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1. Introduction

Advanced functional polymer materials
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The research on advanced functional polymers is being driven by the fast-growing demand for new
functional materials that can be used in revolutionary technologies. Polymers can be endowed with
functions by using certain special preparation methods or by introducing functional groups or fillers into
materials. These functions are either intrinsically possessed by materials or actuated by external stimuli.
In this review, we present an overview of the recent developments made in the research hotspots of
functional polymers, encompassing polymerization methodologies, luminescent polymers, photovoltaic
polymers, other electronic and optical polymers (including low-k polyimides and second-order
nonlinear optical polymers), biorelated polymers (particularly those for biomedical applications),
supramolecular polymers, stimuli-responsive polymers, shape-memory polymers, separation polymer
membranes, energy storage polymers, and covalent organic framework polymers. The concepts, design
strategies at the molecular level, preparation methods, classifications, properties, potential applications,
and recent progress made in such polymers are summarized. Challenges and future perspectives of
each type of functional polymers are also addressed, including research efforts regarding the design and
fabrication of functional polymers for serving the increasing demand for new materials.

properties of conventional polymeric materials, advanced func-
tional polymeric materials can also possess chemical reactivity,

Conventional polymers refer to materials that are used in our
daily lives, such as plastics, artificial fibers, rubbers, and paint
coatings. With the development of modern society, however,
special functions are required in certain fields, where conven-
tional polymers cannot serve the full needs, thereby promoting
the development of novel polymers with specific functions.
Such polymers are called advanced functional polymers that
have potential applications in many fields such as energy
harvesting and storage, wireless communication industry, bio-
medicine, oil/water or gas separation, and intelligent and
bionic industries.”” Functional polymer science, developed in
the 1960s, is an interdisciplinary field encompassing polymer
chemistry, polymer physics, materials science, biology, energy,
nanoscience, and environment.®> Besides the mechanical
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photosensitivity, electrical conductivity, catalytic properties,
biocompatibility, biological activity, pharmacological properties,
selective separation, and energy conversion. They have become an
important cornerstone of the modern industry and advanced
technology. A considerable amount of attention has been paid
toward the development of new functional polymers to meet the
major demand necessary for the development of modern society.

Advanced functional polymers follow their own charac-
teristics and laws. The first is that the syntheses of monomers
are usually complex and diverse, which involve organic chemistry
and metal catalysis. Second, new polymerization reactions,
methods, mechanisms, and catalysts are needed to be developed
because of the introduction of functional monomers. Third, their
functions are not only related to the chemical structures of the
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polymer chains but also closely related to their aggregate states.
Therefore, it is necessary to combine the synthesis, processing,
and morphology of polymers to obtain excellent functions. The
cutting-edge development of other disciplines can be used to
create new materials and improve the performance of the existing
polymeric materials because the field of functional polymeric
materials is an interdisciplinary subject.

Advanced functional polymers have drawn much attention
from researchers in many fields. As a result, a number of review
papers have been published with different emphases on this
particular subject. Almost all of them involve specific aspects of
advanced functional polymers, such as conductive polymers,*
polymer micelles or vesicles for drug and gene delivery,”®
polymer gels,”® polymer acceptors,”™* or/and donors'® for use
in organic solar cells (OSCs), biomedical polymers,"*'* shape-
memory polymers (SMPs),">™” stimuli-responsive polymers,'®*°

separation polymer membranes,””*' luminescent polymers,*>>

View Article Online

Materials Chemistry Frontiers

covalent organic framework (COF) polymers,> and supra-
molecular polymers (SPs).>® All the above reviews only focused
on one specific aspect of functional polymers. To the best of our
knowledge, no reviews have summarized and reported all the
research hotspots of advanced functional polymers. For a better
understanding of advanced functional polymers in a compre-
hensive manner, a review of functional polymeric materials is
necessary. Owing to advanced functional polymers covering too
many topics, we mainly present research directions studied by
the authors’ own groups in this review. We start by discussing
polymerization methodologies of advanced functional poly-
mers and then focus on several research directions involving
functional polymers, such as luminescent polymers, photovol-
taic polymers, other electronic and optical polymers, biorelated
polymers, SPs, stimuli-responsive polymers, SMPs, separation
polymer membranes, energy storage polymers, and COF
polymers.
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2. Polymerization methodologies

The key element of a functional polymer is its preparation
methodology, which can facilitate the creation of new func-
tional polymers and improve their performance. Much effort has
been devoted toward the development of new polymerizations,
which are not only owing to research interests but also because
of various potential applications of polymers. Theoretically,
polymerizations can be classified into chain-growth and step-
growth polymerizations. Chain-growth polymerization, ie.,
addition polymerization, requires the initiation of a monomer
to begin the chain-growth process, which involves the addition
of monomers to growing free radicals or cationic or anionic
chains. As the name implies, the chain of step-growth poly-
merization grows in a stepwise manner. Condensation poly-
merization and alkyne-based click polymerization usually
exhibit the features of step-growth polymerization. Ring-
opening polymerization (ROP) possesses many features of
chain-growth polymerization, but it may also exhibit some
features of step-growth polymerization. Free-radical polymeri-
zations usually comprise four processes: initiation, propagation,
chain transfer, and termination. If chain transfer and termination
can be minimized during the process of polymerization, the
resultant polymer may be controlled to a certain level. The
corresponding polymerization is called controlled radical
polymerization (CRP).

In this section, the research content includes the prepara-
tion of new functional monomers and the development of new
polymerization reactions. It is essential to develop a polymeri-
zation reaction featuring advantages such as simplicity, effi-
ciency, mild conditions, good selectivity, atomic economy, and
easily available raw materials for the preparation of polymeric
materials with newer structures and functions. Due to space
limitations, we will discuss several representative polymeriza-
tions for the preparation of functional polymers: (1) CRP
(chain-growth polymerization) for the preparation of olefin
functional polymers; (2) alkyne-based click polymerization
(step-growth polymerization); (3) multicomponent polymeriza-
tion (MCP) based on triple-bond building blocks used for
the synthesis of alkyne functional polymers (step-growth
polymerization); and (4) ROP (possessing the features of both
chain- and step-growth polymerizations) for the preparation of
degradable and renewable polymer materials by the use of new
catalysts and renewable biomonomers.

2.1 CRP

CRP or reversible-deactivation radical polymerization (RDRP)
has reshaped the field of polymer chemistry and materials
science by allowing nonexperts to access well-defined polymers
that can be prepared under mild conditions for a myriad of
applications. CRP relies on either reversible termination or
degenerative chain transfer to control the equilibrium between
dormant and active radicals; polymerization control is realized
by biasing the equilibrium toward the dormant species. As such,
the concentration of active radicals is minimized, and side
reactions such as bimolecular termination and irreversible chain

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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transfer are diminished. Although CRP techniques are not living
polymerizations, they do exhibit features analogous to living
polymerization (e.g., living anionic polymerization), such as
pseudo-first-order polymerization kinetics, predictable molecular
weight with a narrow distribution, and high end-group fidelity.
Despite having been extensively studied for more than 20 years,
some exciting new trends have recently emerged, such as
externally regulated CRP and enzyme-participated CRP. These
advances provide new opportunities to control polymer archi-
tectures and functions, as well as the development of sustainable
pathways for synthesizing materials under greener conditions.
External stimuli, such as light, electric field, or ultrasound,
can provide useful means to regulate the activation or altera-
tion of the polymerization rate of CRP by switching the stimuli
ON/OFF or changing the input intensity/magnitude. In 2011,
Matyjaszewski et al. reported an electrochemically mediated
atom transfer radical polymerization (eATRP) process, whereby
applying suitable potential reduces the air-stable Cu(u)/ligand
deactivator to the Cu(1)/ligand activator to induce polymerization,
and the polymerization rate can be modulated by varying the
applied potential to control the activator/deactivator ratio.””
Inspired by the visible-light photoredox catalysis for organic
transformations, Fors and Hawker et al. developed visible-light-
mediated ATRP using fac{Ir(ppy)s] as the photoredox catalyst,
which allowed the photomodulation of polymerization kinetics by
switching the light ON/OFF.*® However, transition-metal photo-
catalysts are expensive and may potentially contaminate the
obtained polymers: a similar problem was found in traditional
ATRP when using a Cu/ligand catalyst. To address this challenge,
the same team further developed a metal-free ATRP using a highly
reducing organic photocatalyst, namely, PTH (Fig. 1).>° In contrast
to fac-[Ir(ppy)s], PTH was compatible with a broader range
of functional monomers, such as 2-(dimethylamino)ethyl
methacrylate. The field of using organic photocatalysts for
conducting metal-free or organic-compound-catalyzed ATRP
(O-ATRP) was further developed by Miyake et al., who intro-
duced diaryl dihydrophenazine as another class of strongly
reducing photoredox catalysts.>® On the basis of computational
studies, it was suggested that the ability to access photoexcited
intramolecular charge transfer states is important in minimizing
fluorescence and facilitating electron transfer from the photo-
excited photocatalyst to the substrate, thereby improving the
efficiency and control of ATRP.>* However, the light absorption

PTH

@ . :
PTiBS P R :

P,—Br Light
10-Phenylphenothiazine

Fig. 1 Metal-free ATRP mediated by 10-phenothiazine (PTH) as a photo-
redox catalyst. Adapted from ref. 26 with permission. Copyright (2014)
American Chemical Society.
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Fig. 2 Mechanism of PET-RAFT using fac-[Ir(ppy)s] as a photoredox
catalyst. Adapted from ref. 33 with permission. Copyright (2014) American
Chemical Society.

