for conformational rigidifica-
tion, thus benefiting luminescence.”* >’ It is worth mentioning
that in some atypical luminescent materials, low-temperature
phosphorescence or room temperature phosphorescence (RTP)
and even ultra-long-lifetime RTP have been observed.>*2*%°
Pure organic RTP materials have drawn considerable attention
owing to their promising applications in varying fields, including
biological imaging, molecular sensing, anti-counterfeiting and
encrypted data storage.’®®® However, due to the spin inhibition
nature of intersystem crossing (ISC) and the sensitivity of the
triplet states to molecular motion, water, oxygen, etc., RTP of pure
organic chromophores in solution is difficult to achieve. This also
applies in the solid state: if the sample is hygroscopic or unable to
effectively block oxygen, or the molecular conformation is not rigid
enough, significant RTP cannot be observed.

Up to now, most reported RTP systems are chromophores
with classic aromatic units and there are rare examples concerning
non-conventional chromophores.*® Research on atypical lumines-
cent chromophores has mainly focused on fluorescence, with little
attention to phosphorescent emission. However, phosphorescence
is widespread in atypical luminescent chromophores, which are
more likely to produce triplet exciton states. The generation and
stabilization of triplet states and their regulation are of great
significance for phosphorescence. The following two factors have
important influence on the generation and stabilization of triplet
exciton states: First, if there are many double/triple bonds and/or
heteroatoms, they can effectively enhance the spin-orbit coupling
(SOC), thus promoting the ISC process and increasing the number
of triplet excitons. Secondly, the clustering of an atypical chromo-
phore could split energy levels and reduce the energy gap, which
also facilitates ISC. Plus, hydrogen bonds could stabilize triplet
states and enhance phosphorescence. Strong intramolecular
and intermolecular interactions will form a 3D supramolecular
network, which can effectively enhance the rigidity of the cluster
chromophore. When the conformation is sufficiently rigid,
triplet excitons should be stabilized, potentially resulting in
ultra-long-lifetime RTP emission.

62 | Mater. Chem. Front., 2021, 5, 60-75

View Article Online

Review

The above strategies for increasing the population of triplet
excitons and/or stabilizing the triplet state to gain persistent
phosphorescence directly coincide with the design principles of
nonconventional chromophores. This specifically applies to
introducing multi-hydrogen bonded networks and/or creating
electron coupling interactions. Hydrogen bonds can trap
excited electrons and suppress their non-radiative transitions.
Moreover, chromophores without an aromatic structure and with
long chain substituents prefer to form a coiled state, and the
resulting intertwined structure can effectively isolate ambient oxygen
and humidity, thus generating efficient pure organic RTP. In
consideration of these points, atypical luminescent chromo-
phores represent an ideal platform to realize effective RTP.

The following content summarizes design strategies of
atypical PL/RTP chromophores. Revealing the relationship
between the molecular structure, interactions and the luminescence
in these chromophores will help to extend the scope of current
purely organic PL/RTP systems and to further understand the origin
of the emission. Additionally, the study of unconventional
phosphorescent chromophores opens new opportunities to
explore relationships between singlet states and triplet states,
with the potential for utilization in optoelectronic sensors and
display devices.

Fluorescence systems

Dendritic and hyperbranched poly(amido amine)s (PAMAM)s
are the earliest and most widely studied polymeric materials con-
taining atypical fluorescent chromophores. Initially, researchers
found that PAMAM could emit weak fluorescence,”*® then in
2003, Zheng et al. found strong blue fluorescence in the process
of preparing gold nanoparticles using the fourth generation PAMAM
(PAMAM-G4) as a template. However, due to the prepared gold
nanopatrticles also emitting strong blue fluorescence, the authors
incorrectly attributed the PL of the composite system of PAMAM-G4
and gold nanoparticles to the PL of gold nanoparticles.®® Soon
afterwards, Bard et al. first reported that dendritic PAMAM emitted
strong blue fluorescence after oxidation.”> However, Imae et al. soon
overturned this oxidation mechanism. After adjusting the pH value,
PAMAM dendritic chromophores with amino-hydroxy carboxylic
acid at the end of each branch could emit strong blue fluorescence.
Meanwhile, the fluorescence characteristics of PAMAM-G2 and
PAMAM-GA4 are quite different, and their intensity is directly related
to the pH value.> Three possible reasons have been speculated: (i) it
may be that the protonated tertiary amine group fills the molecule
with cations, and such strong Coulombic repulsion rigidifies the
structure of PAMAM, so that the molecular chain segment move-
ment is limited. PAMAM-G4, by contrast, is more crowded than
PAMAM-G2 as the dendritic molecules grow outward and so
PAMAM-G4 emitted with higher intensity. (ii) Hydrogen bond
strength in PAMAM-G4 was increased under acid conditions, which
could restrict and rigidity the movement of the molecules. (iii) A
possible chemical reaction may occur between the lateral groups in
PAMAM to produce a new fluorescent species. In 2007, Cao et al.
reacted diethylene triamine with methyl acrylate at different

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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ingredient ratios to obtain a series of Zb-PAMAM derivatives.
Their blue luminescence was also influenced by the pH value,
the terminal groups (NH,, NMe, or CO,H), the solvent, con-
centration and other factors.>® Since then, Imae et al have
further studied the PL mechanism of PAMAM. By comparing
the fluorescence lifetimes and extent of protonation, they
concluded that no new substance was formed after oxidation,
and the oxidation of internal tertiary amine groups is the
source of fluorescence.”

