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Recent advances in regulating the excited states
of conjugated thermally activated delayed
fluorescence polymers for high-efficiency OLEDs
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A detailed overview of thermally activated delayed fluorescence conjugated polymers reported from

2015 to present is provided, with a focus on their molecular structures, excited-state properties, and

organic light-emitting diode performance. In addition, the rules for regulating the excited-state

properties of these TADF conjugated polymers are summarized. By carefully designing the molecular
structures of conjugated TADF polymers, their excited-state properties and the energy gaps between
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the lowest singlet excited states and the lowest triplet excited state can effectively be adjusted.
Furthermore, the reverse intersystem crossing rate of conjugated polymers can be increased by
enhancing the spin—orbit coupling effect between the triplet and singlet states, and thus optimizing the

collection of triplet excitons and improving the device performance, including external quantum effi-

rsc.li/frontiers-materials ciency and efficiency roll-off.

1. Introduction

Organic light-emitting diodes (OLEDs) are widely used in the
display (such as smartphones and TV screens) and lighting
industries. Over the past 30 years, research and development of
OLEDs have rapidly progressed in both academia and
industry."™* Phosphorescent materials are now an integral part
of OLEDs for mobile displays, which are considered a second-
generation OLED material with 100% internal quantum effi-
ciency (IQE).” In order to solve the high energy consumption in
vacuum evaporation and high-cost dependence of noble
metals, Adachi et al. proposed a pure organic non-precious
metal thermally activated delayed fluorescence (TADF) material,
which is considered to be a third-generation OLED emitting
material.® Through delicate molecular design, the donor and
acceptor units in the molecule are distorted, so that the highest
occupied orbital (HOMO) and the lowest unoccupied orbital
(LUMO) of the molecule are separated to obtain extremely small
singlet and triplet energy gaps (AEsr).” This unexpectedly enables
triplet excitons to have the ability to upconvert to singlet states in
the absence of heavy metal atoms, so like phosphorescent materi-
als, TADF materials also have 100% exciton utilization.® Among
them, polymers with natural solution-processable characteristics
and good chemical modification are important components of
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TADF materials. Inheriting the characteristics of 100% IQE of
TADF materials, polymer light-emitting diodes (PLEDs) can be
used to easily prepare large-area and high-efficiency light-emitting
devices.” Generally, according to whether the polymeric main
chains are continuously conjugated, polymers can be divided into
two categories: non-conjugated and conjugated main chain poly-
mers. PLEDs based on these two series of polymers have achieved
rapid development in recent years.”* Furthermore, due to the
unique assistance of the conjugated polymer backbone for carrier
transport, PLEDs maintain the highest external quantum effi-
ciency (EQE) record of up to 25.4%.>"

The EQE of PLEDs refers to the ratio of the number of
photons emitted per unit time to the injected electron-hole
pairs and is related to the efficiency of converting electricity
into light."* It is one of the main performance indicators used
to measure PLED devices because it directly determines the
brightness and energy efficiency of PLEDs. Recently, in the field
of full-colour light, the efficiency of PLEDs has achieved
remarkable progress comparable to that of small molecule
OLEDs and phosphorescent OLEDs.'®> The 25.4% EQE men-
tioned above pertains to yellow-emitting PLEDs, and the EQEs
of orange-red and blue-green emitting PLEDs have also reached
24.8%"* and 24%."° In addition to pursuing high efficiency, the
efficiency roll-off of PLED devices is also one of the perfor-
mance indicators that researchers pay special attention to.
Most PLEDs experience rapid efficiency roll-off at high bright-
ness, which affects device performance and severely hinders
commercial applications. The efficiency roll-off of PLEDs
originates from the accumulation of emitter triplet excitons."”
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For TADF materials, increasing the reverse intersystem crossing
rate (krisc) and reducing the triplet exciton quenching are
effective ways to reduce the efficiency roll-off.'®

The typical molecular structure of conjugated TADF polymers
usually consists of donor-acceptor,'® or donor-acceptor-donor,>
which promotes the formation of intramolecular charge transfer
(ICT) states between the donor and acceptor, so is the conjugated
TADF polymer. Correspondingly, the lowest singlet excited state
(S1) of the molecule is often the charge transfer state (*CT). For the
triplet excited state, it usually displays the charge transfer triplet
state (*CT) and localized excited triplet state (*LE). In order to
improve the EQE of PLEDs and reduce the efficiency roll-off, there
are many in-depth studies on the regulation of molecular excited
states related to luminescence.'®

According to Fermi’s golden rule, larger krisc requires
higher spin orbit coupling (SOC) matrix element values and
smaller AEgp.>!

< S|HSO(;|T >

1
krisc o ABs (1)

where kgrisc is the rate of RISC, <S|Hsoc|T> is the singlet
and triplet SOC constant, and AEgr is the singlet and triplet
energy gap.

As shown in Fig. 1, based on Fermi’s golden rule, two
approaches to improving the kgisc of conjugated polymers
can be easily made: one is to obtain a suitable AEgr; the other
is to enhance the spin coupling between singlet and triplet
states. From the perspective of enhancing SOC, it can
be divided into the *LE auxiliary strategy and the hyperfine
coupling (HFC) strategy.

It has been proven through numerous studies that the
upconversion process from the T; to S; state requires TADF
molecules to have a small AEgr, which is a fundamental require-
ment for achieving efficient TADF emission. The small AEgsr can
be controlled through the selection of donor and acceptor pairs
and the type of connectivity between the donor and acceptor. For
conjugated polymers, attention should also be paid to the triplet
energy level (Ers) of the main chains, which can also affect the
upconversion process of the TADF unit.

