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Editorial on the Research Topic
Recent Advances in Thermally Activated Delayed Fluorescence Materials

Thermally activated delayed fluorescence (TADF) materials design has rapidly evolved over the
past 8 years since Adachi and co-workers demonstrated that organic donor-acceptor compounds
could recruit both singlet and triplet excitons in electroluminescent devices, reaching nearly 100%
internal quantum efficiency (Uoyama et al., 2012). Accompanying new and improved TADF
materials has been the enhanced performance of the organic light-emitting diodes (OLEDs),
underpinned by a refined understanding of the TADF mechanism and the design rules that govern
materials design.

This themed issue of Frontiers in Chemistry documents recent advances in TADF materials.
Paisley et al. reviewed stimuli-responsive TADF in polymer nanoparticles and how these are
relevant to sensing and imaging. Yin et al. provided an overview of TADF polymer materials.
Etherington summarized the solid-state solvation effects and aggregate effects in organic TADF
emitters. Barman et al. reviewed mechanochromic organic TADF materials. Lee et al. focused on
boron containing TADF materials. To et al. contributed a perspective on metal complexes that
showed TADF and their use as emitters in OLEDs. Hamze et al. demonstrated highly efficient
deep blue luminescence of 2-coordinate coinage metal complexes. Crucho et al. reported on TADF
dye-loaded nanoparticles for fluorescence live-cell imaging. Li Y. et al. showed how through-space
charge transfer states can be recruited within polymers to produce high-performance solution-
processed OLEDs, while Chen et al. showed how similar excited states can be exploited in
small molecule TADF emitters. Mubarok et al. likewise exploited through-space CT states in
triarylborane-containing TADF emitters. Kusakabe et al. revealed the importance of the relative
orientation of donor and acceptor groups in through space TADF small molecule emitters. TADF
polymer design was featured in the work of Yang et al. who reported white OLEDs while red OLEDs
were reported by Zhan et al.. Franco et al. demonstrated how TADF absorption can be sensitized by
using variable length oligo(phenylene ethynylene) antennae. Cai et al. revealed how aggregation-
induced delayed fluorescence materials can be recruited for high-performance solution-processed
OLEDs. Li H. et al. provided examples of small molecule emitters that showed aggregation-
induced delayed fluorescence. Distinct high triplet energy ambipolar TADF host materials were
independently reported by Rodella et al. for vacuum-deposited OLEDs and Godumala et al. for
solution-processed OLEDs. High-performance OLEDs also require horizontally oriented emitters.
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Adachi et al.

Editorial: Recent Advances in TADF Materials

Naqvi et al. revealed molecular design rules for small molecular
TADF emitters to exhibit more preferentially horizontal
orientation. Sasabe et al. demonstrated how molecular
orientation could be controlled in carbazole-containing host
materials. Improved performances of blue TADF OLEDs have
been of particular focus within the OLED community. Zhang
et al. reported on a family of blue emitters containing an OBO-
Fused Benzolfg]tetracene acceptor. Sohn et al. demonstrated
high-performance blue OLEDs using a pyrimidine-containing
TADF emitter. Tsuchiya et al. showed how computational
modeling can effectively guide blue emitter design. The greater
exploration of chemical space has led to unorthodox emitter
design. For instance, delayed fluorescence was reported by
Pandey et al. in compounds containing dianthrylboron-based
donor-acceptor systems, while Krotkus et al. showed fast delayed
fluorescence in pyridazine-based emitters.
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In this work, interactions between different host materials and a blue TADF polymer
named P1 are systematically investigated. In photoluminescence, the host can
have substantial impact on the photoluminescence quantum vyield (PLQY) and the
intensity of delayed fluorescence (®@pr), where more than three orders of magnitude
difference of ®pr in various hosts is observed, resulting from a polarity effect of
the host material and energy transfer. Additionally, an intermolecular charge-transfer
(CT) emission with pronounced TADF characteristics is observed between P1 and
2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine  (PO-T2T), with a singlet-triplet
splitting of 7 meV. It is noted that the contribution of harvested triplets in monochrome
organic light-emitting diodes (OLEDs) correlates with ®pg. For devices based on
intermolecular CT-emission, the harvested triplets contribute ~90% to the internal
quantum efficiency. The results demonstrate the vital importance of host materials
on improving the PLQY and sensitizing @pr of TADF polymers for efficient devices.
Solution-processed polychrome OLEDs with a color close to a white emission are
presented, with the emission of intramolecular (P1) and intermolecular TADF (PO-T2T:P1).

Keywords: thermally activated delayed fluorescence, electroluminescent polymer, exciplex, charge-transfer state,
organic light-emitting diodes

INTRODUCTION

Since the first report of organic light-emitting diodes (OLEDs) by Tang and Vanslyke (1987),
great efforts have been dedicated to achieve efficient and cost-effective OLED architectures
for display and lighting applications. In the early stage of research, the device efficiency was
limited by non-radiative triplets with a share of ~75% of all excitons, generated directly
under electrical excitation in conventional fluorescent emitters (Segal et al., 2003). As though
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triplet-triplet-annihilation can generate one emissive singlet
from two triplets, the theoretical limit of the internal quantum
efficiency (IQE) utilizing this bimolecular pathway is limited
to 62.5% (Zhang and Forrest, 2012). The development of
phosphorescent emitters, generally organometallic compounds
with heavy metal atoms such as iridium, palladium and gold,
allows harvesting triplet excitons through phosphorescence
emission, making unity IQE values possible (Thompson, 2007).
Highly efficient monochrome and white OLEDs have been
demonstrated with phosphorescent emitters by using optimized
multilayer architectures via thermal deposition under high
vacuum condition (Reineke et al., 2009, 2013; Li et al., 2017,
2018). Still, phosphorescent emitters have several drawbacks
in their use in OLEDs. The use of metal ingredients, leading
to concerns of environmental hazards and high costs, drives
the research community to find more environmentally friendly
and cost effective alternatives. Furthermore, vacuum deposition
has a high energy footprint compared to solution processes
such as spin-coating or printing. The development of solution
processable, purely organic materials is still active both in
scientific and industry fields (Zheng et al., 2013; JOLED, 2018;
Wei et al., 2018a).