The more direct evidence that the amine groups of aliphatic
amines are the active luminescent centers comes from the study
of hyperbranched poly(ethylenediamine) (%b-PEIs) and linear
poly(ethylenediamine) (I-PEI) by Stiriba et al in 2007. Two
hyperbranched polymers and two linear polymers were com-
pared, namely hb-PEIs, [-PEI and terminal methylated hb-PEIs-
Me and /-PEI-Me (Fig. 1). The fluorescence characteristics of these
PEI derivatives are similar to those of previous PAMAM dendritic
molecules: for example, oxidation and acidification can greatly
enhance fluorescence. In addition, the fluorescence of PEI was
enhanced after methylation. These results suggest that dendritic
or hyperbranched structures are not necessary for fluorescence,
but the presence of aliphatic amine groups is the key feature.>® In
2011, Yang et al. studied in detail the reaction between dendritic
PAMAM and H,O, by combining nuclear magnetic resonance
(NMR) spectroscopy and MALDI-TOF mass spectrometry, which
revealed the origin of PAMAM fluorescence was not intrinsic
PAMAM but oxygenated PAMAM. When oxygenated with H,O,,
PAMAM disintegrates through a cascade of Cope elimination
reactions, resulting in fragments of hydroxylamine, which is the
true fluorescent species (Fig. 2a).”"

Although the PL mechanism of PAMAM has been contro-
versial, work continues on improving the diverse fluorescence
of PAMAM and exploring its biomedical applications. In 2009,
Pan et al. reported a novel biodegradable 7b-PAMAM (Fig. 2b).”>
They observed that the fluorescence intensity is molecular
weight-dependent: increasing the molecular weight caused the
chain segments to aggregate or crowd, inducing the fluorescence
enhancement. #5-PAMAM can emit over a broad range of the
visible spectrum depending on the excitation wavelength (Fig. 2c:
Jex 330-385, 460-490 and 510-550 nm gave blue, green and red

Hyperbranched vs. Linear PEI
Luminescence

Fig. 1 Chemical structure and PL properties of the hyperbranched poly-
ethylenimine and its linear counterpart. Reprinted with permission from
ref. 53. Copyright 2007, John Wiley and Sons.
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Fig. 2 (a) A plausible mechanism of PAMAM breakdown is proposed as a

cascade of Cope elimination reactions. (b) An illustration of disulfide-
containing hb-PAMAM. Reprinted with permission from ref. 71. Copyright
2011, John Wiley and Sons. (c) Fluorescence spectra and images of 5 wt%
aqueous solutions of the derived hb-PAMAM excited at different wave-
lengths. Reprinted with permission from ref. 72. Copyright 2009, John
Wiley and Sons.

solutions, respectively). Later, they also found that peripheral
modification of hyperbranched PAMAMs with mannose units
could effectively limit the movement of chains, thus inhibiting
the molecular collisions and self-quenching process, and thereby
inducing significantly enhance fluorescence.”

According to above reports, it is apparent that (i) aggregation
or steric crowding of chain segments can enhance fluorescence;
(ii) the emission spectra show excitation dependence; (iii) limiting
the movement of the ends of oligomer/polymer chains can further
significantly enhance the luminescence. Up to this point, research-
ers had studied the molecular weight, topological structure, and
pH of end-groups (-OH, -NH, and -COOH), and concluded that
these factors have important effects on the PL of PAMAM.
However, these studies of systems containing aliphatic amines,
such as PAMAMSs and PEIs, were usually based on solutions with
fixed concentrations, or in a narrow range of concentrations
that are emissive. In this way, the PL behavior of polymers with
different topological structures, and fractal dendrimers with
different terminal groups at the same concentration, showed
obvious differences.

In fact, the non-luminescent materials reported in the above
literature can also produce effective emission after aggregation
under appropriate conditions. In 2015, Zhu et al. revisited linear
() and hyperbranched (7b) PAMAM (Fig. 3a). For hyperbranched
PEI there was almost no emission from the dilute solution, but
with increasing concentration, typical concentration-enhanced
PL and AIE characteristics were observed (Fig. 3b).”* At certain
concentrations, hyperbranched PEI shows weak emission, while
linear PEI shows surprisingly stronger emission. Experiments
have shown that the difference between the hyperbranched and
linear PEI solution emission mentioned above are essentially
caused by the aggregation state of N atoms and the level of
conformational hardness. Thus, topological structure is not the
determinant of PAMAM luminescence, and the proposal that

Mater. Chem. Front., 2021, 5, 60-75 | 63
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Fig. 3 (a) Synthetic route to linear () and hyperbranched (hb) PAMAMs.
(b) Photographs taken under UV irradiation of aqueous solutions of
[-PAMAM and hb-PAMAM at different concentrations. Reprinted with
permission from ref. 22. Copyright 2015, Springer.

oxidation is the root of PAMAM luminescence was also excluded,
while the ATE mechanism underlying the luminescence has been
broadly recognized. More importantly, this study extended AIE
systems from traditional conjugated chromophores to unorthodox
luminous chromophores. Due to the combination between
excellent biocompatibility of unorthodox chromophores and
strong solid-state fluorescence of AIE systems, these unorthodox
chromophores have become promising candidates for bio-
imaging, such as bacterial detection, which expands the bio-
applications of AIE systems, and stimulates the exploration of
more novel unconventional luminogens.