In 2016, Marc K. Etherington et al. demonstrated that ISC
between 'CT and *CT involves a more complex second-order
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process.”” This second-order process is mediated by the vibration
coupling between *CT and *LE, which allows SOC to the 'CT state.
Additionally, a reasonable energy level model was proposed,
where the relative energy ordering and the energy gaps between
CT and LE states [AE(*LE->CT), AE(*LE-"CT)] control the efficien-
cies of ISC and reverse intersystem crossing (RISC) of TADF
emitters. The energy gap between *LE-’CT and *LE-'CT states
serves as the key activation barrier for efficient RISC. This leads to
a rapid equilibrium between the two triplet states through inter-
nal conversion, followed by coupling of *CT to 'CT state through
the second-order perturbation theory under the mediation of *LE.

In fact, the wave function of the spin triplet state is usually
not a pure °LE, but a mixture state involving *CT and *LE
components. Some studies have also proved that when the
proportion of *LE components is low, satisfactory kg;sc can also
be obtained. Although the SOC is weak when the proportion of
*LE components is low, molecular vibration coupling has
proved to play a key role in promoting the *CT-'CT transition.
When the energy gap between *CT and *CT becomes very small,
the HFC between them may become active.**

Therefore, through molecular design, adjusting the properties
and energy levels of molecular excited states, and enhancing the
SOC between excited states are considered to be important
methods to improve the kgisc of TADF materials. It is also an
important strategy to improve the performance and stability of
PLED devices and reduce the efficiency roll-off. However, there is
also a complex relationship between the properties of TADF-
conjugated polymers and their excited states. In this article, from
the perspective of excited state regulation of conjugated polymers,
the relationship between their molecular design, excited state
properties and PLEDs performance is summarized. In addition,
the molecular design and development direction of high-
efficiency and high-stability PLEDs are outlined.

2. High-performance OLEDs with
conjugated TADF polymers
2.1. High-efficiency

Maintaining suitable AEgy. Many studies have shown that
increasing the dihedral angle between donors and acceptors

() HFC

Fig. 1 The rules governing the excited state properties of conjugated polymer TADF. (a) Maintaining suitable AEst; (b) localized triplet excited state
assisted reverse intersystem crossing; (c) hyperfine coupling facilitates reverse intersystem crossing.
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effectively decreases the overlap between the HOMO and LUMO
wavefunctions, resulting in a smaller AEgr."'® For conjugated
TADF polymers, maintaining a small AEsy by minimizing the
influence of the polymer backbones after polymerization is a
fundamental principle for the regulation of excited states.
Therefore, it is necessary to have a higher energy level of the
polymeric main chain than that of the emitting unit.

Common monomers used for the polymer backbones
include carbazole, fluorene, diphenylthiophene, and tetra-
methylbenzene. They provide good carrier transport properties
for conjugated polymers and promote the emission of TADF
units. Fig. 2 shows some polymer structures related to suitable
AEgr.

Because of the excellent hole-transporting ability, carbazole
is a common backbone structure of conjugated polymers.
The Er of the main chain formed by the copolymerization of
carbazole and other units is sufficient to satisfy most of the
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Fig. 2 Molecular structures of the selected high-efficiency TADF con-
jugated polymers related to suitable AEst.
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visible light regions from blue-green to orange-red. Therefore,
such polymers can be easily extended from small molecules
and maintain a small AEgr without worrying about the influ-
ence of the main chain on the excited state. Recently, Yang et al.
combined the pure carbazole backbone with multiple reso-
nance TADF (MR-TADF) molecules to design and synthesize a
series of polymers, PCzBNx."” The high Ers of polycarbazole
ensure that the extremely small AEgr of the side chain MR-TADF
unit is not affected. And the weak electron-donating ability of
carbazole will not produce long-range CT to MR-TADF units and
affect the narrow emission of MR-TADF. On solution-processed
OLEDs performance, PCzBN1 achieved an EQE,,.x of 17.8% and
an impressive full width at half maximum (FWHM) of the
electroluminescence spectrum of 27 nm. This is the first reported
conjugated MR-TADF polymer, which fully demonstrates the
versatility of the carbazole backbones.

Furthermore, carbazole can also work together with fluorene
and tetramethylbenzene as polymeric main chains. Praetip
Khammultri et al. designed and synthesized a series of TADF
conjugated polymers (PCTXO/PCTXO-Fx (x = 25, 50, and 75)),>*
which possess a conjugated backbone with TPA-carbazole/
fluorene moieties as the donor and a pendent 9H-thiox-
anthen-9-one-10,10-dioxide (TXO) as the acceptor, forming a
twisted donor-acceptor structure. The AEgy values of four
polymers are 0.15, 0.13, 0.12 and 0.12 eV, respectively, which
are comparable to the AEgy values of the original TADF small
molecule. The similar design principles have been demon-
strated in the CP-PLEDs field. In 2022, two novel chiral con-
jugated polymers, R-P and S-P, with small AEgy values and thus
excellent TADF properties are designed and synthesized.”®
A series of CP-PLEDs using R-P and S-P as light-emitting layers
show EQE,. values of 14.9% and 15.8%, respectively. Further-
more, CP-PLEDs based on R-P and S-P present strong mirror
CPEL signals at maximum emission wavelengths of 546 nm and
544 nm, respectively. The work provides a new and successful
strategy for the design of chiral TADF polymers to achieve
the CPEL.

However, the Eys of the above types of carbazole backbones
limit the application of blue-emitting conjugated polymers. To
solve this problem, Wang et al. introduced tetramethylbenzene
with carbazole to effectively increase the Ets of the main chains.
In 2023, poly(DOPAcDSCz-TMP), poly(DOPAcBPCz-TMP) and
poly(DOPACNICz-TMP) were designed and synthesized, in
which TADF units with different electron-withdrawing abilities
are located into the side chains.?® The AEgy for all polymers is
as low as 68-165 meV. The corresponding PLEDs display sky-
blue, green, and red electroluminescence with EQE,, values of
12.5%, 16.5%, and 3.6%, respectively. The Commission Inter-
nationale de I’Eclairage (CIE) coordinates are (0.22, 0.43), (0.37,
0.57) and (0.62, 0.38), respectively. This indicates that the
polymeric backbone with high triplet makes it almost applic-
able to TADF polymers with a full-colour spectrum except deep
blue light.