An alternative way to utilize triplets is converting them
to singlets by finely matching the triplet and singlet state
energy with a small singlet-triplet splitting AEgr, where
reverse intersystem crossing (RISC) occurs by harvesting the
environmental thermal energy, known as thermally activated
delayed florescence (TADF). In 2011, the first purely organic,
reliable TADF emitter PIC-TRZ was reported by Endo et al.,
with a moderate photoluminescence quantum yield (PLQY) of
39% and merely 32% triplet harvesting efficiency when doped in
1,3-bis(N-carbazolyl)benzene (mCP) in the device (Endo et al.,
2011). Later in 2012, the same group has reported purely organic
TADF emitters with almost 100% triplet harvesting efficiency
(Uoyama et al., 2012). After this breakthrough, numerous efforts
have been devoted to the purely organic TADF small molecules,
which can be purified by sublimation and processed by physical
vapor deposition to obtain multilayer devices (Uoyama et al,
2012; Dias et al., 2013; Jankus et al.,, 2014; Zhang et al., 2016;
Wong and Zysman-Colman, 2017).

On the other hand, TADF devices based on dendrimers
and/or polymers have also gained huge attention, because of the
possibility of easy fabrication by solution processes and high
efficiency at the same time. As a proof-of-concept, solution-
processed high efficiency OLEDs based on modified TADF
small molecules with a better solubility have been reported
(Cho et al, 2014). Meanwhile, to achieve macromolecules
showing TADE there are in general two approaches: (i)
incorporating TADF monomers into polymer side chains with
a non-conjugated backbone, and (ii) polymerizing donor and
acceptor parts to form the main chain where the charge
transfer state emission has TADF character, and each TADF
unit is separated without conjugation (Li et al., 2016; Huang
et al,, 2018; Lin et al., 2018b; Wei et al., 2018b). For the first
design principle, it is quite straightforward to achieve TADF
macromolecules by binding the TADF monomeric units to a
non-conjugated polymer side chain or linking with dendrimer

groups without breaking m-conjugation among the TADF
moieties (Luo et al., 2016; Xie et al., 2017; Yang et al., 2018).
For the second approach, the conjugation between different
TADF units are supposed to be disturbed by o bonds. The
first TADF polymer was denoted as “intermonomer TADF”
based on the second strategy, and a high external quantum
efficiency (EQE) of 10% was obtained (Nikolaenko et al.,
2015). It should be noted that besides these two general
design principles, there are other possibilities to achieve TADF
polymers. Wang et al. reported solution-processed OLEDs with a
maximum EQE (EQEp,x) of 12.1% based on a TADF polymer
via the so-called through-space charge transfer effect (Shao
et al, 2017). Previously, we reported a method to generate
an efficient blue TADF polymer, denoted P1 (Figure 1), by
polymerizing a non-TADF monomer (4-(3,6-dibromo-carbazol-
9-yl)phenyl)(4-(dodecyloxy)phenyl)methanone to conjugated
polymer macrocycles. The appearance of TADF is resulting
from the conjugation-induced reduction of the effective energy
splitting AEst, while keeping a sufficient fast radiative decay rate
(Wei et al., 2017). The previous report on P1 focused on the
synthesis and the origin of the TADF characteristics, without
further investigation of its device integration and, in particular,
on the influence of host materials in a device surrounding.

For small molecule TADF emitters in host-guest systems,
the host materials can have a significant impact on the device
efficiency and lifetime (Nakanotani et al., 2013; Cui et al,
2017). Recently, Han et al. reported that the host-guest dipole
interaction can influence the PLQY of a group of blue TADF
small molecules. Reducing the excited-state dipole moments
of host materials can slightly reduce the rate of RISC, while
the non-radiative rate is significantly suppressed, leading to
a large improvement of the device performance (Han et al,
2018). However, there is still a lack of understanding of the
interaction between host materials and TADF polymer emitters.
Furthermore, even though tremendous efforts have been put
on intermolecular charge transfer state (CT-state) TADF (in the
OLED community typically referred to as “exciplex”) between
small molecules (Goushi et al., 2012; Liu et al., 2015; Wu et al.,
2017; Lin et al., 2018a; Ullbrich et al., 2019), the first report
of intermolecular CT-emission with TADF characteristics based
on a non-TADF polymer (poly(9-vinylcarbazole), PVK) and
small molecule (2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-
triazine, PO-T2T) was recently reported by Pander et al. (2018).
In their system, the concentration of small molecule component
has only minor influence on the transient PL decay profile of
the CT-emission.