Actually, the ATE phenomenon was perceived in early studies. In
2007, Tang et al. reported AIE of a maleic anhydride-alt-vinyl
acetate copolymer (PMV). Its THF solution is very weakly emissive,
but its nanometer suspension in butyl acetate emits bright blue
light.>® Although this remarkable behavior of PMV could not be
reasonably explained at that time, subsequent work has attributed
the PL of PMV to the clustering of carbonyl groups in a locked
state, which becomes an effective model for the study of atypical
luminescent materials.”*7®

Subsequently Pucci et al. reported polyisobutene succinic
anhydrides PIBSA (a) and PIBSA (b), and their succinimide
(PIBSI) counterparts with AIE characteristics, which were attributed
to the aggregation of carbonyl groups which in turn restricted the
vibrational motions and reduced nonradiative relaxation (Fig. 4).
They also demonstrated that the AIE is strongly dependent on the
number and nature of interacting chromophores grafted onto
the polymeric backbone. The reasonable explanation is that
more subgroups facilitate the formation of more clusters, and
the enhanced interaction intensity further solidifies the clusters
thus providing enhanced emissions.””

In 2013, Yuan et al. found that rice, starch and fibronectin
not only emit fluorescence under ultraviolet light, but also emit
room temperature phosphorescence (RTP) in the solid state.’®
They hypothesized that the large number of oxygen atoms in
the structure was the source of the luminescence. Clearly the
isolated oxygen atoms could not be excited by ultraviolet light
and would not emit visible light, thus the authors proposed

64 | Mater. Chem. Front., 2021, 5, 60-75
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Fig. 4 Bis-succinic anhydride derivatives PIBSA (a) and PIBSA (b), and their
triethylenetetramine (TETA) decorated corresponding mono and bis-
imides (PIBSI mono, PIBSI bis). Reprinted with permission from ref. 77.
Copyright 2008, John Wiley and Sons.

that clusters of oxygen atoms gave the luminescence to these
natural products. Clustered oxygen atoms can easily promote
electron interactions and delocalization. The clusters increase
the effective conjugation length and harden the conformation
so that these regions are excited by UV light. This phenomenon
was later named cluster-triggered emission (CTE) and was
identified as a new category of AIE property. In addition, there
are many hydrogen bonds in these systems, which not only
makes the conformation rigid, but also makes it easier for
oxygen atoms to contact each other at a short distance, thus
enhancing the luminescence. At the same time, the entangled
dispersive interactions of the polymer chains are beneficial to
the conformational hardening of the cluster chromophore,
reducing the non-radiative transition and improving the luminous
efficiency.

The introduction of the concept of CTE provided a deeper
understanding of the underlying mechanisms of emission in
early atypical luminescent chromophores. For instance, in the
above PIBSA (a) and PIBSA (b), in addition to carbonyl groups,
virtually all succinic anhydride (SA) and succinimides (SI)
groups, as well as amine groups, may be involved in the emission
(Fig. 4). When these units aggregate in a concentrated solution or
film, the overlap of the electron clouds leads to the extension of
conjugation and forms a hardened conformation, resulting in
emission. In 2016, Li et al. uncovered and studied the unconven-
tional PL of sulfonated acetone formaldehyde (SAF), acetone
formaldehyde (AF) condensates and sulfonated ethylenediamine-
acetone-formaldehyde (SEAF) and sulfonated phenol-acetone-
formaldehyde (SPAF) (Fig. 5).**”® The authors ascribed the
emission mechanism of these polymers to the cluster of
carbonyl groups which was induced by strong ionic and hydrogen
bonding interactions. However, the clustering and electronic
communication of phenol, hydroxyl, amine and sulfonyl groups
may also contribute to the fluorescence enhancement.”

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 5 (a) Chemical structures of AF, SAF, SEAF, and SPAF. (b) A schematic

diagram of a carbonyl cluster, ionic and hydrogen bonds among SEAF
chains. Reprinted with permission from ref. 38 and 78. Copyright 2016,
Royal Society of Chemistry.

The enhanced understanding of the CTE mechanism also
helps the discovery and design of new atypical materials. Based
on the CTE mechanism, Yuan et al. designed and synthesized a
series of polyurethane (PU),*> polysulfide (P1), polysulfoxide
(P2) and polysulfone (P3) derivatives (Fig. 6).°” Clustering of
NHCOO- in PUs, and clustering of COO- and sulfur-containing
units (S, S—0, O—S=—O0) activates emission from these poly-
mers. It is worth mentioning that the sequential oxidation from
P1 to P3 gradually improves the luminous efficiency, showing a
certain degree of tunability.

