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Organic functional materials with advanced optical properties have attracted much attention due to their
broad applications, such as in light-emitting diodes, solar cells, anti-counterfeiting, photocatalysis, and even
disease diagnosis and treatment. Recent research has revealed that many optical properties of organic
molecules can be improved through simple polymerization. In this review, we discuss the phenomenon,
mechanism, and impact of polymerization on the properties of materials, including the polymerization-
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induced spectral shift, polymerization-enhanced photosensitization, polymerization-enhanced two-photon
absorption, polymerization-enhanced photocatalytic efficiency, polymerization-induced room temperature
phosphorescence, polymerization-induced thermally activated delayed fluorescence, and polymerization-
induced emission using specific examples with different applications. The new opportunities arising from
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1. Introduction

Optical materials are a class of functional materials that
respond to light, and include fluorescent materials,>
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polymerization in designing high performance optical materials are summarized in the future perspective.

phosphorescent materials,® photosensitizers (PSs),* nonlinear
optical materials,” solar materials,® photocatalytic materials,’
etc. Nowadays, they are almost indispensable in our everyday
life with broad applications, not only in lighting and displays®
but also in emerging areas, such as phototheranostics,’
photocatalysis,"® anti-counterfeiting,'* solar cells,"* etc.
Light-responsive pathways for any optically active organic
functional materials generally follow the Jablonski diagram
(Fig. 1).”> Under suitable light irradiation, molecules can
be excited to an excited singlet state (S,), and the excitons
subsequently migrate to the lowest excited singlet state (S;)
through internal conversion (IC). According to Kasha’s rule, the
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Fig.1 Mechanisms of photosensitizers, RTP materials and TADF
materials, which are illustrated by the Jablonski diagram, as well as the
general effect of polymerization.

S, state is one of the key factors related to the subsequent
photophysical processes.™* For fluorescent materials, migration
from the S; state to the ground state (S,) occurs by releasing
radiative light energy.'® For photosensitizers (PSs), the excitons
can migrate to the lowest triplet excited state (T,) from the S, state
through intersystem crossing (ISC), and with further transfer of
energy to normal oxygen gas to form the singlet oxygen state ('0,)
for photodynamic therapy (PDT) and photocatalysis."®'” For room
temperature phosphorescent (RTP) materials, the excitons in the
T, state are returned to the S, state by radiative decay to emit
phosphorescence.'®'® The specific process of reverse intersystem
crossing (RISC) is the third decay pathway of the excited excitons
in the T, state, through which the excitons can migrate to S;, and
subsequently emit delayed fluorescence through radiative decay.
This is the mechanism of thermally activated delayed fluorescent
(TADF) materials.>**!

According to the Jablonski diagram above, modulating the
communication between the singlet and triplet excitons is one
of the key steps in improving the optical performance of many
functional materials. Introducing heavy atoms®** and
decreasing the AEgy value (the energy gap between the lowest
excited singlet state and the triplet state)**™>° are two strategies
that have been used widely over the past decade, leading
directly to the recent prosperous development of several types
of organic functional materials, such as PSs,>?* RTP
materials,"*®* TADF materials,”’*® etc. Since both strategies
usually require precise molecular design, they are more suitable
for small molecules rather than for polymeric materials. So far,
most of these organic functional materials have been limited to
small molecules.

On the other hand, for polymers, their energy levels are usually
very similar. These similar energy levels can subsequently form
energy bands (Fig. 1), and their ISC and RISC processes will
be different from those of small molecules that have clearly
separated energy levels.***’ In one example, a polymer of
(BF,dbm),, (Fig. 2A) was prepared to show an intrinsic long
excited-state lifetime of 250 ns, which is more than 100 times
longer than that of its corresponding monomer (2.4 ns).>° Density
functional theory (DFT) modeling (Fig. 2B) showed that
accompanying the increased degree of polymerization, the
molecular orbitals (MOs) are split due to interactions between
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Fig. 2 Polymerization-enhanced lifetime of excitons. (A) Chemical structures
of BF,dbm and (BF,dbm),. (B) Calculated selected molecular orbital energy
diagrams for the So and T, states of (BF,dbm),,. (B was reprinted with permission
from ref. 30, Copyright 2015, Wiley-VCH Verlag GmbH & Co.)