Here, we report our detailed investigation of the interactions
between different host materials and the guest TADF polymer
P1. We note that the host material can induce important effects
on the PLQY and TADF characteristics (time dynamics and
efficiency) of the polymer emitter. In the non-doped system
(neat polymer film), weak delayed fluorescence is observed
with a fraction of 2.95% of the total photoluminescence (PL).
In the wide-gap and high triplet level 9-(4-tert-butylphenyl)-
3,6-bis(triphenylsilyl)-9H-carbazole (CzSi) host, the PLQY is
reduced, and the delayed fluorescence is almost completely
quenched (0.014% of the entire emission). Both the PLQY
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FIGURE 1 | (A) Chemical structure of host materials and the blue TADF polymer P1, with the calculated electrical dipole moment . for different host materials. The
trimer of P1 (n = 3) is set as the host for the P1 neat fim in dipole moment calculations. (B) PL spectra of different spin-coated films with P1. (C) Transient PL decay
measured at room temperature (ca. 297 K), detected at the peak wavelength of the respective steady state PL spectrum, excited with a pulse laser at a wavelength of
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and the delayed fluorescence are significantly increased when
using mCP as host material. The PLQY is increased to 49.8%
for mCP:P1 (20 wt%), which is about 2.5 times higher than
that for CzSi:P1 (20 wt%). Moreover, the fraction of delayed
fluorescence reaches about 66% of the entire fluorescence in the
mCP host. This indicates that the absolute quantum yield of
delayed fluorescence (®pr) is enhanced by a factor of about 5,900
with mCP as host compared to CzSi. Further investigations show
that P1 and PO-T2T can form an intermolecular CT-emission
with substantial TADF characteristics. The emission spectrum is
hardly dependent on the P1 concentration in the range of 20-60
wt%. The singlet-triplet splitting A Egr for the intermolecular CT-
emission is as small as 7 meV, leading to a very pronounced TADF
emission, with a ratio of 2.13 between ®@pr and the quantum
yield of prompt fluorescence (@pg). It is estimated that in OLEDs
utilizing the delayed emission, P1:PO-T2T intermolecular CT-
emission contributes to about 90% to the IQE. Combining blue
emission from P1 and yellow emission from the PO-T2T:P1
CT-emission, we demonstrate broadband, polychromatic OLEDs
with a single emission layer, which holds promise for solution-
processed white OLEDs based on the collective effect of two
distinct CT-states, both giving rise to TADF.

RESULTS AND DISCUSSION

Host Environment-Enhanced TADF of P1

The PLQY and the delayed fluorescence for the TADF polymer
P1 are sensitive to the surrounding environment. The P1 neat
film shows a moderate PLQY of 30.7%, with a PL spectrum
peaking at ~490nm. When embedded in a host material
(structures shown in Figure 1A) with a wide energy gap and
high triplet energy (Figure 3A), the PLQY for the mixed film
changes. As summarized in Table 1, when P1 doped with a
concentration of 20 wt% in CzSi, a widely used host material for
blue emitters with a wide bandgap (Cho et al., 2014), a lowering
of the PLQY (23.9%) is observed. The PLQY in CzSi is slightly
increased up to ~30%, with different P1 concentration from 10
to 25 wt%, as shown in Figure S1. For mCP:P1 films, the PLQY
reaches 57.7% at 10 wt% of P1. It decreases to 49.4% for an
increased doping concentration of P1 of 25 wt%. The PLQY
values of P1 in this study do not reach the values as initially
reported previously (Wei et al., 2017), which was obtained for
a different host material (polystyrene). The change of the doping
concentration within the range of 10-25 wt% has only a minor
influence on the PL spectrum, as shown in Figure S1. The PL

Frontiers in Chemistry | www.frontiersin.org

10

October 2019 | Volume 7 | Article 688


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Lietal Thermally Activated Delayed Fluorescence Polymers

TABLE 1 | Photophysical properties of thin films with P1.

Film PpLay (%) Amax (nm) @pr (%) @pr (%) Ppr/Ppr ek (NS) ToF (18) ke (x107 s77)
P1 neat fim 30.7 490 29.8 0.90 0.03 3.60 1.81 8.27
CzSi: P1 20 wt% 23.9 a77 23.9 2.86 x 1073 1.20 x 1074 3.85 0.72 6.21
mCP: P1 20 wt% 49.8 476 32.9 16.9 0.52 3.44 44.32 9.50
PO-T2T: P1 20 wt% 8.1 532 2.6 55 213 13.00 1.21 0.20