The tuning of absorption and PL spectra is also very important.
In 2015, Li et al. reported that a polythioamide derivative (PTAM)
showed different colors in dilute solution and solid states (Fig. 7).
PTAM solids exhibit remarkable red-shifted yellow fluorescence,
consistent with tighter electron interactions and a more rigid
conformation in solid than in solution. Meanwhile, H-bonds and

@ [ o o mat R= fon;
é—N—Rm—N—g—O—(—CHZ%—O%
| . m=2 R= é(

|
H H

PU2: m=1,g=4

(b) @ e
O/ \O R/ \R

Fig. 6 Structure and photographs of solid powders taken under UV light
for (a) PU1-PU4 and (b) P1-P3. Reprinted with permission from ref. 45 and
37. Copyright 2019, Royal Society of Chemistry.
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Fig. 7 Multicomponent polymerization for PTAM synthesis. The insets are
the photographs of DMF solution and solids of PTAM taken under 365 nm
UV light. Reprinted with permission from ref. 35. Copyright 2015, American
Chemical Society.
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n-n interactions between C—S and -NH groups, facilitate heteroa-
tom clusters. Additionally, n-n interactions (between phenyls and
heteroatoms) and n-r interactions contribute to the fluorescence
of PTAMs.»

In 2015, Tang et al. thoroughly studied the solvatochromic
properties of PMV (Fig. 8).”® After interaction with an electron-
rich solvent, its absorption and emission are red shifted due to
clustering groups complexing with the solvent, without changing
the chromophore. Notably, magenta emission (A, 619 nm) was
obtained in DMF solution although PMV has no traditional
n-conjugated system or any phenyl rings. Such a system should
have excellent biocompatibility and biodegradability. Therefore,
this development provides a good molecular design idea for future
applications of atypical luminescent materials in biology.

The above PMV, however, does have carbonyl bond chromo-
phores in its structure. Li et al. reported a fluorescent aliphatic
hyperbranched polyether epoxy (EHBPE).*® There are no carbonyl
units or aryl rings in EHBPE, and oxygen atoms are present as
ether and hydroxyl groups. Therefore, the strong fluorescence
observed was unexpected. Under an ultraviolet lamp, EHBPE in
the bulk state shows obvious strong blue-green fluorescence
(Fig. 9b). In this state intramolecular and intermolecular inter-
actions block the free rotation of C-C and C-O bonds of the polymer
chains, which is very similar to the restricted intramolecular rotation

(a) N

ﬂ . = O ABNBuAc o\/<0

07070 © 80°C,8h 07 o~ O
PMV

(b)

THF NMP DMSO DMF NMP DMSO DMF

- r | S
C - =k
Daylight uv
Fig. 8 (a) Synthetic Route to PMV. (b) Photographs of PMV in different
solvents were taken under (left) daylight and (right) 365 nm UV light

illumination. Reprinted with permission from ref. 76. Copyright 2015,
American Chemical Society.
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(a)

(b)

Fig. 9 (a) Schematic representation of the synthetic route for EHBPE.
(b) Images of EHBPE in bulk under UV irradiation. (c) Optimized conformation
of P1. Reprinted with permission from ref. 48. Copyright 2016, Royal Society of
Chemistry.

(RIR) process in AIE systems. RIR blocks the non-radiation pathways
and opens radiative channels in the aggregated state. In order to
better understand the photophysical processes, the conformation of
P1 (an oligomer model of EHBPE) was simulated. The simulation
shows that there may be interaction between ether and hydroxyl
oxygen atoms due to their close proximity (Fig. 9¢). Dense clusters of
oxygen (ether and hydroxyl oxygen) could enhance interactions and
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Fig. 10 (a) Chemical structures of PMP and OMAh4 and photos of segregated
and clustering states. (b) Optimized conformation of OMAh4 at different views.
To simplify the calculation, ten repeating units of both OMAh4 and PMP were
used. (c) Optimized conformation of PMP (hydrogens on anhydride rings were
omitted for the concise view). (d) The interaction types of carbonyl groups in
OMAN4. (e) The proposed model of n—r* interaction. To simplify the calcula-
tion, ten repeating units of both OMAh4 and PMP were used. Reprinted with
permission from ref. 80. Copyright 2017, Royal Society of Chemistry.
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produce emission. Therefore, the high density oxygen clusters in and
between molecules may be AIE active, and the emission of the high
density clusters of heterogeneous clusters may be related to the lone
pair electrons, which promote the abnormal fluorescence.