the repeat units, offering more ISC and RISC channels for
enhancing both the ISC and RISC processes, which directly
enhanced the lifetime of the excitons. This phenomenon was
named “polymerization-enhanced intersystem crossing”.*’

Based on a similar principle, the strategy of polymerization
has recently been extended to improve many optical properties,
including photosensitization, RTP, TADF, etc. In addition,
some other optical properties, such as two-photon absorption,
fluorescence etc., can also be modulated by polymerization in
some cases. In addition to the improved optical properties,
polymeric materials have also shown several other advantages
for practical applications, such as high solution processability
for preparing devices with low cost, many functional groups for
further modification, etc. In this article, we discuss the
occurrence, mechanism, and application for some of the materials
with optical properties that are significantly improved through
polymerization.

2. Polymerization-induced red shift in
the absorption and emission
wavelengths

Absorption and emission are the basic properties of many
optical materials. Conjugated polymers are a special type of
polymer with fully conjugated backbones. Compared with
small molecules, the counterpart conjugated polymers usually
show red-shifted absorption and emission as well as enhanced
molar absorptivity due to the extended conjugation length after
polymerization.®* A typical example of this is shown
for BFVBT and PFVBT (Fig. 3A). After polymerization, the
absorption peak was red shifted from 475 nm for BFVBT to
523 nm for PFVBT, and the molar absorptivity based on the
repeat unit of PFVBT was 1.6-fold that of BFVBT (Fig. 3B).
The emission peak of PFVBT was also red shifted by 55 nm
compared with that of BFVBT (Fig. 3C).*" Another example
involves conjugated polycyanines. As presented in Fig. 3D, both
PC1 and PC2 showed a greater than 150 nm red shift compared
with the absorption maxima of their corresponding monomeric
cyanines of C1 and C2.°>?° The red-shifted absorption
with enhanced absorbance endows the conjugated polymers

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Polymerization-induced red shift in the absorption and emission
spectra. (A) Chemical structures of BFVBT and PFVBT. (B) UV-vis spectra of
BFVBT and PFVBT in a THF/water mixture (1/99, v/v). (C) Normalized PL
spectra (excitation = 480 nm) of BFVBT and PFVBT in a THF/water mixture
(1/99, v/v). (D) Chemical structures and maximum absorption wavelengths
of monomeric cyanines C1 and C2 and conjugated polycyanines PC1 and
PC2 in films. (B and C were reprinted with permission from ref. 31,
Copyright 2018, Elsevier; D was reprinted with permission from ref. 36,
Copyright 2015, Wiley-VCH Verlag GmbH & Co.)

with an improved light-harvesting ability to more effectively
facilitate the subsequent processes shown in the Jablonski
diagram.

3. Polymerization-enhanced
photosensitization

PDT is a non-invasive treatment method that uses PSs under
light irradiation to generate 'O, or other types of reactive
oxygen species (ROS) to kill cancer cells and bacteria.>”° The
0, or ROS generation efficiency of PSs can directly affect their
PDT efficacy.’® In 2016, we reported that PTPEAQ*' showed
a much higher 'O, generation efficiency than that of its
small-molecule analogue DTPEAQ (Fig. 4A),*> and their 'O,
generation quantum yields were measured as 82% and 38%,
respectively. When used for PDT, PTPEAQ also demonstrated a
higher phototoxicity to cancer cells than DTPEAQ. However, no
detailed understanding of the improvement in 'O, production
for PTPEAQ was then reported.*® At the same time, Schanze’s
group also reported that the 'O, generation quantum yield of a
series of platinum-containing donor-acceptor-donor-type PSs
would be enhanced by extending the effective conjugation
length.** Detailed nanosecond transient absorption spectra
revealed that the enhanced conjugation length could increase
the contribution of platinum in the frontier orbitals and,
therefore, improve the spin-orbit coupling by the heavy-atom
effect for the enhanced ISC process.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Polymerization-enhanced photosensitization. (A) Chemical structures
of DTPEAQ and PTPEAQ. (B) Chemical structures of TPEDC and PTPEDC.
(C) The *O, generation efficiencies of TPEDC and PTPEDC, measured using
ABDA as the indicator. (D) Calculated energy levels and possible ISC channels
of TPEDC and PTPEDC. S, T, H, and L stand for singlet, triplet, highest occupied
molecular orbital (HOMO), and lowest unoccupied molecular orbital (LUMO),
respectively. The number in parentheses indicates the contribution of the MO
to the specific excited state, and the plain and dashed arrows refer to the major
and minor ISC channels, respectively. (E) Viability of different NP-treated 4T1
cancer cells under white-light irradiation (60 mW cm~2) for 5 min. (F) Tumor
volume measurement of different groups of mice. Error bars indicate the SEM
(*** P < 0.001; **, P < 0.01). (C—F were reprinted with permission from ref. 31,
Copyright 2018, Elsevier.)