spectrum of mCP:P1 (20 wt%) film peaks at 477 nm, which is  and extremely low @ pp/@pr (0.00014). The delayed fluorescence
slightly blue-shifted compared to the P1 neat film, beneficial  is much more pronounced when using mCP as host material,
for achieving blue OLEDs. CzSi is a widely used host material ~ for which @pr = 16.9% and @pp/@pr = 0.52 are obtained.
with photoluminescence in the UV/deep blue spectral range (Tsai ~ Compared to the CzSi host material, the @pr in mCP host is
et al., 2006). Furthermore, with HOMO and LUMO values of = more than 5,900 times higher.
6.0 and 2.5 eV, respectively (Baranoft and Curchod, 2015), CzSi It is interesting to note that, even though the singlet state is
forms a type-I hetero-interface, not allowing for a charge-transfer ~ decreasing by increasing the dipole moment of host materials
state to form. Thus, the blue emission of CzSi:P1 mixture can  (Figure 1A), the ratio @ pp/@pr is not fully following the trend.
be attributed to the intrinsic P1 emission. The change of the  As we can see, the PL emission is red-shifted for the non-doped
emission spectrum of mCP, CzSi and non-doped film can be  film compared to the mCP:P1 system, while the ratio @ pp/@pr
attributed to the different interaction of P1 with the various is still much lower compared to the later. Thus, a deeper blue
hosts having different permanent dipole moments (Reineke et al.,  emission together with a higher fraction of delayed fluorescence
2010). As shown in Figure 1A, the dipole moment of the mCP  are obtained at the same time in mCP, which is beneficial
ground state is as small as 1.40 D, while it is 6.86 D for  for fabricating blue OLEDs. According to the photophysical
P1. Here, a trimer section of P1 (n = 3) is assumed as the investigation and DFT analysis, factors including host-guest
embedding material for the P1 neat film in the density functional ~ energy transfer, dipole moment of host materials, and CT-state
theory (DFT) calculation in an attempt to properly model the  generation can contribute to different @pp/®@pp ratios for the
surrounding environment. In case of the PO-T2T:P1 mixture = TADF polymer in different hosts.
(20 wt%), a substantial red-shift of the PL emission peak to A low value of @ pp/@pr can jeopardize the triplet harvesting
532 nm is observed, suggesting a different origin of this emission.  in electroluminescence, since triplets are generated directly with
Here, an intermolecular CT-emission between P1 and PO-T2T  a large fraction (75%) (Segal et al., 2003), while they are
gives rise to this distinct PL. Before systematically investigating  generated from singlets via intersystem crossing (ISC) under
the photophysical property of the PO-T2T and P1 mixture, the  optical excitation. The extremely low value of @pp/®pr in the
detailed influence of host materials mCP and CzSi on the TADF ~ CzSi host gives a hint that most of the generated triplets in
characteristics is analyzed. the device cannot efficiently transfer to singlets, rendering this
Time-correlated single-photon-counting (TCSPC)  specific material combination unsuitable for device applications.
measurements performed at the peak wavelength of the PL
spectra show that the host molecule has a substantial influence . )
on the decay profile of the prompt and delayed fluorescence. As Photophysical Properties of the PO-T2T:P1
summarized in Supplementary Note 1, the average lifetime of ~ Mixture
prompt (tpp) and delayed fluorescence (tpr) can be obtained  As mentioned above, the large shift of the PL spectrum of the
by fitting the decay curves with multiple exponential functions, = PO-T2T:P1 mixed film indicates a possible intermolecular CT-
while the quantum yield of the prompt and delayed fluorescence  emission. As shown in Figure 2A, compared to the pure emission
®pp and @pr can be calculated with the weighting ratio of the  of PO-T2T and P1, the spectrum of the mixed film is red-shifted
integrated area of these decay curves (Lakowicz, 2006). The by ~170 and 60 nm, respectively. According to previous reports,
detailed fitting process is shown in Figure S3 and the fitting  the LUMO level of PO-T2T is about 3.5 eV and the HOMO level
parameters are summarized in Tables S1, S2. The photophysical =~ of P1 is 5.7-5.8 eV (Wu et al., 2017). The PO-T2T as the donor
properties of P1 in different hosts are summarized in Table 1.  and P1 as the acceptor can form a CT-state with an energy gap
The tpr is 3.60 ns for P1 neat film. It is slightly different for CzSi ~ of about 2.2-2.3 eV, which is close to the emission energy of
(3.85 ns) and mCP (3.44 ns). The tpp varies significantly for ~ the PO-T2T:P1 mixture, supporting the concept that the yellow
the neat and doped films. The tpr is 1.81 s for P1 neat film,  light emission in the PO-T2T:P1 blend is resulting from charge
while it is 0.72 s in CzSi and 44.3 ps in mCP. Moreover, big  transfer between PO-T2T and P1. As shown in Figure 2B, there is
variations of the @pp, @ pp, and further the ratio of @pp/@pr  no significant change of the PL spectra measured under ambient
are observed. In the neat film, only a very small amount of  condition, with the PL peak at ~540 nm, when varying the P1
delayed fluorescence (@pr = 0.90%) is observed, with a ratio  concentration in the PO-T2T and P1 mixture films from 20 to 60
of @pp/Ppr = 0.03. When embedding P1 in the CzSi host, the ~ wt%. Increasing the concentration of P1 to 80 wt% can slightly
delayed fluorescence is negligible, with @pg of only 0.0029%,  shift the PL maximum to 548 nm.
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FIGURE 2 | The CT-emission between PO-T2T and P1 showing thermally activated delayed fluorescence. (A) Normalized absorption, fluorescence spectrum of P1
and PO-T2T, and the CT-emission of the PO-T2T:P1 mixture. (B) Room temperature steady state fluorescence spectra of PO-T2T.P1 with different mixing ratios,
compared to a representative phosphorescence spectrum of the PO-T2T:P1 60 wt% film obtained in liquid nitrogen. (C) Prompt fluorescence decay of the PO-T2T:P1
CT-emission. The PLQY for the various mixtures is given in the legend. (D) Overview of the PL decay for the different PO-T2T:P1 compositions showing prompt and
delayed fluorescence (TADF). At very long times, a third channel (>10 ws) is visible, suggesting weak phosphorescence.
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In the following, the emission dynamics of this PO-
T2T:P1 mixture are discussed. The phosphorescence spectra
measured at 77K show only a small red-shift compared to
the steady PL spectra, as shown in Figure 2B and Figure S2.
The similarity of PL spectra at room temperature and
the phosphorescence spectra (77K) indicates a small AEgr.
According to Supplementary Note 2, as shown in Figure S4
and Table S3, by fitting the fluorescence and phosphorescence
spectra, the singlet energy level is 2.162 eV, while the triplet
energy level is 2.155 eV, giving a splitting A Egy as small as 7 meV.

Similar PL transients have been obtained for the PO-T2T:P1
mixture with varied P1 concentration from 20 to 80 wt%, as
shown in Figures 2C,D. The decay time of prompt fluorescence
Tpr is 13.0 ns for 20 wt% P1, while it only slightly decreases to
11.1,11.2, and 8.6 ns, for 40, 60, and 80 wt% P1 films, respectively.
The decay time of delayed fluorescence tpr is around 1.2 ps,
with a minor variation with different P1 concentrations from
20 to 60 wt%. A more pronounced change for the PO-T2T:P1
(80 wt%) film goes hand in hand with the observed red-shift
of steady state PL emission, as shown in Figure 2B. Our results
show that the ratio between donor and acceptor has minor
influence on the transient decay of the CT-emission, which is

similar compared to the first reported CT-emission with TADF
characteristics between small molecules and polymers (Pander
et al., 2018).

The PLQY of the PO-T2T:P1 system is about 8-10%
(Figure 2C), demonstrating that non-radiative decay dominates
the relaxation process. Nevertheless, a significant delayed
fluorescence is observed from the CT-emission, with a ratio
of @pp/Pprp larger than 2, indicating that there are cycling
processes from triplets and singlets (Wei et al, 2017). The
detailed photophysical properties of PO-T2T:P1 (20 wt%) are
also summarized in Table 1.

Monochrome OLEDs Based on P1

Based on the photophysical investigations, we further explore
monochrome OLEDs based on P1 with different device
structures. The device structures and characteristics are
summarized in Table2. The energy diagram is shown in
Figure 3A (Su et al., 2008; Wu et al, 2017). As depicted in
Figure 3B, for the monochrome devices D1 (PO-T2T:P1 [20
wt%]) and D2 (mCP:P1 [20 wt%]), the slight difference of the
voltage-current density characteristics stems from the different
transport properties of host materials. However, a large difference
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TABLE 2 | Summary of the device characteristics.