wavelength of existing organic photoredox catalysts for ATRP is
limited to ultraviolet or blue light; therefore, significant efforts
have been devoted toward the design and synthesis of long-
wavelength-absorbing photoredox catalysts, e.g., by extending
the conjugation length.***? Photoredox-catalyzed reactions have
also been coupled with another type of widely used CRP, namely,
reversible addition-fragmentation chain transfer (RAFT) polymer-
ization, which was pioneered by Boyer et al. in 2014 and was called
the photoinduced electron/energy transfer RAFT (PET-RAFT)
(Fig. 2).*>"*° PET-RAFT is extremely versatile as evident by the
variety of photocatalysts (metal complexes, organic molecules,
biocatalysts, and nanoparticles (NPs)) and therefore a wide range
of wavelengths covering the visible as well as near-infrared (NIR)
spectra, a diverse families of monomers, and various polymeriza-
tion media. In particular, some of these photocatalysts are capable
of reducing triplet oxygen into its singlet state, thereby enabling
polymerizations to be conducted with oxygen tolerance.>® This
trait has been harnessed to facilitate flow polymerization and
high-throughput synthesis at lower volumes.*'

Despite being highly versatile, only a few photocatalysts have
been employed for aqueous polymerization. A limitation of
aqueous polymerization when using photoredox catalysis is
that the catalysts typically exhibit large conjugation and there-
fore tend to aggregate in water, which, in turn, reduces their
performance. To address this problem, An et al. introduced a
host-guest strategy to improve water solubility and reduce the
aggregation of photoredox catalysts. Enhanced polymerization
rates were demonstrated with respect to cucurbit[7]uril (CB[7])
binding with the photocatalyst, Zn(u) meso-tetra(4-naphthalyl-
methylpyridyl) porphyrin.** This host-guest strategy is simple
and effective with minimal synthesis efforts and allows tuning the
photochemical properties of supramolecular photocatalysts.

The rapid progress in visible-light-controlled CRP has
offered exciting opportunities for the preparation of advanced
materials under biologically friendly conditions. A notable
example along this line was the work by Hawker and Soh et al.,**
who reported a cytocompatible strategy using Eosin Y as the
photocatalyst for directly grafting high-density structurally defined
functional polymers from living cell surfaces with high cell viability.
This advancement was enabled by fast polymerization kinetics
using a biocompatible polyethylene glycol (PEG)-acrylamide
monomer and equimolar chain transfer agent and cocatalyst,

1806 | Mater. Chem. Front., 2020, 4,1803-1915
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which resulted in conversion of <30% within 5 min.
In addition, ultrasound has been investigated as a mechanical
stimulus to modulate the CRP, involving both ATRP and
RAFT.44’45

Further, we have witnessed significant interest in bio-
catalyzed CRP in recent years, which promises greener pathways
for precision polymer synthesis owing to the mildness and high
efficiency of enzymatic catalysis.””*® The enzymes that have been
explored to control radical polymerizations are mainly oxido-
reductases such as metalloproteins or flavoproteins. Metallo-
proteins containing a transition-metal complex as the cofactor
have been examined as ATRP catalysts given their similar proper-
ties to traditional ATRP catalysts (e.g., Cu/ligand complex).
However, metal complexes that are tightly bound to the protein
matrix in metalloproteins can yield a catalyst with much lower
toxicity and that is more robust toward functional monomers.
For example, the polymerization of monomers with complexing
capabilities toward transition metals is difficult to control by
traditional ATRP. In a notable recent work, Bruns et al. reported
the controlled polymerization of N-vinylimidazole under
aqueous ATRP conditions catalyzed by laccase, a multi-copper-
containing oxidoreductase.*® Laccase could be quantitatively
separated from the polymerization solution via ultracentrifuga-
tion fitted with filter membranes having a suitable molecular
weight cutoff. The ability to access low-dispersity functional
poly(N-vinylimidazole) without metal contamination permits
its applications as biomaterials and energy materials. Some
peroxidase metalloproteins such as horseradish peroxidase
(HRP) catalyze the oxidation of electron-rich compounds and
generate radical intermediates, which can be harnessed to
initiate RAFT polymerization or activate ATRP by reducing a
Cu(n)/ligand deactivator into a Cu(i)/ligand activator. This
strategy was first introduced by An et al. in RAFT polymeriza-
tion initiated by HRP/hydrogen peroxide/acetylacetone—a
three-component system.’° Predictable molecular weights
ranging from 5 x 10° to 520 x 10° g mol !, low narrow
molecular weight distributions, and pseudo-first-order kinetics
were observed for the polymerizations of various monomers
in solution, dispersion, and biological media. Utilizing a bio-
logical Fenton reaction between hemoglobin and hydrogen
peroxide to generate hydroxyl radicals, Qiao et al. reported a
very interesting blood-catalyzed RAFT polymerization process,
which may permit in vivo cell engineering using synthetic
polymers.”* One of the grand challenges of CRP is its oxygen
sensitivity. Recently, this challenge has been successfully
tackled by the use of flavin-containing oxidases, which can
effectively remove dissolved oxygen from the polymerization
solution, allowing CRP to be conducted without prior degassing
via traditional inert gas purging or freeze-pump-thaw operations.
Since the first demonstration of oxygen-tolerant RAFT enabled by
glucose oxidase (GOx) deoxygenation by Stevens et al.,”* applying
oxidase to enable oxygen-tolerant RAFT and ATRP has attracted
significant attention because this elegant strategy not only
simplifies the synthesis operation but facilitates combinatorial
synthesis methods to be developed, which is expected to play a
key role in functional material discovery by high-throughput

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 3 Pyranose oxidase (P20x)-HRP enzymatic cascade catalysis for the synthesis of multiblock and ultrahigh-molecular-weight (co)polymers with
oxygen tolerance. Adapted from ref. 46 with permission. Copyright (2017) Wiley-VCH.

structure-property relationship screening.**® Remarkably,

enzymatic cascade catalysis that involves oxidase deoxygena-
tion and peroxidase radical generation has been demonstrated
to be an elegant and powerful strategy for the efficient synthesis
of well-defined polymers with oxygen tolerance. An et al.
reported the use of GOx-HRP dual enzymes for controlled
RAFT polymerization under ambient conditions, in which
GOx deoxygenation provided hydrogen peroxide in situ for the
HRP oxidation of acetylacetone to initiate well-controlled RAFT
polymerization.>® Later on, inspired by the oxidase-peroxidase
cascade catalysis found in root fungi, they reported a new
cascade involving P20x and HRP for the efficient synthesis of
decablock copolymers in open vessels and ultrahigh-molecular-
weight polymers (up to 2.3 x 10° g mol™") in close vessels
without prior deoxygenation (Fig. 3).*® The GOx-HRP cascade
was also employed by Matyjaszewski et al. for oxygen-tolerant
ATRP, in which the radicals generated by the cascade catalysis
was used to reduce Cu(u)/ligand to activate the polymerization
(Fig. 4).>

2.2 Alkyne-based click polymerization

Since it was coined by Sharpless et al. in 2001, click chemistry
has inspired a lot of scientists in various fields.>® Attracted by the
outstanding merits of click reactions, such as high efficiency,
atom economy, mild reaction conditions, good functional toler-
ance, simple isolation procedure, and regio-/stereoselectivity,

cu'/cu' Br/Cl
RBr + R n
R0 R0
acac acac.
0, H;0, = H,0
= i :lqd*’
T N %:{‘
glucose gluconic )
GOx acid HRP

Fig. 4 "Oxygen-fueled” ATRP. Adapted from ref. 57 with permission.
Copyright (2018) Wiley-VCH.
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polymer chemists have made great effort to develop click
reactions into versatile polymerization techniques, that is, click
polymerizations.”®®° Until now, besides Cu(i)-catalyzed azide-
alkyne click polymerization (CuAACP) evolved from a typical
click reaction of Cu(i)-catalyzed azide-alkyne cycloaddition
(CuAAC), numerous click polymerizations such as Diels-Alder
click polymerization, thiol-based click polymerization, and
amino-based click polymerization have also been established,
which inherit the fascinating features of click reactions.
In particular, alkyne-based click polymerizations combining
the advantages of click reaction and the rich chemistry of
alkynes have drawn considerable attention of polymer chemists.®"
As shown in Fig. 5, diversified alkyne-based click polymerizations
including azide-alkyne click polymerizations (AACPs), thiol-yne
click polymerizations, and emerging amino-yne click polymeriza-
tions as well as hydroxyl-yne click polymerizations, have been
exploited to fabricate functional polymers for specific applications.

Over the past few decades, CUAACPs—the most famous click
polymerizations—have been widely applied in the construction
of linear and hyperbranched polytriazoles (PTAs) with varied
properties, such as amphipathy, self-assembly, self-healing,
photoluminescence, aggregation-induced emission (AIE), chemo-
sensing, ionic conductivity, light harvesting, optical nonlinearity,
and catalytic activity (Fig. 6a).®* In recent years, considerable
progress in the methodology has also been made in the devel-
opment of CuAACPs. Generally, CuAACPs is a step-growth
process. By taking advantage of the complexation between
triazole rings and Cu(i) catalyst, Gao et al. successfully estab-
lished a novel chain-growth CuAACP of multifunctional AB,,
(m > 2) monomers and prepared a series of hyperbranched
PTAs with high molecular weights (up to 430 x 10° g mol %),
low dispersities, and high degrees of branching (DB).®*>7%°
Considering the fact that CuAACPs could only afford
1,4-regioregular PTAs, Qin and Tang et al. developed the
ligand-controlled regiodivergent Ru(u)-catalyzed azide-alkyne
click polymerization (RuAACP), which can selectively offer
1,4- or 1,5-regioregular PTAs (Fig. 6b).°”® With this RUAACP
in hand, they systematically investigated the structure-property
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relationship of regioregular PTAs. Although these transition-
metal-catalyzed AACPs have become powerful tools for the
preparation of functional PTAs with diverse structures, metal
catalyst residues are difficult to be completely removed from
PTAs owing to the strong coordination between the metallic
species and nitrogen atoms in the triazole rings, which are
detrimental to their applications in the areas of biomaterials
and optoelectronic materials.®® The usage of supported Cu(i)
catalysts for AACPs can reduce the metal residue contents
in the resultant PTAs, which stimulates the development
of the metal-free click polymerization (MFCP) of azides
and alkynes without the risk of metal catalyst residues.”®”"