Subsequently, we synthesized several conjugated polymer
PSs and their corresponding small-molecule counterparts.
These molecules allowed us to observe a universal phenomenon
that the conjugated polymer PSs showed a better photosensitization
effect than their small-molecule counterparts.®*> Among these
materials, TPEDC and PTPEDC (Fig. 4B) form a good pair of
examples. PTPEDC showed a 5.06-fold higher 'O, generation
efficiency than TPEDC (Fig. 4C) due to two main reasons. First,
similar to the effect discussed in Fig. 2, DFT modelling indicated
that the ISC channels of PTPEDC were much more abundant than
those of TPEDC, caused by extremely similar energy levels
(Fig. 4D).*' Second, PTPEDC showed an improved light-harvesting
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ability compared with TPEDC, similar to the previous cases
discussed in Fig. 3. Using amphiphilic DSPE-PEG2000 as the
polymer matrix, both TPEDC and PTPEDC were encapsulated into
nanoparticles (NPs) for further evaluation of their PDT efficacy.
As presented in Fig. 4E and F, PTPEDC showed a much better
cancer-cell-killing efficiency than that of TPEDC or Ce6 (one of the
most commonly used PSs) in both in vitro and in vivo experiments,
using 4T1 cancer cells as the model. This phenomenon was named
“polymerization-enhanced photosensitization” in 2018.>"*>
Subsequent research on PTPEAQ2 by Tang’s group (Fig. 5A)
further confirmed that the photosensitization effects of
conjugated polymers are correlated to the molecular weights
(Fig. 5B)." A series of oligomers and a polymer with the same
donor of triphenylamine and acceptor of benzothiadiazole but
different molecular weights were prepared to understand
the changes in 'O, generation efficiencies during the polymeriza-
tion process (Fig. 5C).*® From TB (T is short for triphenylamine in
the names of these oligomers, and B is short for benzothiadiazole)
to TBTB and then to PTB (M, = 2000 g mol * by gel permeation
chromatography, around 5 repeat units), the photosensitization
effect was gradually improved with a decreased fluorescence
quantum yield (Fig. 5D), confirming the importance of increased
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Fig. 5 Polymerization-enhanced photosensitization.  (A)  Chemical
structure of PTPEAQ2. (B) 1O, generation quantum yields of PTPEAQ2 with
different number—average molecular weights. (C) Chemical structures of
TB, TBTB, PTB, TBT, TBTBT, BTB, and BTBTB. (D) 'O, generation quantum
yield (®p) and fluorescence quantum yield (®) of TB, TBTB, and PTB. (E) &¢
and @ of TBT, BTB, TBTBT, and BTBTB. (B, D and E were reprinted with
permission from ref. 46, Copyright 2018, Wiley-VCH Verlag GmbH & Co.)
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conjugation length for improving the photosensitization. In
addition, BTB with two acceptors and one donor showed a higher
0, production efficiency than that of TBT with two donors and
one acceptor (Fig. 5E). The same trend was also observed for
BTBTB and TBTBT (Fig. 5E). Time-dependent DFT modeling
revealed that the AEg; values of BTB (0.38 eV) and BTBTB (0.24
eV) were smaller than those of TBT (0.49 eV) and TBTBT (0.41 eV).
An even-odd effect in oligomers was proposed: when the number
of donors and acceptors is even, the 10, generation efficiency is
mainly affected by the effective conjugation length; when the
number of donors and acceptors is odd, the position and
the amount of donor and acceptor could also affect the 'O,
production, in addition to the conjugation length. Following these
publications, the polymerization-enhanced photosensitization
effect has been used to develop more conjugated polymer PSs for
PDT.47750

On the other hand, the penetration depth and accuracy are
also important for PDT, and these two parameters can be
significantly improved via two-photon technology. In a typical
two-photon excited PDT process, two near-infrared photons
were used instead of one visible photon to excite the PSs for
an improved penetration depth.’" In addition, only PSs at the
focus spot of the laser could be excited, which enhances the
accuracy in PDT.*?