Device Device structure? (EBL/EML/HBL/ETL/EIL) EQEnax (%) CEmax (cd/A) LEmax (Im/W) CIE (x, y)°
D1 PVK (15 nm)/PO-T2T:P1 20 wt% (50 nm)/DPEPO (10 nm)/TPBi (50 nm)/LiF (1 nm) 1.1 09 0.9 (0.42, 0.52)
D2 PVK (15 nm)/mCP:P1 20 wt% (50 nm)/DPEPO (10 nm)/TPBi (50 nm)/LiF (1 nm) 4.3 3.0 25 (0.24, 0.37)
D3 P1 (30 nm)/PO-T2T (10 nm)/Bphen:Cs (50 nm) 2.2 1.9 1.9 (0.39, 0.54)
D4 P1 (30 nm)/TmPyPB (10 nm)/Bphen:Cs (50 nm) 0.9 0.7 0.4 (0.20, 0.35)
D5 PVK (15 nm)/PO-T2T:P1 99 wt% (50 nm)/DPEPO (10 nm)/TPBi (50 nm)/LiF (1 nm) 1.7 1.8 1.8 (0.28, 0.40)
D6 PVK (15 nm)/PO-T2T:P1 99.5 wt% (50 nm)/DPEPO (10 nm)/TPBi (50 nm)/LiF (1 nm) 1.2 1.3 1.6 (0.31,0.44)

aThe complete device is composed of ITO/PEDOT:PSS (70 nm)/EBL/EML/HBL/EIL/Al (100 nm). For D3 and D4, no EBL, and EIL are used.
bD1-D4 are obtained at a driving current of 0.5 mA, while D5-D6 are obtained at 100 ca/m?.
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FIGURE 3 | Monochrome OLEDs based on P1. (A) Schematic diagram of energy levels of representative devices (Su et al., 2008; Wu et al., 2017). The top line of
each box indicates the LUMO, and the bottom line refers to the HOMO level. The solid blue arrow represents the intrinsic emission from the TADF polymer P1, while
the orange arrow represents the CT-emission between PO-T2T and P1, and the dashed blue line represents the possible CT-emission between host mCP and
PO-T2T (Liu et al., 2015; Wu et al., 2017). The triangles refer to the triplet energy levels (Su et al., 2008; Wu et al., 2017). (B) Voltage-current density characteristics,
(C) voltage-luminance characteristics, and (D) current density-external quantum efficiency dependencies of monochrome devices. Panels B-D share the same
legend. (E) Respective normalized EL spectra at 100 cd/m?. The inset picture is a photo of the OLEDs with mCP as host material.

of voltage-current density behavior is noted for D3 (P1/PO-  contribute to the high turn-on voltage of D1 and D2, including
T2T) and D4 (P1/1,3,5-tri(m-pyridin-3-ylphenyl)benzene,  limited transport mobility of the PVK and PEDOT:PSS layer
TmPyPB), as shown in Figure 3B. The reason can be ascribed  (Pander et al,, 2018).

to the difference between the LUMO levels for PO-T2T and For D4 with P1 neat film as emitting layer, as shown in
TmPyPB (Figure 3A). As shown in Figure 3C, a voltage larger ~ Figure 3D and Table 2, a quite low EQEp,x of 0.87% is obtained.
than 6V is needed to turn D1-D4 on. Many reasons may  The reason could be an imbalanced charge carrier injection, an
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intrinsically lower PLQY and/or an inefficient RISC process. A
further device optimization may enhance the charge balance and
triplet diffusion to the hole transport layer. A medium EQEnax of
4.26% can be obtained for D2 with 20 wt% P1 doped in mCP,
as shown in Figure 3D and Table 2. The EQEp,x is 1.11% for
D1 and 2.19% for D3, both showing the CT-emission between
PO-T2T and P1.

As shown in Figure 3E and Table 2, the emission color for
D2 and D4 is cyan blue, with the Commission Internationale
de I’Eclairage (CIE) coordinates (0.24, 0.37) for D2 and (0.20,
0.35) for D4. However, a substantially different emission color
is noted for D1 (PO-T2T:20 wt% P1) and D3 (P1/PO-T2T).
The EL spectra with a peak wavelength located at about 530 nm
for D3 is very close to the PL spectrum of the CT-emission
between PO-T2T and P1 (Figure 2B). The device cavity and the
emission from intrinsic P1 may contribute to a slight deviation
of electroluminescence for D1 from the PL spectrum of the
PO-T2T:P1 CT-state.

Triplet Harvesting in Monochrome OLEDs
Under electroluminescence in OLEDs, 75% of the excitons are
generated as triplets in the first place (Segal et al., 2003). Hence,
if there is a lack of efficient RISC within the TADF system, the
triplets cannot fully transfer to emissive singlets. Without the
consideration of bimolecular annihilation processes, the EQE is
determined by the following equation (Li et al., 2018):

EQE = ynintNout (1)

where y is the electrical efficiency, 5y is the IQE and 5oy is the
outcoupling efficiency. For OLEDs based on TADF emitter, jn¢
can be calculated as (Endo et al., 2011; Goushi et al., 2012):

o0 i
Nint = 0.25¢pr + Zi: | 0-25¢pr (¢1scérisc)

+ ZZO 0.75¢prdrisc (Grscorisc)’ ()

where @1sc indicates the quantum yield of ISC, while @ gysc is
the quantum yield of RISC. The term of @15c @ risc indicates the
cycling process i from singlets to triplets. The contribution of the
prompt fluorescence niy_pr can be calculated as (Goushi et al.,
2012; Lee et al., 2013):

Nint_PF = 0.25¢pp (3)

The final mathematical form of Equation (2) can be written as:

0.25
1 — ¢1scorisc

0.75
1 — ¢1scorisc

Nint = PPE ( ¢RISC) (4)