Much research is currently focused on trying to get a more
accurate description of the mechanism of cluster luminescence
at the atomic level. In 2017, Tang et al. reported poly[(maleic
anhydride)-alt-(2,4,4-trimethyl-1-pentene)] (PMP) and oligo(maleic
anhydride)s (OMAh4) with clusteroluminescence. They employed
density functional theory to optimize the conformations of OMAh4
and PMP. Theoretical simulation showed that the distance
between two adjacent MAh units of OMAh4 was 2.84 A-3.18 A;
however, for PMP, the comparable distance was much longer,
4.90 A-5.37 A. Thus, OMAh4 could generate intra- and inter-chain
n-n* interactions of the carbonyl groups, resulting in the lumines-
cent rigidified clusters (Fig. 10).%

In 2018, Yuan et al. reported -crystallization-enhanced
emission of poly(ethylene terephthalate) (PET), which also
shows concentration-enhanced and AIE properties (Fig. 11).
PET is weakly luminescent in dilute solutions, while efficiently
luminescent in concentrated solutions or films. Additionally,
PET exhibits only fluorescence in solutions, while it generates
fluorescence/phosphorescence dual emission in the solid state
at room temperature. Results showed that conformational
rigidification enhances the luminous efficiency of PET films,
by crystallization. Such crystallization enhanced dual emission
could be explained by the CTE mechanism. Efficient through-
space electronic conjugation of clusters of terephthalate units
leads to extended delocalization.®!

In 2019, Yan et al. designed and synthesized a series of
polysiloxane (HPS) derivatives without a typical luminous unit,
but all showed intrinsic emission, with applications in biological
fields. Fig. 12 shows the structure of HPS. Its PL is attributed to the
Si- - -O interactions, and n-m*, t—r interactions between the oxygen
atom (—O0-) and C—=C bonds. Such intrinsic PL and concentration
enhanced PL could be reasonably explained by CTE.*

Initially, compared with traditional conjugated luminescent
materials, the reported atypical luminescent materials generally

5x104

100 mgmL-' S4

— et
>—<

monomer

cluster

Fig. 11 (a) Chemical structures of PET. (b) Dilute and concentrated
solution and film of PET. (c) Schematic illustration of monomer, dimer,
and cluster in PET solids. Reprinted with permission from ref. 81. Copyright
2018, American Chemical Society.
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Fig. 12 Structure and schematic diagram of electronic interactions
among different groups of HPS. Reprinted with permission from ref. 82.
Copyright 2019, American Chemical Society.

had lower fluorescence quantum yields (PLQYs) and their PL
was usually in the blue light region. Although some polymers
could glow red, it is difficult to guarantee high PLQYs, limiting
their use in biological field. Generally, the longer excitation and
emission wavelength is less harmful to cells and tissues and can
penetrate more easily through the thicker samples. More flex-
ible chain structures can adopt more conformations, which is
beneficial for intra- and/or inter chain interactions, influencing
the aggregation structures and hence producing red-shifted
emissions. There are some ways to increase the flexibility of
molecular chains. For the main chains, the existence of double
bond should benefit flexibility, because of the limited steric
hindrance. For side chain substituents, high symmetry can lead
to good flexibility. Also, the molecular weight is another factor
that affects the formation of appropriate conformations. A
longer chain would bring more conformations and be more
likely to fold or curl, thus giving better flexibility. Therefore, to
achieve efficient and red-shifted emission appropriate chromo-
phores should be introduced as well as controlling the physical
structures of the molecular chains.

Progress was soon made in this area. In 2017 Wang et al.
synthesized alternating copolymers PMVP2 and PMVP10 of
N-vinyl pyrrolidone and maleic anhydride with different mole-
cular weights (Fig. 13a). For PMVP2 with high molecular
weight, the strong entanglement of its long chains inhibited
the aggregation of anhydride and amide groups, while PMVP10
with low molecular weight is more prone to aggregation, and
could form strong intra-chain and/or inter-chain n-n* and n-n*
interactions, so as to regulate the clustering state and tune the
luminous color.?®

Interestingly, poly(itaconic anhydride-co-vinyl pyrrolidone)
(PIVP) with a lower chain rigidity shows unusually strong red
fluorescence at excitation of about 600 nm (Fig. 13c), which
sheds some light on preparing red-shifted nonconventional

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 13 (a) Structure of PMVP and PIVPs, and photographs taken under
365 nm UV light of solid powders for PMVP with different molecular
weights. (b) Fluorescence microscope photographs of PMVP-2 (1-3) and
PMVP-10 (4-6) powders under light irradiation at different excitation
wavelengths. From left to right: UV light (360-375 nm), blue light
(470-495 nm), and green light (540-550 nm), respectively. (c) PL spectra
and photographs of PIVP-10 powder at different excitation wavelengths.
Reprinted with permission from ref. 83. Copyright 2017, Royal Society of
Chemistry.

luminescent polymeric materials.*> The emission of PMVP
could cover the whole visible spectra depending on molecular
weight and excitation wavelength. In 2019, Qiao et al. mixed solid
and NaOH solution with different molar ratios to obtain a solid
with luminescent color ranging from cyan to red (Fig. 14).%*
Obviously, the addition of NaOH changed the clustering state
of the chromophore. This mechanism has not been fully eluci-
dated, but it demonstrates the possibility of regulating the optical
properties of atypical luminescent chromophores. Next, Yan et al.
reported the hyperbranched poly(amino ester)s (PAE)s with mul-
ticolor photoluminescence. PAE’s distinct AIE character derived
from the clustering of ester and tertiary amine groups. Moreover,
PAE exhibits tunable fluorescence from blue, cyan and green to
red by adjusting the excitation wavelength (Fig. 15).%° Zhang et al.
reported that poly(4-(cyanomethyl)phenyl metha) (PCPMA)
showed a hyperbranching-enhanced-emission (HEE) effect. Cluster
chromophores formed via through-space conjugation (TSC),
inducing the HEE effect, which strongly promoted PL (Fig. 16).%°
The HEE effect provides a universal strategy to expand the current
range of highly efficient atypical chromophores.
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Fig. 14 Preparation strategy of new photoluminescent polymers and
photographs of their emission. Reprinted with permission from ref. 84.
Copyright 2019, Royal Society of Chemistry.