1808 | Mater. Chem. Front., 2020, 4,1803-1915

With aroylacetylenes as activated alkyne monomers, Qin and
Tang et al. successfully developed a thermal-initiated MFCP
process for the preparation of 1,4-regioregular PTAs (Fig. 6¢).”> ">
To avoid the tedious and difficult synthesis of aroylacetylene
monomers, readily available propiolate monomers with similar
structures were then designed and applied in MFCP (Fig. 6d).”*"®
In addition to these MFCPs of azides and activated alkynes, the
MFCPs of alkynes and activated azide of 4,4’-diazidoper-
fluorobenzophenone were also established by them (Fig. 6e).”%%°
They prepared several 1,4-regioregular PTAs with well-defined
structures, which could be used in the areas of chemo-
sensing, self-healing, photonic patterning, nonlinear optics, etc.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Recently, Qin and Tang et al. reported the AACPs mediated by the
organobases of tetramethylammonium hydroxide (NMe,OH) and
phosphazene base (¢-BuP,); consequently, 1,5-regioregular PTAs
were successfully produced (Fig. 6f).5"%>

Another emerging alkyne-based click polymerization reac-
tion is thiol-yne click polymerization, which can proceed in the
bis-addition or mono-addition manner to afford polythioethers
or poly(vinyl sulfide)s (PVSs).®* In general, the mechanism of
thiol-yne click polymerizations can be categorized into three
types, namely, radical-initiated, transition-metal-catalyzed, and
base-mediated processes. Inspired by the original work of
Perrier et al. in 2009,%* photo-/thermo-initiated thiol-yne click
polymerizations, typical radical-initiated thiol-yne click poly-
merizations, and those occurring through a bis-addition
process, were widely investigated and applied in the prepara-
tion of hyperbranched polythioethers with high DB and various
other properties, such as high refractivity, biodegradability, and
liquid crystallinity (Fig. 7a). By using disubstituted aromatic
alkynes as monomers, Voit et al. successfully exploited a novel
thermo-initiated thiol-yne click polymerization reaction, which
proceeded via a mono-addition process to produce PVSs
(Fig. 7b).®®> Diverse hyperbranched PVSs with high refractive
indices were obtained, which have been applied in the fabrica-
tion of planar all-polymer photonic crystals and organic light-
emitting diodes.’®® Theoretically, the mono-addition of
thiol to alkyne can occur in the form of Markovnikov or anti-
Markovnikov addition, and the produced vinyl sulfides can be
regio- and stereoisomers. To obtain PVSs with well-defined
structures, Tang et al. developed a transition-metal-catalyzed
thiol-yne click polymerization reaction with regiospecificity
and stereoselectivity.®® By using the Rh(PPh;);Cl catalyst, anti-
Markovnikov additive PVSs with high stereoregularities
(E-isomer contents up to 100%) could be obtained in high
yields (Fig. 7c). Meanwhile, with propiolates as activated mono-
mers and diphenylamine as a promoter, organobase-mediated
thiol-yne click polymerization was also established for the
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Fig. 7 Thiol-yne click polymerizations: (a) photo-/thermo-initiated
thiol-yne click polymerization, (b) thermo-initiated thiol-yne click poly-
merization based on disubstituted aromatic alkynes, (c) transition-metal-
catalyzed thiol-yne click polymerization, (d) organobase-mediated
thiol-yne click polymerization, (e) KsPO4-mediated thiol-yne click poly-
merization, and (f) spontaneous thiol-yne click polymerization.
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construction of Z-stereoregular PVSs (Z-isomer contents up to
81.4%) (Fig. 7d).*® More recently, Qin and Tang et al. reported
an efficient inorganic base-mediated thiol-yne click polymeri-
zation reaction in the presence of K;PO,, which afforded PVSs
with Z-stereoregularities up to 100% (Fig. 7¢).°® In particular,
they also found that the click polymerization of thiols and
aromatic alkynes could proceed in an anti-Markovnikov addi-
tive manner by simple mixing in tetrahydrofuran (THF) without
the assistance of external stimuli and additional catalysts,
indicating the spontaneity of this click polymerization reaction
(Fig. 7f).°"**> A series of PVSs with linear and hyperbranched
structures were prepared by this click polymerization reaction.
Besides the promising progress in AACPs and thiol-yne click
polymerizations, new types of alkyne-based click polymeriza-
tions with great potential have also been developed in the past
few years. In 2016, Qin and Tang et al. reported Cu(i)-catalyzed
amino-yne click polymerization for the preparation of
nitrogen-containing polymers (Fig. 8a).°®> The polymerizations
of diamines and diynes were performed in bulk under the
catalyst of Cul in a regiospecific and stereoselective manner,
producing Z-stereoregular polyenamines with high molecular
weights (up to 13.5 x 10° g mol™") in high yields. In the
subsequent year, a simple and powerful spontaneous amino-
yne click polymerization reaction was successfully developed
for the first time by them (Fig. 8b). Poly(B-aminoacrylate)s with
high molecular weights (M,, up to 64.4 x 10°> g mol ') and
excellent yields could be produced by this polymerization
reaction under mild conditions, and the resultant polymers
possessed good solubility and high thermal stability. Furthermore,
the polymers with tetraphenylethylene (TPE) moieties in the main
chains were AlE-active and could be used in the sensing of
explosives and specific lysosome labeling, indicating that this click
polymerization could be widely applied in diverse areas.”
Anti-Markovnikov additive poly(p-aminoacrylate)s with
E-isomer contents of 100% were afforded in excellent yields
after stirring the mixtures of dipropiolates and diamines in
DCM for 3 h at room temperature. Taking advantage of its
high efficiency and fantastic spontaneity, this amino-yne click
polymerization reaction was successfully developed into a fancy
intracellular polymerization reaction by the use of aroylacety-
lene instead of propiolate as the monomer.”® Interestingly,
turn-on fluorescent imaging and in situ killing of cells could
be realized by this in vivo amino-yne polymerization reaction.
In spite of its several advantages, such propiolate-based spon-
taneous amino-yne click polymerization still has some short-
comings. For example, only aliphatic secondary diamines could
polymerize with propiolate derivatives in a regio- and stereo-
specific manner. The polymerization lost its stereospecificity
or even failed when aliphatic primary diamines or aromatic
diamines were adopted to polymerize with propiolate deriva-
tives, which limits its applications and promotes the develop-
ment of new spontaneous amino-yne click polymerization.
Considering the fact that the reactivity of ethynyl groups could
be enhanced by increasing the electron-withdrawing ability
of the adjacent groups, Qin and Tang et al. designed and
synthesized highly active ethynylsulfone monomers in which
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the ethynyl groups were connected with stronger sulfonyl
groups instead of ester groups.”® By the meticulous optimization
of polymerization conditions, an ethynylsulfone-based sponta-
neous amino-yne click polymerization process was developed
and regio-/stereoregular poly(B-aminovinylsulfone)s (PAVSs) could
be obtained by polymerizing ethynylsulfones with various amines
including aliphatic/aromatic primary/secondary ones (Fig. 8c).
Because of the strong electron-withdrawing ability of sulfonyl groups,
a dynamic property of these PAVSs could be observed, which endows
them with degradability via an amine-exchange process.

To further expand the structures of polymers based on
triple-bond building blocks, hydroxyl-yne click polymerizations
have also been developed by Qin and Tang et al in recent
years.”” As shown in Fig. 9a, bis(aroylacetylene) and diphenol
were polymerized in the presence of the Lewis base of
4-dimethylamino-pyridine (DMAP) in THF at room tempera-
ture, affording anti-Markovnikov additive poly(vinylene ether
ketone)s (PVEKs) with high molecular weights (up to 35.2 x
10° g mol ") and E-isomer contents as high as 100% at higher
yields. Subsequently, regiospecific hydroxyl-yne click polymeri-
zation was exploited by the use of superbase ¢-BuP, as the
catalyst for the preparation of poly(vinyl ether)s (PVEs)
(Fig. 9b).°® Both PVEKs and PVEs containing abundant acid-
labile vinyl ether sequences in the polymer backbones exhibit
degradability under strong acid conditions, suggesting the
promising potential of hydroxyl-yne click polymerizations in
the biomedical field.

In short, the recent progress made in alkyne-based click
polymerizations, including azide-alkyne, thiol-yne, amino-yne,
and hydroxyl-yne click polymerizations and their subtypes, have
been addressed. Moreover, the concept, mechanism, and design
strategies of AlE-active polymers have also been introduced.
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All the polymerization methods and reactions summarized by
us may provide researchers and engineers with additional
approaches to fabricate desirable advanced functional polymers.

2.3 MCP based on triple-bond building blocks

MCP, a new strategy in polymer science, provides a series
of advantages, such as easy preparation of monomers, mild
reaction conditions, controllable polymer structures, and atom
economy. It is well known that both isocyanide and alkyne are
active chemical compounds with triple bonds. Isocyanide-based
MCPs have been used to synthesize functional polyamides,
namely, poly(ester amide)s, polyoxazolines, polyesters, and hyper-
branched polymers (HBPs). Meanwhile, alkyne-based MCPs have
also been recently reported by polymerizing diynes-primary
amines-aldehydes and diynes-disulfonylazide-amino esters.
Dialkyl acetylenedicarboxylate (DAAD) is a commercial chemical
and has been widely used in cycloaddition reactions. Isocyanides
can attack DAAD to afford zwitterionic species, which are readily
trapped by carbon electrophiles and then converted into a pyrrole,
furan, ketenimine, dihydropyridine, etc.