Carbazole and acceptor units can also be used for the main
chains of red light-emitting polymers. Wang et al. proposed a
strategy for constructing red TADF conjugated polymers by
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embedding quinoxaline-6,7-dicarbonitrile (QC) acceptors into
the polycarbazole backbones and linking 9,10-dihydroacridine
donors as side chains to the main chains.>” Non-doped electro-
luminescent devices achieve an EQE,,,, of 12.5% at 620 nm,
representing the highest performance for solution-processed
PLEDs based on red TADF polymers. When combining blue
TADF materials and PCzAQCO0.5 in a single emissive layer,
bright white OLEDs with the entire visible-near infrared range
(400-900 nm) are obtained with a record-high EQE,.x of 22.4%
at this time. By further controlling the molecular weight of
PCzAQCO.5, the EQE,, of its red-emitting device can reach
21.2%.%

In addition to the carbazole unit as a donor, the dibenzo-
thiophene sulfone mentioned above can also form the main
chains of the conjugated polymers together with other units,
for example, diphenylthiophene and fluorene. A series of con-
jugated polymers with the backbone-donor/pendant-acceptor
architecture, PFSOTTx are designed and synthesized.”® The
polymers inherit the inherent TADF characteristics of small
molecules. Besides, diphenylthiophene and acceptors are
copolymerized to form a main chain. In 2021, a backbone-
acceptor and pendant-donor TADF conjugated polymer PSAQFx
is reported, which is similar to PCZAQCx but has a smaller AEgy
and a faster kgisc than PCzAQCx."® Based on PSAQFzx, the doped
devices achieve an EQE,., of 24.8% with an emission peak at
608 nm. This is the first example of achieving EQE over 20% with
an emission peak over 600 nm in TADF polymer-based OLEDs.

Molecular excited state control is closely related to the
molecular structure, and it can be achieved by adjusting the
structure of conjugated TADF polymers to reduce AEgr. For
instance, optimizing the molecular excited state energy levels
can be achieved by selecting appropriate donor-acceptor units
and tuning the conjugation between them. In 2015, Adachi
et al. developed a new class of conjugated polymers based on
benzophenone, pCzBP and pAcBP, which consist of an alter-
nating electron donor and acceptor unit in their main chains.*
When the donor units are replaced with acridan units, the AEgr
of the conjugated polymer decreases from 0.16 eV (pCzBP) to
0.004 eV (pAcBP). The EQE,,x values of OLEDs prepared via
solution processing of the donor-acceptor polymers increase
from 8.1 £ 0.7% of pCzBP to 9.3 & 0.9% of pAcBP, significantly
surpassing the theoretical limit of traditional fluorescent
OLEDs.

In 2016, the Cheng group adjusted the AEgr of conjugated
polymers by introducing donors into the main chains.** The
carbazole and 9,10-dihydroacridine derivatives are alternately
copolymerized to obtain the conjugated main chains with high
Ty, in which the acceptors are either phenyl units containing
electron-withdrawing cyanogen or triazine groups. The side
chains are connected to the nitrogen atoms of the 9,10-
dihydroacridine group at large dihedral angles, forming a
twisted intramolecular charge-transfer (TICT) structure, and
thus resulting in the efficient TADF conjugated polymers
PAPCC and PAPTC. In PAPCC, HOMOs and LUMOs are well
separated in space to achieve a smaller AEgr. In solution-
processed PLEDs, EQE,,.x achieves 12.6% with the emission
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peak at 521 nm. This is the first report of a fully conjugated
polymer with efficient TADF.

Besides, in 2020, Rao et al. prepared the efficient TADF
polymers with a donor-acceptor conjugated structure,®* in
which triphenylamine (TPA) as a donor and dicyanobenzene
as an acceptor are developed by changing the connection
positions. When the connection position changes from the
para-position to the meta-position, the AEgr significantly
decreases from 0.44 eV to 0.10 eV due to the increased hole-
electron separation. As a result, compared to the para-
connected polymer poly(TPAp-DCBp) without TADF features,
the meta-connected polymer poly(TPAm-DCBm) shows strong
delayed fluorescence characteristics. The corresponding
solution-processed OLEDs achieve an EQE of 15.4% at
532 nm. This is the first report on donor-acceptor type con-
jugated TADF polymers, whose performance is comparable to
that of backbone-donor/pendant-acceptor and TSCT polymers.
Then, they proposed a novel steric locking strategy by introdu-
cing different numbers of methyl groups into donor-acceptor
conjugated polymers to obtain three polymeric emitters,
poly(TPAp-DCBp), poly(DMTPA-DCB) and poly(TMTPA-DCB)."®
Due to the steric hindrance, the twisting angle between the
donor and acceptor can be well-tuned, suppressing planar
relaxation and conjugation elongation, thereby promoting
hole-electron separation. Correspondingly, as the number of
methyl groups increases, the twisting angle enlarges, and AEgr
decreases from 0.44 eV to 0.22 eV and 0.09 eV, respectively. The
resulting donor-acceptor conjugated polymers achieve extre-
mely low AEgy (0.09 eV), enabling efficient TADF emission. The
corresponding doped and undoped devices show record-high
EQEs of 24.0% and 15.3%, respectively. During this period,
other researchers also utilize this rule of reducing AEsr to
report many efficient TADF conjugated polymers.

Triplet localized excited state assisted reverse intersystem
crossing. Maintaining a small AEgy is a prerequisite for ensur-
ing efficient TADF performance. Unfortunately, these papers
only mention that the high device efficiency caused by smaller
AEsr and the excited-state component types have not been
analyzed. According to the El-Sayed rule, SOC is allowed
between two excited states with different electronic configurations.
Generally, the S; is the 1CT state. Therefore, when the local
component of T, increases or when there exists a ’LE energy
level that is closer to 'CT, it helps enhance SOC and promotes
RISC. Fig. 3 shows some polymer structures related to *LE
energy level regulation.