Mater. Chem. Front., 2021, 5, 60-75 | 67


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0qm00626b

Open Access Article. Published on 28 September 2020. Downloaded on 6/14/2026 8:31:00 AM.

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

(cc)

Materials Chemistry Frontiers

1mgmL

40 mg mL

Pure P2

Fig. 15 (a) The structure of poly(amino ester)s. (b) Fluorescence micro-
scope images of P2 solution and pure P2 under the light filter of UV-2A
(Ex 330-380 nm, DM 400, BA 420); BV-2A (Ex 400-440 nm, DM 455, BA
470). Reprinted with permission from ref. 85. Copyright 2019, John Wiley
and Sons.
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Fig. 16 Synthesis of linear and hyperbranched PCPMA. Reprinted with
permission from ref. 86. Copyright 2019, American Chemical Society.

Up to now, the AIE mechanism is still guiding the synthesis
of atypical luminescent chromophores. Electron-rich heteroatoms,
such as nitrogen, oxygen, phosphorus and sulfur, and/or
unsaturated C=C and C=N bonds, have been reported fre-
quently to act as unconventional luminescent subunits when
aggregated. In 2020, De et al. utilized hydrated polymer PNVCL
(Fig. 17), without any classical fluorophore entity, as a novel
fluorescent thermometer for intracellular temperature determina-
tion. When the temperature increased to above its lower critical
solution temperature, 38 °C, which is near to human body tem-
perature, the conformation changed from coil to globular and
fluorescence was greatly enhanced (Fig. 17).>® This work further
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Fig. 17 (a) Synthesis of PNVCL via free radical polymerization and its
thermally-induced conformational transformation. (b) Overall schematic
illustration of intracellular temperature imaging using non-conjugated
PNVCL as a fluorescent thermometer. Reprinted with permission from
ref. 28. Copyright 2020, Royal Society of Chemistry.

demonstrates that the fluorescence of an unconventional system
in the aggregated state originates not from a specific entity
with a definite structure, but plausibly from interaction among
chromophores with heterogeneity and complexity.

In 2020, Wang et al. reported a fluorous effect-induced
emission of azido substituted poly(vinylidene fluoride) with
high photostability and film formation, which displays a strong
excitation-dependent emission behaviour in both solution and
solid-state (Fig. 18). In this work, azido groups serve as a new
kind of unconventional chromophore and the microfluorous
environment leads to a stable excited state and high fluorescence
efficiency by decreasing the energy of the HOMO and LUMO. The
combination of fluorine substituents with an atypical chromophore
was shown to produce good solution processability, excellent
mechanical flexibility, high photostability and high PLQYs.*” The
stimulation of clustered chromophores by external forces could
change the distance and relative position between the individual
subunits. This would affect intermolecular interactions and
electron delocalization, thereby adjusting the polymers’ lumi-
nescent properties. This process gives aliphatic polymers largely
unexplored potential applications in the field of mechano-
responsive materials.

NaN;, DMF
55 °C 20 h m n
F N3

Raw Materials: Products:
Polymer 1: m:n = 0.94/0.06 Polymer 4: P(VDF-ATrFE)-6
Polymer 2: m:n = 0.91/0.09 Polymer 5: P(VDF-ATrFE)-9
Polymer 3: m:n = 0.80/0.20 Polymer 6: P(VDF-ATrFE)-20

NaN3 DMF

60 °C 8h

M‘x
N3

P(VC-VAz)

i

Fig. 18 Synthesis strategy of P(VDF-ATrFE) unconventional fluorescent
polymers and azido substituted PVC (P(VC-VAZz)). Reprinted with permis-
sion from ref. 87. Copyright 2020, Royal Society of Chemistry.
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RTP systems

As mentioned above, low-temperature phosphorescence or RTP
and even ultra-long-lifetime RTP have recently been widely
observed in atypical luminescent materials. For instance, in
2016, Yuan et al. reported CTE of polyacrylonitrile. Indeed, as
shown in Fig. 19a and b, when the ultraviolet lamp was turned
off, significant ultra-long lifetime green phosphorescence was
observed at 77 K because the triplet excitons were stabilized by
the low temperature. More importantly, PAN solids exhibit RTP
(Fig. 19c), although the phosphorescence lifetime is short
(0.2 ms). The unique emission of PAN is ascribed to the
formation of “cyano clusters” as the chromophores. In such
clusters, © and lone pair (n) electrons among cyano groups
overlap to extend the conjugation and simultaneously rigidify
the conformation, thus offering remarkable emission. The
presence of lone pairs promoted ISC transitions and triplet
emission of PAN powders, leading to RTP.>® In 2018, Su et al.
synthesized a series of nonconjugated polyurethane derivatives.
Long-persistent phosphorescence is observed at 77 K. The
mechanism for this unusual behavior has been shown by
steady-state photophysical characterization and time-resolved
emission spectra to arise from the formation of intra and/or
intermolecular carbonyl clusters at low temperature (Fig. 20).
The lifetime of long-persistent phosphorescence is increased by
the introduction of an aromatic monomer into the nonconjugated
polyurethane chains. This is attributed to intra- and/or intermole-
cular n-n* transitions from electron-rich carbonyl groups to the
conjugated aromatic units, thereby enhancing the ISC rate.®®