Kinetically, for an efficient TADF emitter with a predominant
delayed emission, the non-radiative rate of the singlet is of similar
magnitude as the radiative rate of the singlet, in the range of 10
s~1. For the triplets, the non-radiative rate should be comparable
to the rate of reverse intersystem crossing, which is normally
lower than 10° s~! (Dias et al, 2016, 2017). Since the non-
radiative rate of singlets is orders higher than the non-radiative
rate of triplets, we assume that the non-radiative relaxation comes

merely from the singlets state. Under this assumption, @risc =
1, while @1s¢c can be calculated as (Dias et al., 2017):

¢DF

¢DF + ¢pF )

d1sc =

With Equation (5), nint in form of Equation (4) can be calculated
with @pr and @ pg:
Nint = $DF + ¢pF (6)

The contribution of delayed fluorescence iyt pr or the quantum
efficiency from harvesting triplets, can be then calculated from:

Nint_DF = Nint — 0.25¢pF = ¢pF + 0.75¢pp %
Based on Equations (6) and (7), nint and nint_pr for devices D1-
D4 can be calculated, as summarized in Table 3. The dependency
of the nint and nipe_pr on @pg for D1-D4 is shown in Figure 4.
Since nipt depends on the PLQY of the emitting layer, the 9y of
D2 with mCP:P1 as the emissive layer is 49.8%, which is about 6
times higher compared to D1 and D3 based on the PO-T2T:P1
mixture and 1.6 times higher than the D4 with P1 neat film.
For devices based on a P1 neat film, the i, remains 30.7%,
but the delayed fluorescence contributes only 76% to the IQE.
For the PO-T2T:P1 emission system, even though 7y for D1
and D3 is only 8.1%, the nin_pr contributes 92% to 7y, which
can be assigned to the predominant delayed fluorescence with
@ pp/Ppr as high as 2.13. Since @pp/Ppr for mCP:P1 is slightly
lower compared to PO-T2T:P1 mixture, the delayed emission
contributes ~83% among iy in D2.

The outcoupling efficiency 1oyt can be simulated by transfer
matrix method (details in the experimental section), and the
results are summarized in Table 3. The electrical efficiency
corresponds to the charge balance and recombination. For state-
of-the-art thermal deposited OLEDs, the electrical efficiency y is
around 0.8-1.0 (Furno et al., 2012). The electrical efficiency for
each device can be calculated according to Equation (1) based
on 7oyt and 7Mine with the EQE . As shown in Table 3, the
electrical efficiency y for D1 and D2 is 0.88 and 0.69, while it
is 1.22 for D3, which is physically not meaningful. One possible
reason could be the improper assumption of an isotropic emitter
and the emission from intrinsic P1. Nevertheless, the electrical

TABLE 3 | Summary of device performance of monochrome OLEDs.

Device  EML structure Mnt  NintDF  MintDF/Mint  fouwt  ¥°
(%) (%)° (%)°

D1 PO-T2T:P1 20 wt% 8.1 7.4 0.92 153  0.88

D2 mCP:P1 20 wt% 498 416 0.83 123 0.69

D3 PO-T2T/P1 8.1 7.4 0.92 222 122

D4 P1 neat film 307 232 0.76 211 013

4Calculated from Equation (6).

b Calculated from Equation (7).

¢Simulation results. Details in experimental sections.
dElectrical efficiency, calculated from Equation (1).
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FIGURE 4 | The quantum efficiency in device D1-D4. The inset circles indicate
a schematic magnification for D1 and DS, for which both the internal quantum
efficiency and nint_pr are overlapping with each other.

efficiency for D4 is only 0.13, indicating that the electrical loss
also contributes to the low device efficiency. Further optimization
of D4 may give a slightly higher efficiency. The HOMO and
LUMO level of the host materials can influence the charge
carrier injection barriers from the adjacent layers with direct
influence on the electrical efficiency through altered charge
injection and/or charge recombination. Various host materials
with different HOMO and LUMO levels in D1-D4, as shown in
Figure 3A, can be one of the possible reasons for the difference
of the estimated electrical efficiency.

It should be noted that the triplets can also give non-radiative
relaxation for the TADF emitters, leading an over-estimation of
the contribution of harvested triplets to the IQE. Even though the
real nine_ pr and nipe for D1-D4 may be varied slightly, it is clear
that higher IQE can be obtained for OLEDs based on emissive
layer with a high @pr and ®pg. Therefore, the suppression of
non-radiative relaxation for TADF systems from either singlets or
triplets is of vital importance to achieve efficient OLEDs. On the
other hand, the ratio @ pp/@pr can largely affect the contribution
of the delayed emission among the total quantum efficiency in
a device.

Polychrome OLEDs With Dual Emission
From P1 and CT-State

Polychrome OLEDs where the emission in general originates
from more than one luminescent species are constructed here
with a single emitting layer combining the blue emission from
P1 and the yellow CT-emission between PO-T2T and P1. As
shown in Figure 5A, in such a mixed film, there are two
TADF processes: (i) TADF governing the luminescence of P1
itself and (ii) the CT-emission between PO-T2T and P1, which
also shows TADF characteristics, as discussed above. Excitons

generated in P1 can transfer to the CT-state by several processes:
Forster resonance or Dexter energy transfer determined by the
exciplex concentration (Higuchi et al., 2015). Here, the acceptor
state is the PO-T2T:P1 CT-state characterized with—compared
to local transitions—weak oscillator strength that ultimately
defines the strength of these energy transfer pathways (Ullbrich
et al,, 2019). Additionally, the CT-state can be populated by
charge separation from local donor (P1) to CT excitons as
occurring in solar cells as the initial step of charge separation
(Ullbrich et al., 2019). Of course, direct CT exciton formation
at the interface between P1 and PO-T2T is possible. Since the
increase of PO-T2T concentration in the mixed film can tune
the emission to yellow (e.g., D1), the major part of the film
should be P1 to achieve a double-color emission. Based on these
prerequisites, we tested the P1 polymer film embedded with 0.5
wt% (D6) and 1 wt% PO-T2T (D5) to demonstrate double-
color emission close to white spectrum in a single emission
layer architecture.