Reineke’s group reported a method for constructing TADF
polymers from non-TADF units.>* Due to the smaller AEgy of
the prepared polymer P1 than the individual repeat unit and
sufficiently high radiative decay rate, P1 achieves a PLQY of up
to 71%. Density functional theory calculations confirm that the
*LE plays a key auxiliary role in promoting the up-conversion
process, enabling the polymer to exhibit TADF properties. This
work provides an encouraging strategy for producing efficient
TADF oligomers and polymers from completely non-TADF units
through coupling interactions. In later studies, they also
reported the impact of host materials on OLEDs based on

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 3 Molecular structures of the selected high-efficiency TADF con-
jugated polymers related to 3LE assisted reverse intersystem crossing.

polymer P1.>* Delayed fluorescence is hardly observed in pure
films or CzSi host, but replacing the host material CzSi with
mCP increases delayed fluorescence by more than three orders
of magnitude. The cyan blue device based on mCP as the host
material exhibits an EQE,,,, of 4.26%, while the device based
on the pure P1 film displays an EQE,, of only 0.87%. In the
context of conjugated TADF polymer based PLEDs, this work
proposes that the *LE property in polymer excited states plays
an important role in achieving TADF performance. Rao et al.
reported a “TADF + Linker” strategy, where small-molecule
TADF units are coupled together through a methyl-substituted
phenyl linker group (phenyl, dimethylphenyl or tetramethyl-
phenyl) to form three different polymers, poly(AcBPCz-P),
poly(AcBPCz-DMP) and poly(AcBPCz-TMP), respectively.>> Ana-
lysis of the excited state energy levels for these polymers reveals
that with an increase in the number of methyl groups on the
linker, the CT emission (i.e., *CT and 'CT) remains almost
unchanged, but the local excited triplet (*LEy,) of the polymeric
backbones gradually increases in energy from poly(AcBPCz-P)

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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to poly(AcBPCz-DMP) and poly(AcBPCz-TMP), with the *LEj,
energy level rising from 2.27 eV to 2.58 eV and 2.74 eV,
respectively. The *LEy, energy level of poly(AcBPCz-TMP) is even
close to that of 'CT and *CT. Therefore, the conjugation of
the main chains could be adjusted by methyl substitution to
modulate the energy levels of triplet, resulting in high-efficiency
poly(AcBPCz-TMP)-based OLEDs with an EQE as high as 23.5%
and CIE coordinates of (0.25, 0.52). Additionally, when com-
bined with an orange-red TADF emitter, bright warm white
electroluminescence is obtained with an EQE,,,, of 20.9% and
CIE coordinates of (0.36, 0.51). The efficiencies of both mono-
chromatic and warm white devices were the highest values
reported for TADF polymers at that time. These results demon-
strate the importance of the *LE component in the auxiliary
conversion process from *CT to 'CT.

According to the second-order perturbation theory, *LE plays
an important auxiliary role in the RISC process. Two sets of
conjugated polymers with anthraquinone moieties as pendant
acceptors have been designed and prepared by Zhan et al. The
acceptors are connected to the diphenylamine groups through
a phenyl bridge to form TADF units, which are embedded in the
polymer main chains through their donor segments, while the
main chains are composed of dibenzothiophene-S, S-dioxide
and 2,7-fluorene or 2,7-carbazole groups.>® The model com-
pounds 2FSO-TAQ and 2CzSO-TAQ exhibit calculated AEsy
values of 0.20 eV and 0.16 eV, respectively, which match well
with the experimental values of the polymers PFSOTAQ2 and
PCzSOTAQ?2 in thin films. Compared with PFSOTAQx, PCzSO-
TAQx exhibits a smaller AEsy due to the stronger electron-
donating ability of the carbazole groups. Excited-state energy
level information reveals that when AEg is smaller (1CT and
3CT are close), there is a *>LE component close to 'CT to assist
the SOC process. Non-doped OLEDs achieve efficient red emis-
sion at 625-646 nm. When the molar content of the TADF unit
is 2%, the EQE 4 is 13.6% with CIE coordinates of (0.62, 0.37),
indicating saturated red electroluminescence. Similarly, two
sky-blue TADF polymer emitters, PCzDD-50 and PTDD-50 are
designed and synthesized.?” In these polymers, deep blue TADF
molecule DMOTX-DMAC is used as a guest unit, and carbazole
and triphenylamine derivatives (TPAs) are used as the host
units for PCzDD-50 and PTDD-50, respectively. Molecular simu-
lation and photophysical analysis reveal that PCzDD-50 pos-
sesses much more *LE component in the T, state than PTDD-
50, and thus the increased *LE component tends to promote
SOC interactions between S; and T, according to the El-Sayed
rule. Therefore, the potential enhancement of SOC interactions
in PCzDD-50 can effectively accelerate the RISC process, result-
ing in a higher luminescence efficiency than PTDD-50. Finally,
PCzDD-50 and PTDD-50 based PLEDs present EQE,. values of
8.2% (Agr, = 488 nm) and 5.3% (Ag, = 468 nm), respectively.

Then, pNAI37 series and pNAI28 series orange-red TADF
polymers are synthesized with joint backbones of dibenzothio-
phene (DBT) and carbazole (Cz).*® By adjusting the connecting
position of the DBT unit, the polymeric performance is success-
fully optimized. Meanwhile, the 'CT and *CT levels of pNAI37
series are both 17 meV higher than those of the pNAI28 series,
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however, the pNAI37 series presents a smaller energy gap
between the 'CT and *LE levels [AE(*CT-°LE)] than the pNAI28
series. Since the *LE state can act as a medium to help excitons
spin flip from triplets to singlets, a smaller AE(*CT-’LE)
enables better performance due to the second-order oscillator
coupling mechanism. Finally, pNAI3705 exhibits the better
excited-state properties with the OLED EQE;.x of 20.16%,
which is maintained at 10.61% at 500 cd m >, ranking first
tier among orange-red polymers. This work also demonstrates
that optimizing excited-state properties by controlling the
polymer chain structure is an effective way to improve device
performance.