Many limitations, such as narrow monomer scope, low
conversion, and more possible side reactions, have hindered
the development of MCP. The Cu(i)-catalyzed multicomponent
reactions (MCRs) based on sulfonyl azide, alkyne, and third
nucleophiles inherit the advantages of Cu(i)-catalyzed azide-
alkyne cycloaddition and exhibit promising potential in poly-
mer synthesis. Based on these reactions, Choi et al. were the
first to develop the new click-reaction-based MCPs of diynes,
sulfonyl azides, and diamines/diols.”>'® These polymeriza-
tions perfectly adapted to the ‘“graft through” strategy: a
series of graft and dendronized polymers with huge bulky side
chains were afforded with excellent results by the use of
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Fig. 9 Hydroxyl-yne click polymerizations: (a) DMAP-catalyzed aromatic hydroxyl (phenol)-yne click polymerization and (b) superbase t-BuP,-

catalyzed aliphatic hydroxyl-yne click polymerization.
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monofunctional alkyne macromolecules.'® Tang et al. reported

the facile and efficient click-polymerization-based MCP of diynes,
disulfonyl azide, and salicylaldehyde, or o-hydroxylacetophenone
catalyzed by Cu(i) and trimethylamine at room temperature
(Fig. 10, Route 1). This polymerization approach inherits the
remarkable merits of both MCRs and click reactions, such
as simple operation, high reaction efficiency and isolation
yields, mild reaction conditions, and common substrates. The
resultant polymers with high molecular weights (M,, up to
64.6 x 10° g mol ') possessed outstanding film-forming ability,
high thermal stability, and good morphological stability. The
obtained polymers with bright film emission and high photo-
sensitivity could be facilely fabricated into well-resolved 2D and
3D patterns by treating their films with UV light.'*>

Based on the strategy of changing the third components,
various click-reaction-based MCPs have been developed to fabricate
functional polymers with complex structures. Hydroxybenzo-
nitrile underwent a similar reaction mechanism to yield fused
heterocycles-containing polymers (Fig. 10, Route 2).'*® Because
of the presence of multiple heteroatoms and amino groups in
the polymer chains, the resultant polymers enjoyed antibacterial
properties and potential sensitivity and selectivity of Ru** detec-
tion. In addition, N-protected isatins can act as a nucleophile for
attacking the highly reactive intermediate to yield oxindole-
containing poly(N-acylsulfonamide)s (Fig. 10, Route 3). These
polymers enjoyed reversibly tunable hydrophilicity by under-
going structural changes when using LiOH and HCL'** Hetero-
atoms can be conveniently introduced into the polymer chains
via the third component. Iminophosphorane was utilized as the
third monomer to develop a new MCP involving diynes and
disulfonyl azides in order to fabricate N-, O-, S-, and P-containing

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

heteroatom-rich polymers (Fig. 10, Route 4).'°> The obtained
polymers exhibited good solubility in polar solvents, good film-
forming ability, and high refractivity. The possible interaction
between the heteroatom and metal ion endowed the polymer
with excellent selectivity in Pd** fluorescence detection. Moreover,
this powerful MCP provides straightforward access to the syn-
thesis of heteroatom-rich HBPs by the use of multifunctional
alkynes and disulfonyl azides.'%°

When compared with five- or six-membered heterocycles,
the in situ generation of small-ring heterocycles in polymer
chains has encountered a formidable challenge due to difficul-
ties during synthesis and inherent low stabilities. By replacing
o-hydroxylacetophenone with carbodiimides, Tang et al. also
developed a novel three-component polymerization route for
fabricating functional polymers bearing heteroatom-rich multi-
substituted azetidine rings (Fig. 11). This synthesis strategy
exhibits advantages such as readily available monomers, simple
operation, high efficiency, mild condition, environmental friend-
liness, and high atom economy. The strained rings in the polymer
main chains enable them to efficiently undergo ring-opening
post-modification under simple acidic conditions to transform
into new polymers with amide and amidine units. It is noteworthy
that the obtained azetidine-containing polymers showed obvious
clusteroluminescence characteristic because the clustering
of heteroatoms and conformational-rigidification-induced
formation of efficient through-space conjugation played an
important role in such an unconventional luminescence
phenomenon.*®”

More recently, Tang et al. reported an efficient MCP strategy
toward chalcogen-rich multifunctional poly(vinyl sulfone)s with
regio-/stereoselectivity in high yields. This polymerization

Mater. Chem. Front., 2020, 4,1803-1915 | 1811


https://doi.org/10.1039/d0qm00025f

Published on 31 maart 2020. Downloaded on 15/08/2024 15:02:22.

Review
Ry
L ? ? cul o N,
=Rr= + N».—‘SfR,—‘S—N. + R3—N=C=N-R; W’- <€ R,—S—-N N-R;
1 0 , 0 2Cl, 1t )

2b 2c 3a 3b

Fig. 11 Three-component polymerization using the small heterocycles
route. Adapted from ref. 107 with permission. Copyright (2018) American
Chemical Society.

proceeded smoothly at room temperature under the protection
of nitrogen and could yield functional poly(vinyl sulfone)s that
could serve as effective fluorescent bioprobes for use in cellular
imaging.'°® Another significant work is the preparation of a
series of multifunctional oxazine-containing polyheterocycles
with AIE characteristics, which are generated in situ by metal-
free one-pot A*> polymerizations of terminal diynes, dialdehydes,
and ureas. These obtained polymers exhibited outstanding
fluorescence response to protonation and deprotonation. Based
on this, a fast-response reversible fluorescent sensor for ammonia
can be used to detect biogenic amines and seafood spoilage.'*’
In 2014, Tang et al. explored the first multicomponent
tandem polymerizations (MCTPs) for the synthesis of conju-
gated polymers (CPs), which could yield functional CP materials
by the three-component reaction of alkyne, aroyl chloride,
and ethyl 2-mercaptoacetate (Fig. 12, Route 1)."'* After that,
by combining the Sonogashira coupling reaction and other
reactions, a series of one-pot, two-step, three-component
coupling-addition tandem reactions and polymerizations were
developed by them. For example, by utilizing the Sonogashira
coupling reaction and the hydrothiolation reaction of electron-
deficient alkynone intermediates, the multicomponent tandem
reactions (MCTRs) and the corresponding MCTPs of alkynes,
carbonyl chlorides, and aliphatic/aromatic thiols were investigated,
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Fig. 12 MCTPs of alkynes, carbonyl chlorides, and third components.
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which could afford sulfur-rich CPs with high molecular weights
(M,, up to 59.1 x 10° g mol "), high regioselectivity, and good
stereoregularity in high yields (Fig. 12, Route 2)."** Through the
one-pot sequential Sonogashira coupling of alkyne and carbonyl
chloride, as well as the hydroamination of the internal alkyne,
nitrogen-containing CPs with high regioselectivity and stereo-
selectivity could be obtained by the efficient MCTPs of alkynes,
carbonyl chlorides, and primary amines (Fig. 12, Route 3).'*?
Heterocycle-containing conjugated polypyrazoles were also
synthesized by the efficient MCTPs of alkyne, carbonyl chloride,
and hydrazines/aromatic diynes through the combination of
Sonogashira coupling-Michael addition-cyclocondensation reac-
tions in a one-pot procedure (Fig. 12, Route 4)."™* Furthermore,
the one-pot MCTPs of alkynes, carbonyl chloride, and Fischer’s
base were developed to afford conjugated poly(diene-mero-
cyanine)s with satisfactory molecular weights (M,, up to 10.9 X
10> g mol ™) and higher yields (up to 81%) (Fig. 12, Route 5)."**
The MCTPs of N-(2-iodophenyl)-3-phenyl-N-tosylpropiolamide,
aromatic terminal alkynes, and diamines were explored to afford
poly(indolone)s with unique structures and high molecular
weights (M,, up to 30.4 x 10°> g mol™') in high yields.'"®
In addition, by combining Glaser coupling—nucleophilic addition—-
heterocyclization-oxidation reactions, Hu and Tang et al. reported
the four-step MCTPs of diyne, guanidine hydrochloride, DMSO,
and O,, affording conjugated poly(pyrimidine)s with well-defined
and tunable structures."'® These works have demonstrated the
promising potential of MCTPs: various reactions with compatible
conditions could be integrated into a single polymerization route
and could afford polymers with diverse structures, which consi-
derably extends the scope of such polymer structures.

Moreover, Hu and Tang et al. also developed the facile
metal-free one-pot MCTPs of activated internal alkynes, aromatic
diamines, and formaldehyde with high efficiency and enhanced
convenience, which enabled the facile preparation of polyhetero-
cycles with well-defined structures, regulated sequence, high
molecular weights (M,, up to 69.8 x 10° g mol '), and high yields
(up to 99%) (Fig. 13).""” In these MCTPs, functional heterocycles
were directly constructed from the polymerization of commer-
cially available, inexpensive, simple monomers; further, the resul-
tant polymer structures were inaccessible by other synthesis
approaches. Moreover, disubstituted internal alkynes used as
monomers could considerably enrich the monomer variety,
product diversity, and functionalities.""” Based on this, they
constructed four HBPs with different topological structures
having unique advantages and strong designability of these
MCTPs; this provides a synthesis platform for the preparation of
hyperbranched polyheterocycles with diverse functionalities."*®

Inspired by the small molecule reaction reported by other
groups and experiences in the triple-bond chemistry field,
Dong et al. developed four new methods for preparing
heterocyclic-containing functional polymers based on the
multicomponent cyclopolymerization (MCC) of isocyanides,
DAAD, and third component in the presence of a metal-free
catalyst, which have been committed toward the development of
new functional materials based on triple-bond reactions."**"*°
Indeed, a series of heterocyclic-containing functional polymers

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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with good solubility and thermal stability were successfully pre-
pared in high yields (Fig. 14). Therefore, MCC may be a powerful
tool for fabricating new types of multifunctional polymers.