As shown in Figure 5B and Table 2, the slight change of
the PO-T2T concentration has little influence on the electrical
performance of D5 and D6. The luminance for D5 is slightly
higher than D6, as shown in the Figure 5C. Maximum EQEs of
1.74 and 1.20% are achieved for D5 and D6 at around 10 cd/m?,
respectively, as shown in Figure 5D. The EQE slightly rolls off to
1.41% at 100 cd/m? for D5 and 0.97% at 100 cd/m? for D6. These
devices show maximum luminous efficacy values of 1.84 Im/W
for D5 and 1.59 Im/W for Dé.

The EL spectra are shown in Figure 5E. The device D6 with
0.5 wt% PO-T2T shows two separate peaks, located at ~ 490
and 570nm, giving a CIE of (0.31, 0.43) with a full width
at half maximum (FWHM) of 146 nm. Slightly increasing the
concentration of PO-T2T to 1 wt% can shift the first peak
to about 510nm, while the intensity of the shoulder peak is
enhanced. In the end, D5 gives a final CIE of (0.28, 0.40)
with a FWHM of 153nm. In this architecture, constructed
from a combination of a TADF polymer and a small molecule
host, two different TADF mechanisms are brought together to
collectively achieve broadband emission (~ 150nm FWHM).
These results indicate its potential to reach both high IQE and
white light emission.

CONCLUSION

In this work, we report the substantial influence of host materials
on the photophysical properties of a TADF polymer P1 and
further, the triplet harvesting ability in OLEDs comprising this
emitter. Almost no delayed fluorescence is observed in the
neat film or in the host CzSi. The delayed fluorescence can
be enhanced by more than three orders of magnitude when
replacing the host material CzSi by mCP. Furthermore, we
observe a CT-emission between the PO-T2T and P1, which
shows substantial TADF in line with a AEsy as small as
7 meV and a ratio of 2.13 between delayed fluorescence to
prompt fluorescence. When using the TADF polymer P1 to
build monochrome OLEDs, cyan blue devices can be achieved
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FIGURE 5 | Single layer OLEDs with dual emission from the intramolecular CT of P1 and the intermolecular CT-state between P1 and PO-T2T (D5 and D6 of Table 2).
(A) Simplified energy level diagram for the mixed film comprising P1 and PO-T2T. The solid lines represent the radiative relaxation, while dashed lines represent the
non-radiative loss. (B) The voltage-current density, (C) the voltage-luminance, and EQE-luminance-luminous efficacy characteristics of D5 and D6. (B-D) share the
same legend. (E) Normalized EL spectra for D5 and D6 in the forward direction obtained at 100 cd/m?. The dotted PL spectra of P1 and the P1:PO-T2T CT state are
shown for comparison and normalized to 0.5. The dashed line represents the FWHM of the EL spectrum. The arrows indicate that the fraction of yellow part from the
intermolecular CT-emission is increasing for higher concentration of PO-T2T in the emission layer.

for a P1 neat film, or for P1 embedded in mCP. A maximum
EQE of 4.26% is achieved for devices with mCP as the host
material, while it is only 0.87% for the device based on the
P1 neat film. This demonstrates that in the device with mCP,
an IQE of ~50% can be obtained with the delayed emission
contributing ~76%. For devices based on a PO-T2T:P1 mixture,
the delayed emission contributes ~90% to the IQE. The results
clearly demonstrate the vital importance of host materials on
sensitizing the delayed fluorescence in TADF polymers for
efficient OLEDs.

Together with the yellow CT-emission from PO-T2T:P1 and
the intrinsic blue emission from P1, OLEDs with polychromatic
emission can be realized for a low doping concentration of
PO-T2T. A maximum EQE of 1.74% and a luminous efficacy
of 1.84 Im/W are achieved. This concept for polychrome
OLEDs based on two distinct TADF routes, where one is a
CT-emission between a TADF polymer and a small molecule
host, can be a starting point to develop high efficiency
white OLEDs based on solution processes with purely organic
TADF polymers.

Experimental

Materials

The PEDOT:PSS (AI4083, Heraeus Clevios™) is filtered
before spin-coating. The other organic materials, 1,3-bis(N-
carbazolyl)benzene (mCP, Lumtec), 9-(4-tert-butylphenyl)-3,6-
bis(triphenylsilyl)-9H-carbazole (CzSi, Lumtec), 2,4,6-tris[3-
(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T, Lumtec),
bis[2-(diphenylphosphino)phenyl]  ether oxide (DPEPO,
Lumtec), 4,7-diphenyl-1,10-phenanthroline (BPhen, Lumtec),
2,22 -(1,3,5-benzenetriyl)-tris[1-phenyl-1H-benzimidazole]
(TPBi, Lumtec) and 1,3,5-tri(m-pyridin-3-ylphenyl)benzene
(TmPyPB, Lumtec) are sublimated before deposition.
poly(9-vinylcarbazole) (PVK, Mw ~1,100,000, Sigma-
Aldrich), lithium fluoride and aluminum are used as they
are purchased.

Photophysical Properties

Quartz substrates are cleaned with isopropanol, acetone and DI
water. After heating at 110°C in an oven, the substrates are then
treated with oxygen plasma for 10 min. The host-guest films are
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prepared by spin-coating. The film with CzSi as host is annealed
at 100°C for 20 min while the mCP film is annealed at 40°C
for 20 min, because of the low glass transition temperature of
mCP. For transient measurements of PL emission, the TCSPC
technique is used. After exciting the sample with a laser at 373 nm
with pulse width of 44 ps, the emitted photons are collected by
a photomultiplier tube (PicoQuant PMA Hybrid) and the data
acquisition is done by a TCSPC module (PicoQuant TimeHarp
260). The PLQY of these films is confirmed by using a calibrated
integrating sphere in nitrogen atmosphere, with a CAS 140 CT
spectrometer and a UV-LED (Thorlabs, 340 nm). The steady-
state PL spectra for P1 neat film, doped film within mCP and
CzSi are collected during the PLQY measurement and used for
the evaluation (Mello et al., 1997). The detailed steady-state PL
spectra for the CT-emission are obtained with a Spex FluoroMax
spectrofluorometer. The UV-absorption measurement is done in
toluene solution, with Shimadzu MPC 3100.