By summarizing this series of works, it is found that the
properties of the excited state energy levels and the energy level
differences are crucial. Specifically, according to the El-Sayed
rule, when both excited states of conjugated TADF polymers
display different properties (including *LE and 'CT), *LE or
*LE, can assist in completing the SOC process, achieving
efficient RISC, improving the utilization efficiency of triplet
excitons, and thus obtaining higher luminescence efficiency.
However, it should be noted that the smaller the energy level
difference between 'CT and *LE [AE(*CT-"LE)], the better the
RISC rate.

Hyperfine coupling facilitates reverse intersystem crossing.
Another proven example of a RISC process is HFC, which occurs
when the geometries of 'CT and *CT are similar and their
energy difference is very small, wherein the forbidden transi-
tions prohibited by the El-Sayed rule can be activated due to
vibrational coupling. Molecular structures of the selected high-
efficiency TADF conjugated polymers related to HFC are shown
in Fig. 4.

For example, the carbazole derivatives are combined with
TADF unit, 2-(10H-phenothiazin-10-yl)dibenzothiophene-S,S-
dioxide (DBTO2-PTZ) to construct three conjugated polymers,
Homo, Cop-50 and Cop-10.*° The results show that the content
of carbazole derivative units not only effectively suppresses the
exciton annihilation and non-radiative transitions but also
manipulates the molecular orbital distribution and A Egy value,
and even regulates the properties of excited states. Through
the analysis of natural transition orbitals (NTOs) of the three

Cop-10 x=0.05 PTDP-5

Macromolecules 2018, 51, 4615-4623
ACS Appl. Polym. Mater. 2019, 1, 2204-2212

Fig. 4 Molecular structures of the selected high-efficiency TADF con-
jugated polymers related to HFC.
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polymers, it is concluded that although RISC between 'CT and
*CT may be inhibited due to weak SOC according to the EI-
Sayed rule, under certain conditions, RISC can also be achieved
between CT and ®CT, which is attributed to the HFC of
spins.”®*! Therefore, rational control of excited state properties
may help guide the synthesis of efficient TADF polymers.
Among the three polymers, COP-10 exhibits a higher kgisc
and PLQY in the thin film state. The optimized OLEDs achieve
an EQE,,x of 15.7% with a turn-on voltage of only 3.2 V. Then,
two double-emissive TADF polymers PTDP-5 and PTDP-10 are
reported by replacing the carbazole derivatives on the poly-
meric main chains with TPAs,** in which TPAs served as the
main chains and blue emitters, while the alkylated TADF small
molecules (DBTO2-PTZ) served as orange-yellow emitters.
Due to the strong fluorescent emission characteristics and
non-planar structure of TPAs in the main chains of TADF
polymers, double-emissive polymers have been obtained by
utilizing the emission of TPAs and DBTO2-PTZ TADF units.
Increasing the proportion of TPA units enhances the relative
intensity of blue emission. Therefore, in solution-processed
OLEDs, as the percentage of TPAs units in the polymeric main
chain increases, not only the CIE coordinates of PTDP-10 shift
from (0.44, 0.43) to (0.38, 0.35) of PTDP-5, achieving warm-
white emission, but also the EQE,,,.x value increases from 4.8%
of PTDP-10 to 7.1% of PTDP-5. The excited-state characteristics
of the two polymers, PTDP-5 and PTDP-10, are also analyzed
and found to follow the same rules as COP-10. It is shown that
if the two excited states have the same properties (*CT and "CT),
the RISC between 'CT and *CT may be suppressed due to
weak SOC. However, when the energy level difference between
3CT and 'CT is very small, the HFC can be activated to break the
El-Sayed rule, achieving upconversion and thus improving
device performance. The OLED performance and the excited
state energy levels of the selected TADF conjugated polymers
with high efficiency are summarized in Table 1.

2.2. The efficiency roll-offs

The high efficiency roll-off is one of the main reasons for
limiting the commercial application of TADF materials. Conju-
gated polymers have unique advantages in solving the efficiency
roll-off of OLEDs. On one hand, n-conjugated TADF polymers
display the advantageous charge transporting properties derived
from the delocalized m-electron bonding along the polymeric
backbones. That is to say, the bonding and antibonding orbitals
can form the delocalized valence and the conduction wave-
functions, which can provide a channel for mobile charge
carriers and thus suppress the exciton concentration quen-
ching.*® On the other hand, TADF chromophores are sparsely
embedded in the polymeric backbones and separated by a
“blocking segment” formed by the host oligomer with higher
triplet over a sufficiently long distance, thereby preventing short-
range Dexter energy transfer. From this viewpoint, the conju-
gated TADF polymers are a potential candidate for fabricating
PLEDs with suppressive efficiency roll-off resulting from the
unbalanced charge transportation and the high exciton concen-
tration. All of these conjugated polymers present the low
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Table 1 OLED performance and excited state energy levels of the selected high-efficiency TADF conjugated polymers