First, catalyst-free one-pot multicomponent spiropolymeri-
zation (MCS) was developed for spiropolymer synthesis by
using diisocyanides and alkynes in the presence of CO, as
the monomer (Fig. 14, Route 1). The target spiropolymers
contained 1,6-dioxospiro[4,4]nonane-3,8-diene as the spiro-
structural unit in the main chain with different types of spacer
groups.””’ As a kind of atom-economical polymerization
process, this new MCS reaction can serve as the beginning
of spiropolymer preparation and can have wide potential
applications in materials science. This work inspired the use of
dialdehydes instead of carbon dioxide to investigate the possibility
of multicomponent cyclopolymerization (Fig. 14, Route 2). This
approach afforded poly(amine-furan-arylene)s (PAFAs) with high
molecular weights (M,, up to 76.4 x 10° g mol '), comprising
3,4-substituted furan that was formed in situ during the polymeri-
zation process, with good thermal stability and film-processing
properties. The single crystal of the model compound (MC)
indicated that the carbonyl group on the furan ring and the
adjacent amino group had an intramolecular hydrogen bond to
enhance the conjugation of the main chain, which exhibited the
characteristic of black materials that have high absorption
property and high thermal stability.'** Recently, they extended
this system to additional aromatic dialdehyde monomers,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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including those with other heterocyclic spacers (e.g., pyrimidine,
quinoxaline, pyridine, and thiophene). A series of poly(furan-
amine)s (PFAs) based on these aromatic heterocyclic dialdehydes
were successfully prepared under catalyst-free polymerization
conditions. Interestingly, these PFAs can be degraded into volatile
products with low molecular weights under UV irradiation.
Therefore, this MCC process can yield useful photodegradable
materials, which may offer a new platform for the design of
multifunctional PAFs.'*

Second, a catalyst-free MCS route for the facile construction
of heteroatom-containing spiropolymers has been developed by
Dong et al. (Fig. 14, Route 3). Here, 4,7-bis[alkyl(aryl)imino]-2-
phenyl-3-oxa-6-thia-1-azaspiro[4.4Jnona-1,8-dienes as a struc-
tural unit was instantly formed by the conversion of benzoyl
isothiocyanate into spirosegments. With respect to monomer
versatility, procedure simplicity, and high atom economy of the
spiropolymerization process, this catalyst-free catalyzed MCS
process opens up newer opportunities for the preparation
of advanced spiropolymer materials. They further replaced
benzoyl isothiocyanate with 4,4’-bis(2-bromoacetyl)biphenyl
and constructed polymers containing iminolactone arylene
(PIAs) by using catalyst-free MCP (Fig. 14, Route 4). The results
of this analysis indicated that PIAs exhibited good solubility,
aggregation-enhanced emission (AEE) properties, and high
refractive indices under visible light (400-800 nm). Moreover,
in the presence of bromomethyl groups in the side chain, PIAs
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were endowed with better performance because of post-
functionalization."**

The utilization of sulfur remains a challenge for the efficient
and environmentally friendly transformation of byproducts
into commercial offerings based on their abundant storage
but limited consumption in the petroleum industry. Polysulfide
anions with high nucleophile content generated from elemental
sulfur and aliphatic amines can become involved in attacks on
both alkynes and isocyanides to obtain sulfur-based functional
groups. Hu and Tang et al. reported the efficient and metal-free
MCPs of elemental sulfur, diynes, and aliphatic diamines in
pyridine at 100 °C to obtain well-defined polythioamides with
high molecular weights (M,, up to 127.9 x 10°> g mol ") (Fig. 15,
Route 1).'*® The resulting polythioamides exhibited unconven-
tional luminescence behavior without any typical fluorophores,
which can be attributed to the presence of “heterodox clusters”
formed with numerous lone-pair-containing electron-rich hetero-
atoms. With the presence of sulfur in polymer chains, they
possessed high refractivity index of 1.80-1.66 in a wide wavelength
ranging from 400 to 1700 nm.

Polythioureas have attracted considerable attention in many
fields due to their special properties such as self-healing
characteristic, excellent electrical performance, and metal
removal ability. Inspired by the polymerization reaction dis-
cussed earlier, isocyanides were utilized to replace alkynes as
monomers to develop another new element, namely, sulfur-
based auto-catalyzed MCP comprising diisocyanides and
aliphatic diamines for the synthesis of polythioureas (Fig. 15,
Route 2)."*® The analysis based on in situ IR technique indi-
cated that the high reactivity of isocyanide endowed the poly-
merization with high efficiency and quick reaction at both
ambient temperature and 100 °C, affording a series of high-
molecular-weight polythioureas (M,, up to 242.5 x 10> g mol )
with well-defined structures. Due to the high affinity and
selectivity of thiourea to mercury(u), the obtained polythioureas
exhibited high sensitivity and selectivity in mercury fluores-
cence detection and excellent removal efficiency (>99.99%)
toward Hg”" pollution, which implied that these sulfur-based
materials have feasible potential applications in the recovery of
heavy metals.

In summary, several types of MCPs based on triple-bond
building blocks by Tang and Dong et al. are briefly introduced,
including Cu(i)-catalyzed MCPs, MCTPs, MCCs, MCPs based on
elemental sulfur, etc. All these MCPs may supply many useful
tools for designing and fabricating advanced functional polymers.

2.4 ROP of biorenewable poly(y-butyrolactone) (PyBL)

Preparation methods for olefin and alkyne polymers, which
are nonrenewable and nondegradable, have been addressed
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earlier. In this subsection, the ROP of renewable monomers is
addressed. Aliphatic polyesters have become a class of impor-
tant biomaterials that have been widely used as drug delivery
carriers, tissue engineering scaffolds, and food packaging
materials because of their promising biocompatibility and
biodegradability. In particular, the ROP of cyclic esters or
lactones has been applied in the preparation of polyesters with
well-defined structures on a large scale.'” Recently, PYBL has
attracted considerable interest since y-butyrolactone (y-BL) can
be obtained from succinic acid, which is the most promising
biomass-derived compound to replace petroleum-derived
chemicals.”®'*® On the other hand, poly(4-hydroxybutyrate)
(P4HB), chemically identical to PyBL, exhibits a suitable degra-
dation rate in vivo and can avoid the undesirable accumulation
of acidic degradation products as compared to other aliphatic
polyesters. Remarkably, PYBL can be completely depolymerized
back to its monomeric form of y-BL by simple heating. Therefore,
PyBL is a truly sustainable polymer, which is fully biorenewable
and completely recyclable.™*°

However, y-BL has been ignored as a monomer in polymer
science for a long time due to the presence of a five-membered
ring with low strain energy and related unfavorable thermo-
dynamics involved in the ROP process. In 2016, Hong and Chen
et al. demonstrated a milestone work and successfully prepared
high-molecular-weight PyBL via ROP at lower temperatures.'*°
PyBL with high molecular weight (up to 30.0 x 10> g mol™ ') and
high monomer conversion (up to 90%) could be fabricated for the
first time by utilizing Ln[N(SiMe;),]; or yttrium-amide-catalyzed
coordination ROP at —40 °C (Fig. 16a). The resulting PyBL
possessed either linear or cyclic topology (Fig. 16b) depending
on the catalyst/initiator nature and ratio. Subsequently, they
demonstrated that the organic superbase of 1-tertbutyl-4,4,4-
tris(dimethylamino)-2,2-bis[tris(dimethylamino)-phosphoranyli-
denamino]-2)°,4) catenadi (t-BuP,, Fig. 16a) can also catalyze
the ROP of y-BL at lower temperatures.*' In this case, the
superbase ¢-BuP, can abstract the o-proton of the monomer to
generate the reactive enolate species and therefore directly
initiate the ROP of y-BL. For example, conversion of 30.4% after
12 h could be achieved, and a PyBL sample with M,, of 26.4 kg
mol ' and P (M,,/M,) of 1.79 was obtained when using ¢BuP,
alone (1.0 mol% loading) in toluene at —40 °C. Moreover, a
combination of alcohol with the initiator formed the ion pair
[t-BuP,H"--OBn] and led to an even more effective ROP
system, as evidenced by the high monomer conversion (up to
90%) and high-molecular-weight PYBL (M, up to 26.7 kg mol ).
Recently, Zhang et al. reported the dual organocatalyst t-BuP,/
(thio)urea for the ROP of y-BL with increased activity and
enhanced selectivity in comparison to those obtained when
using t-BuP, alone."* The turnover frequencies (TOFs) of these
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Nog N
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Fig. 15 MCPs based on elemental sulfur, aliphatic diamines, and diynes/isocyanide. Reproduced from ref. 125 and 126 with permission. Copyright (2015

and 2018) from American Chemical Society.
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(a) Catalysts for ROP of y-BL
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ref. 130 and 131 with permission. Copyright (2016) from Nature Publishing Group.

t-BuP,/(thio)urea pair-catalyzed processes were as high as
125 h™', while the resultant PyBLs had molecular weights as
high as 64.3 kg mol ™ ". Besides the homopolymerization of y-BL,
Hong and Chen et al. also reported the effective copolymeriza-
tion of y-BL with &-CL or 8-VL using t-BuP, as the catalyst."** The
copolymerization produced random copolyesters with high
molecular weights (up to 135 kg mol™") as well as an unprece-
dented level of vy-BL incorporation (up to 84.0 mol%).
The successful synthesis of these copolyesters with high y-BL
incorporations of >50 mol% led to the discovery of the eutectic
phase of the y-BL/e-CL copolymer with a eutectic temperature,
Tey, 0f 11.0 °C and eutectic composition, X.,, of 66.0 mol% y-BL;
therefore, the copolyester with this composition was a viscous
liquid at room temperature, although the two constituent
homopolyesters were semicrystalline solids.