In 2018, Yuan et al. revealed the phosphorescence of PEG
and F127 at 77 K and ultra-long phosphorescence of xylitol at
room temperature, as shown in Fig. 21. There are no effective
hydrogen bond interactions in PEG and F127 solid, whereas
xylitol could form hydrogen bonds which are conducive to the
stability of triplet excitons, which could explain the ultra-long
RTP of xylitol.*’

It is worth noting that the generation of triplet excitons of
atypical luminescent chromophores does not depend on the
existence of hydrogen bonds, as proved by the RTP of PAN and
ultra-long lifetime phosphorescent properties of PAN and PUs
from above. However, the results with PEG and F127 showed
that although the presence or absence of hydrogen bonds is not
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Fig. 19 (a) Structure of PAN. (b) Photographs of PAN powders taken at
77 Kunder 365 nm UV light or after ceasing the UV irradiation. (c) Emission
spectra of PAN powders with ty of 0 and 0.2 ms (lex = 335 nm). Reprinted
with permission from ref. 39. Copyright 2016, John Wiley and Sons.
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Fig. 20 (a) Steady-state PL and long-phosphorescence spectra of PU1
with different average molecular weights (M, = 2672 or 3118 g mol™?) and
different concentrations in 2-MeTHF solutions at 77 K. And schematic
illustration of PU1l (b) dilute solution, (c) concentrated solution, and
(d) carbonyl clusters in the aggregated state. Reprinted with permission
from ref. 88. Copyright 2018, American Chemical Society.

77K UVon off0

F127 ' [

PEG . §
xylitol l

t

xylitol

312 nm UV off

Fig. 21 (a) Structures of PEG, F127, and xylitol. (b) Photographs of the
solid powders of F127, PEG, and xylitol taken under 312 nm UV light or after
ceasing the UV irradiation at 77 K. (c) Photograph of xylitol powders taken
at room temperature after ceasing the 312 nm UV irradiation, and partial
electronic channels of O---O short contacts in xylitol crystals. Reprinted
with permission from ref. 47. Copyright 2018, John Wiley and Sons.

the key to phosphorescence, the presence of hydrogen bonds
could promote conformational hardening, thus limiting non-
radiative transitions and ultimately facilitating the generation
of RTP. In addition, xylitol single crystal data showed that
effective intramolecular/intermolecular interactions were formed
between O atoms (Fig. 21c), which once again proved the
rationality of the CTE mechanism.*’

Also in 2018, Zhang et al. observed that poly-i-lysine (e-PLL)
powder emits blue-white light under 365 nm ultraviolet irradiation,
and green ultra-long RTP could be seen when the light is turned off.
The spectrum shows that the instantaneous emission has a typical
excitation wavelength dependence, and the RTP is also different,
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Fig. 22 (a) Structure of e-PLL and the photograph of its powders taken
under 365 nm UV light or after ceasing the irradiation. (b) Normalized
emission spectra of g-PLL powders with t4 of O (solid line) and 0.1 ms (dash
line) under varying Zex. Reprinted with permission from ref. 89. Copyright
2018, Springer.

with a peak from 489 to 500 nm (Fig. 22). Clustering of non-
conventional chromophores, which ensures subsequent electron
cloud overlap, together with conformation rigidification is respon-
sible for the emission. Single crystal analysis reveals the prevalence
of such through-space electronic communications as O:--O,
C—O0: ‘N, O—C: - -C—0, and O—C- - -O—C short contacts, which
construct interpenetrated 3D networks.®® In 2019, Yuan et al. proved
that the PL of three common polymers: polyacrylic acid (PAA),
polyacrylamide (PAM) and poly(n-isopropyl acrylamide) (PNIPAM)
was intrinsic rather than due to the impurity PL or through the PL
of their monomers.” The clustering of carboxyl and amide groups
gives the polymer fluorescence and phosphorescence. In particular,
due to the close solid accumulation of the molecular chains of PAA
and PAM, which could block the entry of oxygen, and the intra-
molecular/intermolecular interactions such as hydrogen bonds, the
cluster chromophore group is stabilized, which makes the solid of
PAA and PAM exhibit significant ultra-long RTP emission under
environmental conditions (Fig. 23). However, because of the intro-
duction of isopropyl side-groups, PNIPAM solid was more perme-
able to oxygen in the solid, so RTP could not be observed under
environmental conditions. However, RTP of PNIPAM could be
observed in vacuum or under nitrogen. These experiments have
proved that different lateral groups can regulate the interaction
between molecules, thus affecting the photophysical properties
of chromophores; these results significantly broaden the design
of atypical luminescent chromophores with RTP properties.”
Yuan et al. also reported the CTE of cellulose and its
derivatives in 2019. MCC, HEC, and HPC solids showed bright
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Fig. 23 Structures and photographs of the solids taken under UV light or
after ceasing the UV irradiation of PAA, PAM, and PNIPAM at ambient
conditions. Reprinted with permission from ref. 90. Copyright 2019, Royal
Society of Chemistry.