Polymers krisc (10° s71) AEgr(exp)” (€V) AEsr(car)’ (€V) Agr’ (nm)/CIE EQE? (%) Type* Ref.
PACBP 1.3 0.10 0.004 548/(0.38, 0.57) 9.30 AEgsr 30
PAPTC — 0.13 0.14 521/(0.30, 0.59) 12.6 AEgr 31
PFSOTT2 — 0.26 0.09 406, 566/(0.42, 0.45) 9.90 AEgr 29
PFSOTT2 — 0.26 0.09 592/(0.51, 0.47) 19.4 AEgr 29
P1 — 0.023 0.12 480/(0.24, 0.37) 4.30 SLE 34
Cop-10 14.4 0.043 0.022 578/(0.46, 0.49) 15.7 HFC 39
PTDP-5 0.14 0.060 — 428, 600/(0.38, 0.35) 7.10 HFC 42
Poly(AcBPCz-TMP) — 0.12 0.19 507/(0.25, 0.52) 23.5 SLEy 35
Poly(AcBPCz-TMP) — 0.12 0.19 510, 552/(0.36, 0.51) 20.9 SLE, 35
PCzDD-50 2.00 0.042 1.00 488/(0.22, 0.35) 8.20 SLE 37
PTDD-50 1.12 0.047 0.86 468/(0.17, 0.22) 5.30 SLE 37
PNAI3705 7.20 0.04 0.008 610/(0.57, 0.38) 20.16 SLE 38
PCzSOTAQ2 - 0.12 0.16 642/(0.62, 0.37) 13.6 SLE 36
PCzAQCO.5 2.90 0.18 0.18 620/(0.56, 0.42) 12.5 AEgr 27
PCzAQCO.5 2.90 0.18 0.18 454, 632/(0.52, 0.38) 22.4 AEgr 27
PSAQF10 8.60 0.20 0.05 608/(0.48, 0.49) 24.8 AEgr 13
Poly(TPAm-DCBm) 1.01 0.10 0.16 532/(0.34, 0.57) 15.4 AEgr 32
poly(TMTPA-DCB) 3.53 0.09 0.08 532/(0.34, 0.57) 24.0 AEgr 16
PCTXO-F75 — 0.12 — 611/(0.55, 0.44) 1.54 AEgr 24
PCTXO — 0.15 — 603/(0.56, 0.43) 10.4 AEgr 24
poly(DOPAcDSCz-TMP) 3.23 0.17 0.01 488/(0.22, 0.43) 12.5 AEgr 26
poly(DOPAcBPCz-TMP) 21.5 0.07 0.006 530/(0.37, 0.57) 16.5 AEgr 26
poly(DOPACNICz-TMP) 13.5 0.07 0.007 620/(0.62, 0.38) 3.60 AEgr 26
R-P 6.28 0.045 0.047 546/(0.41, 0.57) 14.9 AEgr 25
S-P 6.31 0.061 0.047 544/(0.40, 0.57) 15.8 AEgr 25

“ Calculated from fluorescence and phosphorescence spectra. ? Calculated by TD-DFT at the B3LYP/6-31G(d,p) level. © Commission Internationale
de I'Eclairage (CIE) coordinates. ¢ The maximum EQE. ° AEgy, °LE, °LE, and HFC represent the strategy of controlling suitable AEgy, triplet
localized excited state, triplet localized excited state of main chains, and hyperfine coupling assisted reverse intersystem crossing, respectively.

efficiency roll-off and small AEgsr. However, there are very few
studies on the regulation of the excited state. The research
studies focus on separating HOMO and LUMO distribution in
order to reduce AEgr, and thus improve kgisc, which would
reduce the concentration of triplet excitons to suppress concen-
tration quenching, thereby achieving a lower efficiency roll-off.
The molecular structures of the selected TADF conjugated poly-
mers with low efficiency roll-off are shown in Fig. 5. The OLED
performance and the excited state energy levels of the selected
TADF conjugated polymers with low efficiency roll-off are sum-
marized in Table 2.

From 2017 to 2018, a series of studies on the conjugated
polymers with low efficiency roll-off were conducted by Cheng
and co-workers.**™*® These polymers have an identical back-
bone consisting of 3,6-carbazolyl and 2,7-acridinyl rings. One
acridine ring and each acceptor group pendant constitute a
definite TADF unit with the twisted donor-acceptor structure,
which is incorporated into the polymeric main chains through
2,7-position of the acridine ring with the varied contents.

With the development of study on the conjugated TADF
polymers, since 2020, our group has reported several TADF
conjugated polymer-based OLEDs with low efficiency roll-off. In
2020, we designed and synthesized the fluorinated and chlori-
nated m-conjugated TADF polymers and their non-halogenated
analogues, respectively.”® The halogenation can aggrandize the
*LE component of Ty, which is favourable to enhancing SOC
and RISC processes. Eventually, the halogenated emitter-based
PLEDs can reach a high EQE .« of over 20%, and extremely low
efficiency roll-off sustaining over 18% EQE at a luminance of
1000 cd m 2. This study opens a way to design high-efficiency

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

TADF materials by halogenation and thus guides the future
research on the high-performance PLEDs. The excited states of
halogenated TADF polymers also abide by the El-Sayed rule,
wherein the S; and T, states featuring the different excited
natures generally possess the impressive SOC matrix element
values. The auxiliary role of *LE in the excited state for RISC is
proved again.

Besides, some studies have shown that when S; and T; have
the same excited state properties, in some specific cases, lower
efficiency roll-off can also be obtained. On one hand, Yersin
et al. recently demonstrated that the RISC process with a
minimal AEsr, extremely similar geometries, and energetically
nearby lying states for SOC and configuration interaction can
be carried out quickly via vibronic coupling between the lowest
'CT and °CT states.”" This rule has also been proven by our
newly prepared TADF conjugated polymer pBP-PXZ.>° pBP-PXZ
shows the close energy levels of 'CT and *CT, moreover,
'CT and *CT have extremely similar geometries, negligible
AE(*CT-*CT) (8 meV), and with a high proportion of LE
features in T,. With the assistance of °LE, pBP-PXZ can com-
plete the rapid RISC process. Finally, the EQE;,,, of OLEDs
based on pBP-PXZ neat films is 13.71%. Even the OLEDs based
on pBP-PXZ-doped films can achieve an EQE,, of 23.11%,
exhibiting no roll-off when the luminance is less than
200 cd m 2 and show only a 3% EQE decrease at 500 cd m 2.
The EQE remains above 19% under 1000 cd m™2, which is the
highest device efficiency among TADF polymer-based OLEDs
under high luminance. On the other hand, Serdiuk et al. have
recently demonstrated that the activated SOC by molecular
vibrations plays a key role in facilitating direct RISC with a
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Fig. 5 Molecular structures of the selected TADF conjugated polymers
with low efficiency roll-off.