On the other hand, Li et al. reported that the cyclic trimeric
phosphazene base (CTPB, Fig. 17a) was a highly efficient
organocatalyst for the ROP of y-BL and can be used to prepare
well-defined PBL with high conversions (up to 98%) below
—50 °C within 4 h."** The resulting PyBLs have high molecular
weights (up to 22.9 kg mol ') and relatively narrow mass
distributions (P = 1.27-1.50). In contrast to t-BuP,, CTPB alone
could not activate the monomer and therefore showed no
activity in the absence of alcohol, as indicated by the in situ
NMR analyses. The structural analyses of a low-molecular-weight
polymer obtained in the presence of BnOH by MALDI-TOF

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

suggested that the linear polymers with BnO/H chain ends were
the primary products. More recently, Li et al successfully
synthesized a series of PBL-b-poly(i-lactide) (PLLA) diblock
copolyesters with different compositions via a one-pot method
by the sequential ROP of y-BL and 1-LA in the presence of CTPB
as the catalyst (Fig. 17¢).*** Although the first ROP of y-BL could
not consume all the monomers, the unreacted y-BL could not
homopolymerize or copolymerize with 1-LA after the addition of
the L-LA/THF solution. The PBL-b-PLLA copolyesters showed
improved thermal stability as compared to the PBL homo-
polymer according to the thermogravimetric analysis (TGA)
results. For example, the TGA curve of PyBL53-b-PLLA,; displayed
a one-step decomposition profile with T 54, value of 326 °C and
Ta,max Value of 368 °C, both of which are higher as compared to
those of the PyBL homopolymer (T4 s of 273 °C and Tgmax Of
334 °C). Differential scanning calorimetry (DSC) results revealed
the microphase separation in the PyBL-b-PLLA block copolymer
(BCP), in which two separate melting transitions were present.
Amphiphilic copolymers with PyBL as the hydrophobic segment
were also successfully prepared by the use of PEG as the
macroinitiator and CTPB or sodium hydride as the catalyst
(Fig. 17d)."*° Both catalytic/initiating systems showed moderate
control over the ROP of y-BL and successfully produced PEG-b-
PyBL diblock copolymers with varied molecular weights.
A suitable activation temperature (—40 °C) was crucial to obtain
moderate to high y-BL conversions and satisfactory molecular
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weight of PEG-b-PyBL with CTPB as the catalyst. The self-
assembly behavior of the obtained amphiphilic PEG-b-PyBL
diblock copolymer was preliminarily investigated with dynamic
light scattering (DLS) and transmission electron microscopy
(TEM) modalities. The TEM results revealed that the amphiphilic
PEG-b-PyBL copolymer could self-assemble into micelles and
vesicles in water, making it to be a promising candidate as a
drug delivery carrier. Given the advantages of PyBL mentioned
above, amphiphilic PEG-b-PyBL is expected to exhibit superior
performances as compared to other existing amphiphilic aliphatic
polyesters in biomedical applications.

Although comprehensive studies have been conducted in
the past few years, the development of new catalysts having
both high activity and selectivity for the ROP of y-BL remains a
challenging subject. Dual catalytic systems would be a valuable
alternative. The construction of PyBL-containing copolymers
with complex but well-defined monomer sequences and varying
topologies, e.g., graft or comb-like copolymers, should be paid
more attention.

In this section, the developed preparation methods and
polymerization reactions of functional polymer materials in
the past few years are addressed, including CRP, alkyne-based
click polymerization, MCP based on triple-bond building blocks,

1816 | Mater. Chem. Front., 2020, 4,1803-1915 This journal is ©
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and ROP. Although new progresses in the preparation methods
have been achieved in the past few years, particularly with regard
to sequence-controlled polymerization and MCP, there are still a
number of challenges in this field, such as building relationships
between the polymer structures and functions, realizing controll-
able synthesis and function integration, and tailoring and modi-
fying functional polymers. Therefore, more efforts should be
directed toward the development of synthesis methodologies,
allowing us to prepare more varied functional polymer materials,
improve their performances, and reduce their costs of
preparation.

3. Luminescent polymer materials

Luminescent materials are capable of converting other energy
forms into light energy and subsequent light emission. They
can be classified into three types: inorganics, organic mole-
cules, and polymeric materials. Luminescent polymers can be
classified into two subtypes based on the luminescent principle:
fluorescent and phosphorescent polymers. According to the spin
statistical distribution, only 25% of singlet (S) excitons and 75% of
triplet (T) excitons are generated when a molecule in the ground
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state (Sy) is excited by external light or electricity. For fluorescent
polymers, only S excitons can be utilized, while T excitons can only
be dissipated as thermal energy due to their spin-forbidden
characteristic. Phosphorescent polymers can use the spin-
forbidden triplet state under the action of the rotating orbital
coupling of heavy metal atoms. Therefore, 100% internal quan-
tum efficiency (IQE) can be achieved. Although many methods
have been used to improve the device efficiency of fluorescent
polymers, all of them are based on the use of T excitons. The most
popular one is that the T excitons are converted into S excitons by
an upconversion process, generating fluorescence (S; — So). Many
theories have been developed in recent years, including thermally
activated delayed fluorescence (TADF), hybridized local charge
transfer (HLCT), and triplet-triplet annihilation (TTA). Theoreti-
cally, 100% IQE can be achieved when using the above methods.
The actual device efficiency of fluorescent polymers obtained by
the use of the above methods is usually lower than that of
phosphorescent polymers. In this section, phosphorescent
polymers such as carbonized polymer dots (CPDs) and electro-
phosphorescent polymers (PhPs) have been discussed. For
fluorescent polymers, only AIE polymers are addressed; inter-
ested readers can refer to other reviews."”'*®

3.1 AIE polymers

AIE, a groundbreaking concept coined by Tang et al. in 2001,
has attracted considerable attention because of its attractive
applications in diverse areas.'*® Researchers from all over the
world have been working in this promising area, and signifi-
cant progresses have been made. A large variety of AIE mole-
cules with promising structural diversity have been developed,
such as TPE, hexaphenylsilole (HPS), distyreneanthracene
(DSA), and tetraphenylpyrazine (TPP) (Fig. 18)."*™"**

When compared with AlE-active low-mass molecules, AIE
polymers have been less explored.'** However, with the research
of AIE polymers being constantly performed, an increased
number of superior performances have been found, which, in
turn, promote their development. According to the principles
involved in the restriction of intramolecular motion as well as
structural rigidification, the intramolecular motion of AIE units
in polymer chains can be further restricted in comparison to
their solid-state counterparts, leading to stronger emissions.
Therefore, when luminogens with AIE characteristics (referred
to as “AlEgens”) are involved in polymer chains, steric
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Fig. 18 Chemical structures of typical AIE luminogens.
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hindrance can be enhanced because of the long-chain segment
of AIE polymers, hindering the free rotation of the luminogenic
units. Evidently, intramolecular motion can be more easily
restricted in polymers than that in low-mass molecules, resulting
in a relatively more emissive solution state for polymers.'*’
Furthermore, AIE polymers possess many advantages over low-
mass molecules, such as processability, ease of functionalization,
structural diversity, and good thermal stability, facilitating their
potential practical applications. Until now, a large number of AIE
polymers have been reported, such as nonconjugated linear
AIE polymers, conjugated linear AIE polymers, and nonlinear
AIE polymers. In addition, the applications of AIE polymers in
optoelectronic, fluorescent chemosensor, biological, and other
fields have been summarized in some excellent reviews."**'*

Although various synthesis strategies have been used to
fabricate AIE polymers, all of them have the same core principle,
i.e., incorporating AIEgens into polymer structures, such as TPE,
HPS, DSA, and TPP. Generally, two methods have been employed
to incorporate AIEgens into polymers, ie., post-functionalization
and direct polymerization."”” The post-functionalization method
can transform AlE-inactive polymers into AIE polymers via
different polymer reactions. For example, AIEgens are usually
linked to polymers as pendants or connectors via chemical
reactions. Jin et al. converted the synthesized zwitterionic
copolymer into an AIE polymer by grafting TPE molecules to
the polymer side chains via pH-cleavable hydrazine bonds. The
resultant AIE copolymer could self-assemble into spherical
micelles and it could swell under acidic conditions after the
cleavage of TPE, which may find applications in bioimaging
and drug delivery.’*® In addition, the direct polymerization
method can also be used to fabricate AIE polymers via the
polymerization of low-mass molecules. Tang et al. designed and
prepared a series of AlE-active polymers by polymerizing
aliphatic hydroxyl groups and AIEgen-containing diynes. The
obtained PVEs exhibit typical AIE characteristics, i.e., stronger
emissions in the aggregate state than that in the solution state,
which can be used in the detection of explosives.?®"*%1%°

Besides fluorescence, room-temperature phosphorescence
(RTP) has also been reported in natural compounds and
polymers, such as starch, cellulose, and chitosan. These natural
macromolecules cannot emit in solutions, but they are capable
of emitting bright phosphorescence in the solid states. Therefore,
AIE polymers can emit not just fluorescence but also RTP, which
is an important parameter for exploring the unknown territory of
molecular luminescence.

3.2 CPDs

RTP has attracted increasing attention owing to its long-lived
luminescence, large Stokes shift, and high signal-to-noise ratio,
facilitating its applications in the fields of optoelectronics,
photocatalytic reactions, molecular imaging, security aspects,
chemical sensors, and so forth.'>"'** Currently available RTP
materials suffer from problems such as scarce resources,
high cost, toxicity, limited species, and complex synthesis.
Therefore, there is an urgent need to develop new classes of
metal-free RTP materials.
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CPDs.