emission alongside distinct RTP, while, CA demonstrated relatively
low intensity of solid emission without noticeable RTP (Fig. 24).
Their emissions were explained by the CTE mechanism and
conformation rigidification. Clustering of ether, hydroxyl, and
carbonyl units was responsible for the emission. Meanwhile,
intramolecular and intermolecular hydrogen bond strength and
solid crystallinity will affect the rigidity of the emitting cluster
group, thus affecting the PL strength. The relatively weak
emission of CA within this series should be ascribed to its fewer
hydrogen bonds and poor crystallinity.®" It is worth mentioning
that the low-temperature phosphorescence of MCC has excitation
wavelength dependence, which further indicates the diversity of
clustered groups in this system.

In 2020, Yuan et al. reported a clustering-triggered efficient
room-temperature phosphorescence system. The effective RTP
strategy in luminescent clusters is realized by the combination
of lone pair clustering and effective electron interaction. The
former facilitates spin-orbit coupling and subsequent ISC,
while the latter reduces the energy gap and stabilizes the
triplet state, thereby synergistically providing significant RTP.
Remarkably, RTP from thiourea solids with unprecedentedly
high efficiency of up to 24.5% is obtained. Besides, further
control experiments proved the crucial role of through-space
delocalization for emission (Fig. 25).*° Jin et al. reported the
ultralong lifetime RTP and dual-band waveguide behavior of
phosphoramidic acid oligomers (Fig. 26), with ultra-long
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RO OR HEC: R = H or ~ ™ OH
H
OH HPC:R=Hor /LOH
OR 3 2

Fig. 24 (a) Chemical structures of MCC, HEC, HPC, and CA. (b) Photographs
of MCC, HEC, HPC, and CA powders taken under 365 nm UV irradiation.
Reprinted with permission from ref. 91. Copyright 2019, Springer.
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Fig. 25 (a) Structures of urea and TU and their delocalized n¢ system.
(b) Photographs of TU-1, TU-2, and their tablets taken under 312 nm UV
light. @ values (%) of the samples are also given. (c) Pattern “8" comprising
urea (blue part) and TU-1 (green part) crystals taken under room light,
312 nm UV light, and after ceasing the UV irradiation. Reprinted with
permission from ref. 40. Copyright 2020, John Wiley and Sons.
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Fig. 26 (a) Schematic illustration of polycondensation reaction between
phosphoric acid and aryl/alkyl diamine, and possible local ordered assembly
behavior to form a local rigid structure of three phosphoramidic acid
oligomers. (The orange spheres represent phosphoramidic acid groups
and the red dashed lines represent inter-chain hydrogen bonds.) (b) The
photographs of three oligomers under daylight or UV-365 nm radiation,
and the long afterglow after ceasing UV-365 nm radiation in an oxygen
environment at room temperature. Reprinted with permission from ref. 92.
Copyright 2020, Royal Society of Chemistry.

phosphorescence lifetimes (376.5 ms and 776.9 ms) and high
phosphorescence PLQYs (4.6-10.5%).%*
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Summary and outlook

To sum up, atypical luminescent chromophores have attracted
wide attention and various types of them have been reported.
Because these chromophores are mainly composed of aliphatic
chains, amine, amide, ester, carbonyl and other similar structural
units, their chemical composition is closer to biological chromo-
phores such as proteins and polysaccharides than to the typical
conjugated luminescent chromophores. These atypical chromo-
phores are endowed with superior properties such as better
hydrophilicity, lower cytotoxicity, eco-friendliness and excellent
chain flexibility. There is now convincing evidence that the
emission and/or the tunability of unconventional chromo-
phores does not rely entirely on some specific aggregation or
conformation, but upon the interactions among chromophores
with heterogeneity and complexity. Besides, efficient through-
space conjugation and conformational rigidification is also
responsible for the color-tunable PL and/or persistent RTP.
Future priorities for research are: (i) to explore physical
images and high-level theoretical calculations of the interactions
among these atypical chromophore groups, and (ii) to synthesize
and study the structure-activity relationships of new luminescent
materials. These endeavors will not only play an important role in
clarifying the mechanism of PL and avoid some one-sided views,
but will also develop new materials that are convenient, inexpensive
and environmentally friendly. Future innovations can be expected to
include: (i) simple and controllable preparation routes for materials
with ultra-long PL/RTP lifetime; (ii) in-depth understanding of their
emission mechanisms; (iii) obtaining materials with higher PLQYs,
especially at longer wavelengths; (iv) new mechanoresponsive
materials with color-tunable PL and/or persistent RTP.
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