high rate of *CT-'CT transition via the same CT states of
different multiplicities.”> We also confirmed that the similar
molecular vibrations and electronic structures between 'CT and
3CT states could minimize reorganization energy in the hyper-
branched conjugated polymer (HCPs) system.>' The RISC process
can be performed quickly via vibronic coupling between the lowest
'CT and >CT states with a minimal AEgy, extremely similar
geometries, and energetically nearby lying states. Accordingly,
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the transitions forbidden by the El-Sayed rule can be activated
due to vibrational coupling perturbations. Especially, the degener-
ated states of the HCPs with D-A-D type TADF characteristics
would be strongly coupled owing to their energetic proximity and
establish a multiple-CT vibrationally enhanced SOC for a fast RISC.
Coupling with the efficient energy transfer process generated by
advantageous structural features of HCPs, the strongly electron-
withdrawing oxygen atoms located on the TADF cores further
accelerate hole transportation from the host chains to the TADF
cores. Under a rational regulation of the TADF core ratio, the
related non-doped red-emitting device performs an outstanding
performance with an EQE,,,, of 8.39% and exhibits no roll-off
while the luminance is less than 100 ¢d m™> and only 3.3%
decrease at 500 cd m™2 Simultaneously, the EQE can be main-
tained at 7.4% under 1000 cd m .

As mentioned earlier, the TADF conjugated polymers can be
directly used as light-emitting layers of PLEDs. In order to
further improve device performance, the TADF polymer can
also be used as the host material in host-guest PLEDs to
suppress triplet-triplet annihilation. Based on the existing
works,>®* it can be concluded that the Ers of the conjugated
polymer must be higher than that of the guest TADF material to
prevent energy backflow from the guest material to the host
material. From the perspective of regulating excited state
energy levels, in order to achieve low efficiency roll-off,
researchers have developed TADF sensitizers. TADF sensitizers
have a high kgisc and can transfer the singlet excitons in the
sensitizer unit through Forster resonance energy transfer to the
singlet excitons of the emitter unit, thus avoiding the ineffi-
cient RISC process of the emitter itself. It is easy to understand
that traditional intermolecular sensitization (IMS) strategies
are prone to phase separation between the TADF sensitizer
and the emitter. In this case, our group proposed a new
intramolecular sensitization strategy by covalently binding the
TADF sensitizer to the conjugated polymer luminescent
material.>> By properly adjusting the ratio of the sensitizer and
luminescent unit in the polymer, the intramolecular sensitized
conjugated TADF polymer TCCP-3 is obtained, with a krisc
value greater than 10° s~' and simultaneously suppressing the

Table 2 OLED performance and excited state energy levels of the selected TADF conjugated polymers with low efficiency roll-off

EQE (%)

Polymers CIE?/ )y, (nm) Maximum values 1000 cd m™~> Roll-off? AEsy” Type? Ref.
PCzATD5 (0.41, 0.55)/560 15.5 14.5 6.45 0.09 AEgy 44
PABPC5 (0.40, 0.56)/545 18.1 17.8 1.66 0.12 AEsy 45
PCzAPT10 (0.36, 0.55)/- 16.9 15.6 7.69 — AEgy 46
PCzAB2Py5 (0.48, 0.51)/573 11.9 11.3 5.04 0.10 AEgr 47
PCzABA10 (0.39, 0.57)/545 10.6 10.3 2.83 0.22 AEsy 48
PCzBPF-10 (0.38, 0.56)/542 20.0 18.2 9.00 0.01 ’LE 49
PBP-PXZ (0.52, 0.48)/584 13.7 8.86 35.4 0.028 3LE 50
HCP-7.5% (0.55, 0.45)/600 8.39 7.43 11.4 0.038 vC 51
TCCP-3 (0.34, 0.54)/535 17.8 16.0 10.1 0.017 IMS 55
P5 (0.42, 0.55)/553 25.4 24.2 4.72 0.007 IMS 9

“ Commission Internationale de I’Eclairage (CIE) coordinates. ” The roll-off value with respect to the maximum EQE. ¢ Measured in toluene
solution. AEg; = Es — Er. ¢ AEgr, °LE, VC and IMS represent the strategy of controlling suitable AEgr, triplet localized excited state, vibronic

coupling and intermolecular sensitization assisted reverse intersystem
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non-radiative transition of triplet excitons. Therefore, its PLQY
can reach nearly 90%. The EQE,,.x of the solution-processed
OLEDs reaches 17.8% with extremely low efficiency roll-off.
Subsequently, we modified the light-emitting TADF unit with
the electron-transporting material triphenylphosphine oxide to
achieve the balanced charge carrier transport.’ By carefully adjust-
ing the proportions of each components, we obtained P1-P5,
among which P5 demonstrates a remarkable PLQY up to 90%
and an exceptionally high kpisc of 3 x 10° s~*. The solution-
processed PLEDs exhibit an EQE value of 25.4% with an emission
peak at approximately 550 nm, representing record-breaking
high-performance PLEDs. Additionally, significant suppression
of efficiency roll-off was achieved, maintaining an EQE value of
24.2% at 1000 cd m ™2, with the efficiency roll-off below 5%. This
work provides an effective strategy for achieving high EQE and low
efficiency roll-off. The energy transfer path of the excited state in
the intramolecular sensitization strategy is shown in Fig. 6. These
results demonstrate the importance of the intramolecular sensi-
tization strategy in designing highly efficient conjugated TADF
polymer emitters in molecular electronics.