Two-photon excited PDT requires PSs to have a good ROS
generation efficiency and two-photon absorption cross-section
(2PACS), which are difficult to achieve in one molecule due to
their contradictory design principles. For example, a high ROS
generation efficiency requires a twisted molecular structure
with low conjugation between the donor and the acceptor for
a small AEgr value, while a large two-photon cross-section
needs a planar structure with good conjugation.’® In this
regard, polymerization not only offers the enhanced photosen-
sitization as discussed above but also allows an extended
conjugation length, which is beneficial for two-photon
absorption."* Based on the first two-photon excitable PS with
aggregation-induced emission (AIE) characteristics (TPEDC,
Fig. 6A),>* two conjugated polymers of PTPEDC1 and PTPEDC2
were prepared in 2019.°> From TPEDC to PTPEDCI1, the 'O,
generation efficiency and two-photon cross-sections were
enhanced 2.27-fold (Fig. 6B) and 3.15-fold (Fig. 6C), respectively.
In addition, the 'O, generation efficiency of PTPEDC1 was
already 2.29 times higher than that of the commonly used PS
Ce6. With further enhancement of the effective conjugation
length by adjusting the linking position of the tetraphenylethene
moiety, the performance of PTPEDC2 could be further improved,
and it showed 5.48-fold higher 'O, production under white-light
irradiation (Fig. 6B) and a 6.15-fold higher two-photon cross-
section than that of TPEDC (Fig. 6C). In two-photon excited
photodynamic HeLa cell ablation experiments, PTPEDC2
showed a much better performance than TPEDC and PTPEDC1
within an accurate area of 400 pm x 400 pm (Fig. 6D, red
fluorescence indicates dead cells and green fluorescence
indicates live cells), and precise PDT on small-sized tumors of
around 200 pm diameter in zebrafish was also realized by the
two-photon excitation of PTPEDC2.

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Polymerization-enhanced photosensitization and two-photon
absorption cross-section. (A) Chemical structures of TPEDC, PTPEDC1
and PTPEDC2. (B) 'O, generation efficiencies of TPEDC, PTPEDC1 and
PTPEDC2, measured by using ABDA as the indicator. (C) Two-photon
absorption cross-sections of TPEDC, PTPEDC1 and PTPEDC2. (D) Photo-
dynamic killing efficiency of TPEDC, PTPEDC1 and PTPEDC2 for Hela cells
under 820 nm two-photon excitation for different times (6 mW, 5.33 s per
scan). (B—D were reprinted with permission from ref. 55, Copyright 2019,
American Chemical Society.)

Besides PDT, PSs can also be used as photocatalysts as the
generated ROS by PSs under light can show a stronger oxidation
capacity than oxygen, and many organic reactions, such as
Ugi-type oxidation,”® bromination reactions,” and alcohol
oxidation,’® etc., have been realized via PS-assisted photoreactions.
From this perspective, polymerization can also enhance the photo-
catalytic efficiency in PS-assisted photoreactions. The PSs of DTF,
PTF and CPTF are a group of good examples to confirm this
design strategy (Fig. 7A).>° Similar to the above examples, the 'O,
generation efficiency of PTF was 3.63-fold higher than that of DTP
after polymerization. Time-dependent DFT modeling clearly
indicated that the improved 'O, generation efficiency was
attributed to the increased ISC channels of the conjugated
polymers than with the small molecules (Fig. 7B). The cross-
linked structure of CPTF was further employed to optimize other
properties for photocatalysts, including a good photostability for
long-term irradiation, a high specific surface area of 117.2 m® g *
for further improving the catalytic efficiency, and a low solubility
for easy separation and recyclability after the reaction. Due to the