Carbon dots (CDs) have been recognized and proposed as
luminescent nanomaterials since 2004. Until now, types of CDs
have been continuously increasing, and they can be mainly
divided as follows: graphene quantum dots, carbon quantum
dots, and CPDs. Emerging CPDs can most likely resolve the
abovementioned problems. In fact, CPDs are carbon-based
nanodots with obviously polymeric, slightly graphitized, and
inaccurate chemical structures. Their interior is a highly cross-
linked network structure, and the outer part retains a large
number of hydrophilic flexible polymer chains and functional
groups (Fig. 19).

The formation of CPDs usually necessitates four processes,
namely, dehydration, condensation, crosslinking, and carboni-
zation, which enable them to inherit the molecular properties
of their raw materials, as well as the properties of both poly-
mers and quantum dots induced by the polymerization and
carbonization reactions. More importantly, the abundant
energy levels of CPDs increase the probability of intersystem
crossing (ISC), and their covalently crosslinked framework
structures considerably suppress nonradiative transitions,
exactly following the generation principle of phosphorescence.
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Therefore, promising RTP can be probably achieved from CPDs
by means of smarter design.

Yang et al. were the first to describe a feasible and facile
route to prepare metal-free RTP materials by directly construc-
ting CPDs via hydrothermal synthesis without the compositing
of additional matrices.'>® As a model system, CPDs synthesized
from polyacrylic acid and ethylenediamine (EDA) exhibited
unique RTP properties in air, as expected, with lifetime up to
658.11 ms. These CPDs synthesized with amide or imide
structures, alongside the crosslink enhanced emission (CEE)
effect, were confirmed to contribute toward the generation of
RTP in CPDs by both contrast experiments and computational
simulations (Fig. 20). First, chemical reactions easily occurred
among the abundant functional groups. EDA serving as a
crosslinker reacted with extensive dangling carboxyl groups
on the polymer chains, forming luminescent centers and
covalently crosslinked self-matrix frameworks. Second, effective
crosslinking could shorten the distance between the functional
groups. New distributions of energy levels can be formed by
electron overlap from coupled luminescence units in nano-
confined space that can effectively reduce the energy gap (AEsy)
and facilitate the generation of intrinsic triplets. Third, the
widespread existence of supramolecular interactions in the
interior of CPDs can also decrease vibrations and rotations,
thereby inhibiting any nonradiative relaxation. The reported
guiding results demonstrate the potential of CPDs as a uni-
versal route for achieving effective metal-free RTP. Recently,
they expanded the method from polycondensation to poly-
addition, confirming the universality and feasibility of the
hydrothermal crosslinking and carbonization processes for
CPDs to achieve the RTP property.'**
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Fig. 20 Theoretical analysis of the CEE effect: (a) energy level diagrams of single luminescence units and (b) coupled luminescence units. (c) Schematic
illustration of the CEE effect on RTP properties in CPDs. Reprinted from ref. 153 with permission. Copyright (2018) Wiley-VCH.
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Inspired by related reports, increasing number of researchers
have noticed the advantages of CPDs on RTP performance and a
range of significant studies have been rapidly performed. For
example, Lin et al. successively achieved RTP from two similar
CPD systems based on the aforementioned CEE effect. One
involved the preparation of CPDs with RTP performance by the
microwave irradiation of ethanolamine and phosphoric acid.
Gram-scale CPDs and the longest RTP lifetime (1.46 s) could
be achieved."” Another study described the hydrothermal
treatment of EDA and phosphoric acid for obtaining CPDs.
The as-synthesized CPDs could realize the conversion from
fluorescence (180 °C) to ultralong RTP (280 °C) by an external
heating stimulus. They supposed that the relatively low tem-
perature afforded intertwined CEE-type CPDs with abundant
sub-fluorophores. After heating to a higher temperature, parts
of the intertwined polymer chains in the CPDs could be further
reacted via crosslinking and dehydration/carbonization to form
compact cores, which behaved as a matrix to immobilize the
sub-fluorophores, eventually inducing RTP performance. The
system demonstrated the potential of CPDs as stimuli-
responsive optical materials (Fig. 21a)."*® Subsequently, Qu et al.
utilized the difference in luminescence responses between several
CPDs and polyvinyl alcohol composites annealed at different
temperatures. They proposed the concept of thermal-treatment-
controlled multilevel fluorescence/phosphorescence data
encryption and further developed the application of CPDs in
the stimuli-responsive field.'>” Moreover, Feng et al. designed
and synthesized novel fluorine and nitrogen codoped CPDs via
one-step solvothermal treatment. The CPDs possessed good
aqueous solubility, blue pH-stabilized fluorescence, and green
pH-responsive RTP with outstanding reversibility. Based on
these interesting properties, they demonstrated the data encoding/
reading strategy using basic or acidic aqueous CPD solutions
for advanced anticounterfeiting via time-resolved luminescence
imaging techniques, as well as the steganography of complex
patterns (Fig. 21b-e)."*®

Given the wide range of chemical precursors and possible
synthesis conditions, these approaches can lead to a wide
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variety of CPD materials with diverse engineered RTP properties.
A careful selection of precursors (such as combinations of poly-
acid, polyamine, polyol, diacid, diamine, and other potential
multifunctional compounds) and different synthesis routes (such
as solvothermal and ultrasonic-/microwave-assisted hydro-
thermal/solvothermal treatment), as well as even some specific
addition polymerization reactions, can provide a wide range of
potential routes for the formation of CPD materials for use in
particular applications. Further studies should focus on making
RTP materials brighter, with different emission colors and
improved quenching resistance, as well as simultaneously being
observable in aqueous solutions. Moreover, the emergence of
novel biosystems is also anticipated, which can further expand
the RTP properties for specific biomaterials.

3.3 PhPs

PhPs, another important class of phosphorescent polymers,
refer to instances in which phosphorescent emitters (e.g., Ir(i)
and Pt(u) complexes) are incorporated into the polymer main
chains or side chains via covalent bonds."*® Owing to the strong
spin-orbital coupling of the phosphorescent emitters, PhPs can
harvest both S and T excitons to achieve 100% IQE, which is
four-fold higher than that of fluorescent polymers. To develop
efficient PhPs, several requirements need to be addressed.
First, the triplet energy level (Et) of polymer hosts should be
higher than that of the phosphorescent emitters; otherwise,
triplet back energy transfer from the phosphorescent emitters
to the polymer hosts can occur, and the emission of phosphor-
escent emitters can get quenched. Second, the polymers should
have suitable highest occupied molecular orbital (HOMO)/low-
est unoccupied molecular orbital (LUMO) energy levels to
facilitate charge injection from the electrode to the emissive
layer and then create charge transport to the recombination
zone. Third, phosphorescent emitters should exhibit high
photoluminescent quantum efficiency (PLQY) to convert all
the generated excitons into photons in order to achieve efficient
electroluminescence. Finally, PhPs should exhibit excellent
solubility in common solvents to form high-quality films and
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good thermal and morphological stabilities for the fabrication
of long-durable light-emitting devices. In the past few years,
several efficient PhPs have been synthesized by incorporating
phosphorescent emitters into conjugated or nonconjugated
polymer hosts to form a host/dopant system. In this subsection,
recent progresses made in the two abovementioned kinds
of PhPs, i.e., full-color emission and white-light emission PhPs,
is briefly addressed.