After reviewing the regulation of the excited state energy
level in high efficiency and low efficiency roll-off conjugated
TADF polymers, it was found that the regulations were basically
consistent. In fact, both high efficiency and low efficiency roll-
off are important performance indicators for evaluating PLEDs,
and they are inseparable and complementary in applications.
Therefore, by carefully designing materials with appropriate
excited state energy levels, both high efficiency and low effi-
ciency roll-off can be achieved, simultaneously. In order to
compare the performance of the reviewed TADF conjugated
polymers, we summarize the OLED efficiency of TADF polymers
based on the emission colour as shown in Fig. 7. As shown in
Fig. 7, green TADF conjugated polymers have the most abun-
dant types and highest efficiency, and the types of red TADF
conjugated polymers need to be further enriched. Importantly,
it is quite difficult to gain conjugated TADF polymers with blue
and even deep-blue emissions, due to the limitation of the Ers
of the main chains. Currently, the bluest TADF-conjugated
polymer, PTDD-50, shows only sky-blue emission.

TADF polyme ~

— B
Enhanced EL

D
- w,

Fig. 6 The energy transfer path of the excited state in the intramolecular
sensitization strategy.
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Fig. 7 The performance of the reviewed TADF conjugated polymers.

3. Summary and outlook

From the perspective of the method of characterizing the
excited state, the excited state properties and data of the TADF
conjugated polymers discussed in this article are obtained
through experiments and time-dependent density functional
theory (TD-DFT) calculations. We summarize these two meth-
ods. On the one hand, researchers can obtain information
about S; and T, through experiments. S; and T, energy levels
of polymers can be determined by the onset positions of the
fluorescence spectra and the phosphorescence spectra at 77 K,
respectively. On the other hand, the nature of excited states is
obtained through TD-DFT calculations. DFT is the standard
computational method for studying the photophysical proper-
ties of TADF emitters. It is widely used to guide molecular
design and provide a deeper understanding of the TADF mecha-
nism. Traditional hybrid functionals, especially B3LYP,*® PBEO,””
and distance-corrected functionals such as omega-tuned
LCoPBE,>® have become the most popular methods in TADF
studies. For D-A type TADF emitters, these methods usually
predict S,/T,/T, properties, energy level gap, and AEgr values
with good agreement with experimental results. It is worth
noting that most reports to date have only discussed ground-
state DFT calculations, with few providing time-dependent DFT
results. To address this modelling problem for TADF emitters,
some theoretical papers have emerged.”® With the continuous
application of artificial intelligence in various aspects of our
lives and the development of quantum chemistry calculations,
it is hoped that more model research achievements applied
to the theoretical calculation of TADF emitters will emerge,
providing researchers with theoretical simulation results closer
to experimental values. In addition, in the future, finely tuned
material excited state properties can be achieved through
computer-aided simulations to design and screen for more
efficient TADF molecules, replacing the method of synthesizing
a series of emitters and then screening for the most efficient
ones, which has high time and economic costs.
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From the perspective of regulating the excited states of
conjugated TADF polymers, it is necessary to minimize the
AEgr between S; and T, to ensure effective RISC, which
depends on the separation of HOMOs and LUMOs. Therefore,
in the early days, the most common design strategy for TADF
materials was based on highly twisted (or nearly orthogonal)
donor-acceptor structures with strong ICT characteristics to
fully separate the spatial distribution of these frontier orbitals.
Following this basic principle of regulating excited states,
reducing the AEgsr of conjugated TADF polymers has led to
significant progress in the development of efficient TADF
materials. As research continues to deepen, researchers have
begun to look for rules for regulating excited state energy levels
by manipulating the excited state natures and energy gaps of
luminescent materials. Based on a review of the excited-state
energy level information of the existing high-performance con-
jugated polymer electroluminescent materials, it is concluded
that excited states have different properties (‘CT and *LE), and
the LE state assists in completing the SOC process during the
efficient thermal conversion of T; into S;. Additionally, the
energy gap between ’LE and 'CT is more important, as a
smaller value helps ensure rapid RISC and high efficiency
devices. If the excited states have the same properties ("CT
and *CT), then the energy gap between *CT and 'CT becomes
more important because when this value is small enough, it can
break the El-Sayed forbidden *CT-'CT transition, achieving
upconversion. Of course, the regulation of excited states in
conjugated TADF polymers is not limited to these rules, and
there are many deeper rules worth exploring for researchers.

From the perspective of molecular design, the high Ers of
polymeric main chains are an important factor to ensure the
suitable AEsr of TADF conjugated polymers. Common host
units include carbazole, fluorene, diphenylthiophene, tetra-
methylbenzene and so on. A suitable AEsy for TADF conjugated
polymers can be achieved by selecting appropriate donor-
acceptor units and tuning the conjugation between them. For
example, steric hindrance is introduced to adjust the twisting
angle between the donor and acceptor. Besides, by summariz-
ing the molecular structures of the selected high-efficiency
TADF conjugated polymers related to *LE assisted RISC and
related to HFC, we found that the copolymerization of carba-
zole/carbazole derivatives with donors of TADF units as
polymeric main chains might be a general molecular design
strategy. Surprisingly, TADF conjugated polymers with low
efficiency roll-off also follow this strategy.

Indeed, achieving high efficiency and low roll-off simulta-
neously is a major challenge faced by TADF conjugated poly-
mers and is also the direction for future development.
To achieve this, researchers will need to continue developing
new design strategies and exploring more in-depth rules
for regulating excited-state properties. Additionally, further
advancements in theoretical modelling and simulation techni-
ques could help researchers predict the performance of TADF
materials more accurately before they are synthesized, saving
time and resources. Overall, the goal is to develop TADF
materials that can be used in a wide range of applications,
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from displays and lighting to sensing and biomedical imaging,
providing a more sustainable and cost-effective alternative to
traditional optoelectronic materials.
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