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Polymerization-enhanced photocatalytic efficiency. (A) Chemical
structures of DTF, PTF and CPTF. (B) Frontier orbital analysis of different
model compounds by time-dependent DFT. (C) Sunlight-induced photoox-
idation of benzaldehyde and the related recycling process. (D) Antibacterial
activity of CPTF (0.1 mg mL™) for S. aureus (1 x 107 counts mL™%) under AM
1.5G irradiation for different time points. (E) Plate images for S. aureus on an
LB agar plate supplemented with CPTF and AM 1.5G irradiation for different
time points and then grown overnight. (F) Schematic diagram of the micro-
fluidic reactor for photooxidation. (B—E were reprinted with permission from
ref. 59, Copyright 2019, Wiley-VCH Verlag GmbH & Co; F was reprinted with
permission from ref. 63, Copyright 2019, American Chemical Society.)

stable and high 'O, generation efficiency of CPTF, 82% of benzal-
dehyde could be oxidized to benzoic acid under simulated AM 1.5G
irradiation for 4 h when using a very small amount of CPTF as the
photocatalyst. The recycling process of this photoreaction was
further designed by utilizing the low solubility and high stability
of CPTF (Fig. 7C). If 10 g of benzaldehyde was used as the starting
material, approximately 6-6.5 g of benzoic acid could be obtained
from each cycle, and CPTF retained 85% activity after 10 cycles.
CPTF was further used for sunlightinduced wastewater

Mater. Horiz., 2022,9, 99-111 | 103
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treatment.”® Using CPTF (0.1 mg mL™") as the photocatalyst, 2 h
of simulated AM 1.5G irradiation could totally decompose all
Rhodamine 6G and Staphylococcus aureus (Fig. 7D and E). After
the wastewater treatment, CPTF could be recovered by filtration for
further use. Besides cross-linked conjugated polymers like CPTF,
other types of polymers with large specific surface areas, such as
conjugated covalent organic frameworks (COFs),*° and amorphous
porous organic polymers (POPs),>”*"? etc., have been developed as
photocatalysts for oxidation by the same principle. Recently, a
microfluidic reactor has been designed by Gao’s group to realize
the continuous synthesis of chemicals based on photooxidation
(Fig. 7F), further improving the synthetic efficiency.”® Using this
microfluidic reactor, a famous anti-tumor drug ricobendazole was
successfully prepared via the photooxidation of albendazole with a
conversion efficiency of 60% using PPET3-N2 as the photocatalyst
under white-light irradiation.

4. Polymerization-induced RTP

In addition to producing ROS, triplet excitons can also be used
to yield phosphorescence. The radiative transition from triplet
states to the ground state is spin forbidden as electric dipole
radiation, making the phosphorescence process less effective
with a longer life time in comparison with spin-allowed
fluorescence.®*®* Therefore, a rigid microenvironment, which
can be used for stabilization of the triplet excitons, the preven-
tion of energy dissipation by molecular motions, and the
isolation of oxygen and water, is usually necessary for
phosphorescence.’* That is why phosphorescence becomes
much stronger at low temperature.®® Recent research has
indicated that if an extremely rigid microenvironment could
be offered to an organic dye with an effective ISC process,
strong phosphorescence can be realized at room temperature to
facilitate the practical application of phosphorescent materials,
and these materials are the RTP materials.®®%®
Crystallization, including both single-molecule and host-
guest systems, is the general strategy to realize a rigid micro-
environment, and the overwhelming majority of RTP materials
are realized in crystals. On the other hand, the rigid micro-
environment can also be achieved via suitable polymerization
(for example, cross-linked polymerization), leading to the RTP
in an amorphous state. Fig. 8A presents an example of the
C1l-crosslinked polymer, which was prepared via two-step
polymerization.® The first step of ring-opening polymerization
provided the polymer with a hydrophilic backbone, and
subsequent reversible addition-fragmentation chain-transfer
(RAFT) copolymerization introduced the luminophore into
the polymer. The amphiphilic Ci-crosslinked polymer can
self-assemble into nanoparticles to show bright green
phosphorescence with a lifetime of 4 ms in argon-saturated
water since the cross-linked structure can restrict the molecular
motions, and the hydrophobic polystyrene could isolate the
phosphors from water to some extent. As a control, both the
monomer C1 and its prototype luminophore Br6A hardly
showed any RTP, and nor did the nanoparticles by doping
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Br6A into the amphiphilic polymer matrix. In addition to RAFT
cross-linked polymerization, hydrogen-bond crosslinking’® and
Diels-Alder crosslinking”" have also been confirmed to induce
the derivatives of Br6A to show RTP after polymerization since
these crosslinking methods can also be used to offer a rigid
microenvironment to prevent energy dissipation by molecular
motions and isolate water and oxygen. The same cross-linked
polymerization method has also been used to induce other
luminophores to emit RTP.”> These results indicate that
suitable cross-linked polymerization is an effective strategy
for designing RTP materials.