Full-color-emitting PhPs. To develop efficient PhPs with
full-color emission, polymer hosts with different Er levels are
desirable in order to confine the T excitons on phosphorescent
emitters. Generally, there are two main kinds of polymer hosts:
conjugated and nonconjugated polymer hosts. To realize
blue triplet emission, the Ey value of the polymer hosts should
be higher than those of blue phosphorescent emitters (2.60-
2.70 eV). In fact, nonconjugated polymers having higher E;
levels have been used as polymer hosts for the design of blue-
emitting PhPs (PhP-Bs). For example, poly(N-vinylcarbazole)
(PVK) with a high E; value of 3.0 eV was used as the backbone
for PhP-Bs.">® However, PVK has a deep HOMO level of
—5.90 eV and a shallow LUMO level of —2.10 eV, which leads
to large charge injection barriers for air-stable electrodes.
To resolve this problem, a nonconjugated, bipolar poly-
(arylene ether phosphine oxide) host (PCzPO) was reported by
incorporating a carbazole/triaryl phosphine oxide hybrid into a
poly(arylene ether) scaffold. For this polymer host, a tradeoff
between high triplet energy (2.96 eV) and suitable HOMO/
LUMO levels (—5.70/—2.30 eV) could be achieved. By physically
doping  iridium(m)[bis(4,6-difluorophenyl)-pyridinato-N,C?]-
picolinate (FIrpic, 5 wt%) into PCzPO, a single-layer blue-
emitting device could be fabricated with the maximum lumi-
nous efficiency (LE) of 1.27 cd A", which is 9-fold higher than
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that of the PVK-based device. When a hole-/exciton-blocking
layer was utilized for the PCzPO device, the LE was further
improved to 23.3 cd A~ This result showed that PCzPO was a
promising polymer host for blue phosphorescent emitters."®°
By covalently tethering FIrpic as the blue phosphorescent
emitter into the side chain of a poly(arylene ether) host, a
series of PhP-Bs (Fig. 22a) were developed. By tuning the
content of the blue phosphorescent emitter, complete energy
transfer from the polymer host to the dopant was observed.
When the phosphor content was 5 mol%, the PhPs afforded the
best device performance with the maximum LE of 19.4 ¢d A},
which was ~3.5 times higher than that of PhP-Bs with PVK
as the host. It should be noted that a low-temperature con-
densation polymerization reaction enabled by a fluorinated
poly(arylene ether phosphine oxide) backbone (FPCzPO) was
the key to the successful synthesis of PhP-Bs. At a high tempera-
ture (165 °C), the phosphorescent emitter, FIrpic, may undergo
structural decomposition, which might lead to an unwanted
bathochromic shift in the resulting PhPs. In contrast, under a
lower temperature of 120 °C, the structure of Flrpic remained
unchanged, and the emission from the resulting PhPs matched
well with the characteristic emissions from a phosphorescent
emitter.'®" This strategy has also been used for the design of
yellow-emitting PhPs (PhP-Ys) by introducing the 2-(fluoren-2-yl)-
1H-benzoimidazole-based iridium complex, (fbi),Ir(acac), into the
FPCzPO backbone (Fig. 22¢). Due to the efficient intermolecular
Forster energy transfer from FPCzPO to (fbi),Ir(acac) and charge
trapping on (fbi),Ir(acac), the electroluminescence from FPCzPO
could be completely quenched even at low Ir-complex contents.
With Ir loading of 3 mol%, the polymer exhibited the best device
performance with peak LE of 10.4 cd A™' and Commission
internationale de I’eclairage (CIE) coordinates of (0.53, 0.46).'%>
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To design red-emitting PhPs (PhP-Rs) and green-emitting
PhPs (PhP-Gs), CPs with lower Er values (2.10-2.60 eV) can be
selected as the hosts. For instance, PhP-Rs (Fig. 22d) were
reported by the use of polyfluorene (PF) with Ep value of
2.10 eV as the host and Ir(ppq),(acac) (ppq: 2,4-diphenylquinolyl-
N-C*) as the phosphorescent emitter. A single-layer device based
on this polymer exhibited superior EL performance with the
maximum LE of 5.0 cd A~' and CIE coordinates of (0.63, 0.35).
A further optimization of the device structure by inserting an
alcohol-soluble electron injection layer could improve the LE to
8.3 cd A~ ~'® In addition, it was found that the charge balance of
the polymer host played a crucial role in determining the device
efficiency of the PhP-Rs. By alteration of the polymer host from PF
to poly(fluorene-alt-carbazole) (PFCz) and polycarbazole (PCz), the
LE decreased from 5.0 to 0.3 cd A" and 0.04 cd A™", respectively,
which could be attributed to the imbalanced hole and electron flux
in PFCz and PCz caused by their higher hole mobilities than
electron mobilities."** For the development of PhP-Gs, polycarba-
zoles are selected as the hosts owing to their higher E; values
(2.40 eV). For example, three kinds of PhP-Gs have been developed
by using PF, PFCz, and PCz with different Er values as the polymer
hosts and 1,2-diphenyl-benzoimidazole-based Ir complexes as the
green phosphorescent emitter (Fig. 22b, PhP-G). Since the Er level
gradually increased from 2.20 to 2.40 and 2.60 eV from PF to PFCz
and PCz, respectively, the triplet back energy transfer from the
phosphorescent emitter to the polymer host could be effectively
inhibited. As a result, the maximum LE of the PhPs with a double-
layer device configuration was significantly improved from 0.3 (PF)
to 33.9 cd A™" (PCz)."®°

White-emitting PhPs. White polymer light-emitting diodes
(WPLEDs) have attracted considerable attention owing to their
applications in fabricating low-cost light sources and full-color
displays by means of solution processes such as inkjet printing
and roll-to-roll printing technologies. In general, there are two
main approaches to obtain white emission from polymers. One
is polymer blend systems, e.g., polymer/polymer or polymer/
low-mass molecules with complementary colors (blue and yellow
for two-color white emission; blue, green, and red for three-color
white emission) to cover the entire visible region. These multi-
component systems may suffer from the phase separation
of different emitters, which can lead to the deterioration of
device performance. An alternative approach is to develop single
white-emitting polymers (SWPs) by covalently incorporating
complementary emitters into a single polymer, which produces
broadband emissions from all the emitters via partial energy
transfer from the high-energy emitter (blue emitter) to the lower-
energy ones (yellow, green, or red emitters). Because all the
emitters are covalently bonded to the polymer backbone, the risk
of phase separation can be avoided. Since the first report on
SWPs with individual blue and yellow fluorescent emissions was
published by Wang et al. in 2004,'® a number of SWPs, namely,
all-fluorescent SWPs and fluorescent/phosphorescent hybrid
ones, have been reported. However, their device performances,
such as driving voltage, external quantum efficiency (EQE), and
power efficiency (PE), have not been comparable to those of
low-mass-molecule organic light-emitting diodes (OLEDs).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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To improve device efficiency, all-phosphorescent SWPs were
reported by simultaneously grafting blue- and yellow-emitting
phosphors into a bipolar, high-E; poly(arylene ether) host.
Different from all-fluorescent and fluorescent/phosphorescent
hybrid ones, all-phosphorescent SWPs were supposed to fully
utilize the S and T excitons by phosphorescent dopants. Based
on this consideration, FIrpic and (fbi),Ir(acac) were selected as
blue- and yellow-emitting phosphors, respectively, for the
design of all-phosphorescent SWPs. A series of all-phosphorescent
SWPs (Fig. 23, WPB75Y7) were successfully prepared by tailoring the
feed ratios of monomers. The obtained polymers showed balanced
blue emissions from FIrpic and yellow emissions from (fbi),Ir(acac)
to yield white emission. Among the SWPs, polymers containing
7.5 mol% Flrpic and 0.7 mol% (fbi),Ir(acac) exhibited the best
device performance with the maximum LE of 184 cd A%,
maximum PE of 8.5 Im W, peak EQE of 7.1%, and CIE coordi-
nates of (0.31, 0.43). Even at a brightness level of 1000 cd m ™2, the
LE was as high as 14.2 ¢cd A™", indicating slow efficiency roll-off.
These LE and PE values were much higher than those of
all-fluorescent and fluorescent/phosphorescent hybrid SWPs,
shedding light on the significance of all-phosphorescent
SWPs. '’

To realize high PE, new all-phosphorescent SWPs (Fig. 23,
SWP1-FlIrpic, SWP1-FIrOBu, SWP2-FIrOBu, and SWP3-FIrOBu)
were synthesized by the use of a combination of high-HOMO-level
blue-emitting phosphor and high-HOMO-level nonconjugated
poly(arylene phosphine oxide) host. On one hand, by changing
the common blue-emitting phosphor (FIrpic) to a homemade
blue-emitting phosphor (FIrOBu) containing electron-donating
alkoxy groups on ligands, the HOMO level could be elevated from
—5.64 to —5.28 eV, which matches well with the HOMO level
of the polymer host. Therefore, hole scattering between the
blue-emitting phosphors and polymer hosts can be eliminated,
resulting in a reduced turn-on voltage from 4.2 to 3.4 V. On the
other hand, the HOMO level of the polymer host can also be
tuned from —5.64 to —5.20 eV by the use of alkoxy-substituted
carbazole dendrimers instead of using the tert-butyl-capped
carbazole as the side chain, coming close to the work function
of the anode. Consequently, the hole injection barrier at the
polymer/anode interface was lowered, and the turn-on voltage
was reduced to 2.8 V. As a result, a low turn-on voltage of 2.8 V,
record EQE of 18.0%, and forward PE of 52.1 Im W' could be
achieved for SWPs. Such remarkable progress makes SWPs out-
perform currently used polymer blends for solution-processed
white organic light-emitting diodes (WOLEDs) and comparable
with the low-mass molecules used for vacuum-deposited
WOLEDs.'*®

Recent progresses made in AIE polymers, CPDs, and PhPs
are introduced in this section. The preparation methods,
design strategies, material systems, and device performances
of these luminescent polymers are emphasized. Although signi-
ficant advances have been made, many challenges require
redressal for the development of phosphorescent polymers.
For example, their material design, photophysical properties,
and device processes need to be improved. The future direc-
tions for phosphorescent polymers can focus on the following

Mater. Chem. Front., 2020, 4,1803-1915 | 1821


https://doi.org/10.1039/d0qm00025f

Published on 31 maart 2020. Downloaded on 15/08/2024 15:02:22.

Review

Polymer host
a—

Blue phosphor &V
\ '«

[ White Electroluminescence ]

SWP1-Firpic: Ar= DtBu, B-Ir = FIrpic-O
SWP1-FIrOBu: Ar=DtBu, B-Ir= FIrOBu-O
SWP2-FIrOBu: Ar=DOBu, B-Ir = FIrOBu-O
SWP3-FIrOBu: Ar=Cz, B-Ir=FIrOBu-O

Ar = O ’ ’
Q N;X N; OC:Hq

OC4Hy

DOBu

View Article Online

Materials Chemistry Frontiers

fofoebia thia-nia
|
Yellow phosphor

N O\ O\
o]
) gj\

-0
WPB75Y7, x=0.075, Y=0.007 { AN\
o N
CIE(0.31,0.43) s OO
PE 1y = 8.5 Im/W

B-Ir=

Firpic-O FIrOBu-O

Fig. 23 White-emitting PhPs. Reproduced from ref. 167 and 168 with permission. Copyright (2012 and 2018) from American Chemical Society and Royal

Society of Chemistry.

aspects: long-life blue emissions, high-efficiency white lighting,
and low-cost nonprecious metal-containing ones.

4. Photovoltaic polymer materials

One of the strategies to resolve energy shortage and environ-
mental pollution is to develop solar energy conversion. Solar
cells are classified into two types: inorganic solar cells and
OSCs. Inorganic solar cells that are based on inorganic semi-
conducting materials have achieved great advances. For exam-
ple, crystalline silicon solar cells have been commercialized for
many years. When compared with inorganic solar cells, OSCs
based on polymer materials have many advantages, such as low
cost, lightweight, low toxicity (or nontoxic), flexibility, high
absorption coefficient, semitransparency, and easy and large-
area fabrication."®® Moreover, photovoltaic functional polymers
have a wide range of properties, and their optical properties
(absorption range and intensity), electronic properties (energy
level and carrier mobility), and film morphology can be
effectively controlled by chemical methods.

Conventional OSC devices generally comprise the active
layer, interfacial layers, and electrodes (Fig