Direct polymerization could also lead to RTP in some special
cases. As presented in Fig. 8B, the film of the polymer PSS
showed bright green phosphorescence under 365 nm UV
irradiation, while the corresponding small molecule of Model 1
was not RTP active at all.”® In addition, the enhanced molecular
weight of PSS leads to the increased lifetime of RTP materials.
As the weight average molecular weight was increased from
1200 to 2116 000 g mol ", the lifetime of the phosphorescence
of PSS was enhanced from 540 ms to 1.13 s. Through
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polymerization, hydrogen bonding (including both intra-
molecular and intermolecular types) in PSS can lead to a very
rigid microenvironment, to both restrict the motions of the
phenyl rings and to isolate oxygen to some extent. After using
NaOH or KOH to destroy the hydrogen bonds from the sulfonic
acid groups, the RTP lifetime of PSS decreased rapidly.”

The polymerization-induced RTP effect prompted the rapid
development of RTP polymers besides pure organic crystals and
inorganic nanomaterials.”*”> At present, how to control the
rigid microenvironment of the phosphorescent centres in
polymers remains one of the key concerns for designing high-
performance RTP polymers.

5. Polymerization-induced TADF

In the OLED device, the excitons from electrical excitation
include both singlet and triplet excitons with an approximate ratio
of 1:3. For the TADF emitter-based OLED, the triplet excitons can
migrate to singlet states to emit delayed luminescence via the
thermally activated RISC process and realize high efficiency.
Therefore, pure organic TADF materials have been considered
as the third generation of organic light-emitting diode (OLED)
materials.”>’® The RISC process is the key pathway of TADF
molecules, and decreasing the AEgr value has therefore become
an important principle in designing TADF organic molecules.”>*"
However, most of these TADF small molecules have to be fabricated
into thin solid films using expensive techniques such as vapor
deposition.

To realize solution processable TADF-based OLEDs, a polymeric
TADF material was first designed using non-conjugated structures
with a high triplet energy level as the spacer to link the TADF
moieties together into one polymer chain.”” However, the
changes in TADF behaviour during the polymerization process
were not discussed in detail. In 2017, Voit’s group showed that
polymerization could induce a non-TADF unit to show TADF
properties.”® They prepared the conjugated polymer of PCZBP
(around 14 repeat units calculated via nuclear magnetic
resonance) by Yamamoto polymerization of a benzophenone-
based donor-acceptor-type monomer, as well as its repeat unit
Model 2 as the small-molecule control (Fig. 9A). In polystyrene
films (2 wt%), Model 2 had a quantum yield of 3% but did not
show any TADF features (Fig. 9B). After polymerization, the
photoluminescence quantum yield of PCZBP was improved to
71%, and the intensity-weighted averaged lifetime of the
delayed fluorescence was measured as 296 + 16 ps (Fig. 9B)
due to the enhanced RISC process via polymerization. Fig. 9C
presents both the fluorescence spectrum at 293 K and the
phosphorescence spectrum at 77 K of PCZBP and Model 2 in
polystyrene-based solid thin films, which can be used to
calculate the exact energy levels of the singlet and triplet states,
respectively. Subsequently, the AEg; value of PCZBP was
calculated as 0.023 eV, which was much smaller than that of
Model 2 (0.232 eV). To better understand the phenomenon of
polymerization-induced TADF, a series of oligomers of CZBP-n
with 1-4 repeat units were prepared recently using the same
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time-dependent DFT modelling. (B and C were reprinted with permission
from ref. 78, Copyright 2017, Wiley-VCH Verlag GmbH & Co.)

donor and acceptor as PCZBP (Fig. 9D).”° In all these oligomers,
the LUMO distributions are localized on the benzophenone
side chains, showing very similar LUMO energy levels of around
—1.70 eV. However, the HOMOs are distributed in the conjugated
backbone of the carbazole donor. Therefore, the extended con-
jugation from 7 = 1 to n = 4 could raise the HOMO energy levels,
indicating the enhanced electron-donating ability of the donors.
Therefore, accompanying the enhanced conjugation length, intra-
molecular charge transfer was enhanced, leading to smaller AEsy
values (Fig. 9D) for TADF. In fact, when n > 2, CZBP-n became
TADF-active.
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Different from the polymerization-enhanced ISC process,
examples of the polymerization-enhanced RISC process are
relatively rare, although several TADF polymers have been
reported in recent years.”™®® Therefore, more studies are
needed to further confirm the improvement of the RISC
process by polymerization, which should be beneficial
to the development of solution-processable high-performance
OLEDs.

6. Polymerization-induced emission

The essential mechanism of nearly all the above effects can be
concluded as being that polymerization can enhance the inter-
action between functional monomers and repeat units and thus
change their energy levels for enhanced ISC or RISC processes,
which prompt us to check whether or not the enhanced inter-
action between functional groups could lead to other useful
effects. The emission caused by through-space conjugation is a
typical example.®! Generally, for some electron-rich groups with
separated electrons, such as aromatic rings, ether bonds, hydro-
xyl groups, ester bonds, amido bonds, nitrile groups, etc., the
decreased distance between the groups as a result of polymer-
ization can prompt them to produce clusters with delocalized
electrons via enhanced through-space conjugation. This process
could induce a polymer with a non-conjugated structure to be
emissive (Fig. 10A). The phenomenon was named
“polymerization-induced emission” by Tang’s group in 2020.%"

Wan’s work clearly demonstrated how the emission changes
through the polymerization of dichlorobenzophenone monomers
(Fig. 10B).*> Using non-emissive 4,4'-dichlorobenzophenone as
the monomer, the obtained polytriphenylmethanols showed AIE
properties, and the emission colour was red-shifted from blue to
yellow in the solid state by increasing the polymerization time.
While using 2,4’-dichlorobenzophenone as the monomer, the
obtained polymer showed blue emission in solutions, and
the brightness was gradually enhanced by increasing the
polymerization time. During polymerization, the rotation of the
phenyl groups was limited by the polymer chains, resulting in
intramolecular though-space conjugation and charge transfer,
further leading to the bright fluorescence.

The polymerization-induced emission effect has also
been observed in some other systems without phenyl rings.
Tang’s group discovered that poly(maleic anhydride) and
oligo(maleic anhydride) could emit bright fluorescence,
while maleic anhydride itself is not emissive in both solution
and the solid state.®®" The reason is that polymerization
could significantly decrease the distance between the carbonyl
groups (2.84-3.18 A) in the polymers to form the carbonyl
cluster, and the strong interactions amongst the carbonyl
groups induced orbital overlap by though-space conjugation,
resulting in a low-lying LUMO state for visible emission. After-
wards, the polymerization of non-emissive N-hydroxysuccinimide
methacrylate and poly(N-hydroxysuccinimide methacrylate)
confirmed the polymerization-induced emission effect
again.®
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In fact, the polymerization-induced emission phenomenon
was also observed in natural compounds or commercially
available compounds. Poly(ethylene glycol) (PEG) and its other
macromolecular analogues are typical examples. Although
ethylene glycol, ethanol and diethyl ether are not emissive,
PEG can show bright blue emission with a quantum yield of
8.1% in the solid state (Fig. 10C).*® Some other macromolecules
with similar structures, such as F127,%¢ xylitol,®® and even
hyperbranched polyethers,®” are also emissive in the aggregate
state. In addition, the quantum yields of PEG (M,, = 20 000) and
F127 (M, = 12000) are much higher than that of xylitol with a
molecular weight of 152, indicating that higher molecular
weights may also be important for the emission of these non-
conjugated systems. The poly(amidoamine)-type dendrimer
(PAMAM)®® and hyperbranched polymer®® are other typical
commercially available luminescent polymers without traditional
conjugated structures. Recently, some polymers have even been
reported to show RTP rather than fluorescence via the similar
though-space conjugation of clusters, further expanding the
concept of polymerization-induced emission.’®®* With these
developments, non-conjugated polymers have emerged as a new
class of organic luminescent materials.
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7. Conclusion and perspectives

In this paper, we summarized the recent progress in how to
improve the performance of several types of optically active func-
tional materials through simple polymerization. We discussed the
polymerization-induced red shift in absorption and emission,
polymerization-enhanced intersystem crossing, polymerization-
enhanced photosensitization, the polymerization-enhanced two-
photon cross-section, the polymerization-enhanced photocatalytic
efficiency, polymerization-induced RTP, polymerization-induced
TADF, polymerization-induced emission in non-conjugated
systems, etc. In these cases, polymerization played a very important
role in enhancing the optical properties through one or more of the
following: (1) extending the conjugation of the monomers and
subsequently affecting the energy levels of the polymers; (2)
decreasing the distance between functional groups and
subsequently enhancing intermolecular interactions; and (3)
providing a rigid microenvironment to suppress non-radiative
transitions, etc. Although many modelling results have been
presented to explain most of these phenomena, it is ideal that
detailed characterization and fast spectroscopy data are available to
reveal all the processes to explain the obtained results more
precisely.

Based on the successful examples above, we naturally
believe that some other properties may also be improved or
modulated through polymerization. One example is enhancing
the photothermal conversion by polymerization. The polymer-
ization of planar aromatic monomers can enhance the n—n
stacking of polymer chains, leading to quenched emission and
enhanced non-radiative transitions in the aggregated state.
Coupled with the enhanced light-harvesting ability discussed
in Fig. 2, we can expect that a higher photothermal conversion
can be achieved by conjugated polymers with planar structures.
In this regard, the higher the photothermal therapy efficiency,
the better the photoacoustic image performance, and an even
higher efficiency of sunlight-induced seawater desalination by
evaporation can be realized through polymerization of the
currently available small molecules.

Despite the success of polymerization in improving the
optical performance, several issues or challenges should be
studied. First, the polymer type has not yet been carefully
screened. Taking polymerization-enhanced photosensitization
as an example, nearly all the conjugated polymer PSs reported so
far have donors and acceptors in the polymer backbone. Other
types of conjugated polymers, such as hyperbranched or even
non-conjugated polymers, could be tested to understand how the
polymer structures are correlated with the photosensitization
functions. The second issue is related to the defects in polymeric
materials. So far, there have been only a few studies focusing on
understanding how these defects can affect the optical properties.
Recent examples have proven that the field effect transistor
performance®® and brighter fluorescence® can be significantly
improved by removing the defects of conjugated polymers.
A better understanding of these defects will help to further improve
the optical properties of polymeric materials, which should also
contribute to polymerization-enhanced optical properties.
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In addition, we should also focus on the precise adjustment
of polymeric structures, including the control of both chemical
structures and molecular weights, which are directly related to
the performance of the obtained polymer. As compared to
chemical structures, the effects of molecular weight on the
optical properties of materials have been less studied. The
examples of both PTPEAQ2 and PSS revealed that different
molecular weights could lead to very different optical proper-
ties, which prompted us to develop new polymerization meth-
ods for more controllable polymerization. It is optimistic that
polymerization will continue to be a very effective strategy for
yielding new materials with an optimized performance for
many innovative high-tech applications.

Abbreviations

PS Photosensitizer

S Singlet states

T Triplet states

Sn The nth singlet state

T, The nth triplet state

So The ground state

IC Internal conversion

ISC Intersystem crossing

RISC Reverse intersystem crossing

PEX Polymerization-enhanced intersystem crossing

PDT Photodynamic therapy

0, Singlet oxygen

ROS Reactive oxygen species

RTP Room temperature phosphorescence

TADF Thermally activated delayed fluorescence

AEsr The energy gap between the excited singlet state
and the triplet state

DFT Density functional theory

MO Molecular orbital

HOMO Highest occupied molecular orbital

LUMO Lowest unoccupied molecular orbital
NPs Nanoparticles

2PACS Two-photon absorption cross-section

RAFT Reversible addition-fragmentation chain transfer
OLED Organic light-emitting diode

AIE Aggregation-induced emission

ACQ Aggregation-caused quenching

PEG Poly(ethylene glycol)

PAMAM Poly(amidoamine)-type dendrimer
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