Dipole Moment Calculation

The calculation is based on density functional theory applied to
molecules in the ground state, using the functional B3LYP and a
6-31 g(d) basis set. The dipole moment for P1 is calculated on
the trimer.

Thickness Calibration

The thickness of spin-coated films is confirmed by a profilometer
(Veeco Dektak 150) and cross-checked by an imaging
ellipsometer (EP4, Accurion GmbH).

Device Fabrication

The PEDOT:PSS solutions are filtered, spin-coated with a speed
of 1,000 rpm, and then annealed at 120°C for 30min in
ambient atmosphere. The following spin-coating processes are
done inside a glovebox with oxygen and water concentration
lower than 1 ppm. The PVK in 1,2-dichlorobenzene with a
concentration of 10 mg/ml is coated with a speed of 2,000 rpm
on top of PEDOT:PSS. Before casting the emissive layer, the
film is annealed at 150°C for 10 min and cooled down to room
temperature. The P1 neat film has a thickness of about 30 nm
by spin-coating at 1,000 rpm with a concentration of 5 mg/ml
in toluene. For host-guest doped system, films with a thickness
of about 50 nm can be obtained by spin-coating at a speed of
1,000 rpm with a solution concentration of 7.5 mg/ml in toluene.
The emissive materials are dissolved in toluene and spin-coated
on the PVK layer, with a post-annealing at 40°C for 20 min.
The following organic layers are fabricated in facilities from Kurt
J. Lesker Co., under the vacuum of about 10~/ to 108 mbar.
The deposition rates for the organic materials are about 1 A/s,
detected during material evaporation through calibrated quartz
crystals. The devices are then encapsulated in a glovebox before
the device characterization. A finely structured mask is used for
doped layers to reduce the leakage current.

Device Characterization

The current-voltage characteristics are measured by a
Source Measure Unit (Keithley 2400), and luminance is
measured simultaneously through a calibrated photodiode.
The spectral radiant intensity is recorded via a calibrated
spectrometer ~ (CAS140, Instrument Systems GmbH).

EQE and luminous efficacy are further measured by
a calibrated integrating sphere. The active area size is
6.49 mm?.,

Outcoupling Efficiency Simulation

The simulation is based on a transfer matrix algorithm, where
the theory is summarized in reference (Furno et al., 2012). The
anisotropy factor of the emitters for these devices is set to 0.33,
corresponding to an isotropic distribution. Regarding the spectra
in the optical simulation, the PL spectrum of CT-emission is used
for D1 and D3, while the PL spectrum of mCP:P1 20 wt% is
used for D2 and the PL spectrum of P1 neat film is used for
D4. The refractive index and extinction coeflicient of TPBi and
PEDOT:PSS are set as measured results, shown in Figure S5. For
other organic materials, the refractive index is set to 1.7, while
the extinction coefficient is vanishing. The emission location is
set at the interface between the emission layer and the hole
blocking layer.
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We report the design, synthesis and electroluminescent properties of three kinds
of through-space charge transfer (TSCT) polymers consisting of non-conjugated
polystyrene backbone, acridan donor and triarylboron acceptors having different
substituents such as hydrogen (H), fluorine (F), and trifluoromethyl (CF3). Owing to the
weak electron interaction between acridan donor and triarylboron acceptor through
non-conjugated connection, blue emission with peaks in range of 429-483 nm can be
achieved for the polymers in solid-state film, accompanied with photoluminescence
quantum vyields of 26-53%. The resulting TSCT polymers exhibit small AEgT values
below 0.1 eV owing to the separated HOMO and LUMO distributions, showing thermally
activated delayed fluorescence with lifetimes in range of 0.19-0.98 ps. Meanwhile, the
polymers show aggregation-induced emission (AIE) effect with the emission intensity
increased by up to ~33 folds from solution to aggregation state. Solution-processed
organic light-emitting diodes based on the polymers containing trifluoromethyl
substituent exhibit promising electroluminescent performance with maximum luminous
efficiency of 20.1 cd A~! and maximum external quantum efficiency of 7.0%, indicating
that they are good candidates for development of luminescent polymers.

Keywords: thermally activated delayed fluorescence, through-space charge transfer, triarylboron,
electroluminescent polymer, organic light-emitting diodes

INTRODUCTION

Charge transfer (CT) is a crucial process in determining the emission behaviors of luminescent
materials (Muller et al., 2003; Wu et al.,, 2004; Yuan et al., 2012; Liu et al., 2018; Sarma and
Wong, 2018; Li J. et al., 2019). Luminescent polymers with CT emission have enabled important
applications in solution-processed optoelectronic devices owing to their tunable emission color
and promising luminescent efficiency (Yu et al., 2013; Bai et al., 2017). For example, thermally
activated delayed fluorescence (TADF) polymers with finely manipulated CT process between
electron donors and acceptors have emerged as attractive materials for organic light-emitting
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diodes (OLED:s) in recent years (Uoyama et al., 2012; Albrecht
et al, 2015; Nikolaenko et al., 2015; Lee et al, 2016; Li
et al., 2016, 2017; Luo et al., 2016; Zhu et al., 2016; Freeman
et al, 2017; Wei et al, 2017; Wong and Zysman-Colman,
2017; Xie et al, 2017; Hu et al, 2018; Kim D. H. et al,
2018; Li C. S. et al,, 2019). By separating the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) orbitals to realize small singlet-triplet energy
splitting (AEgr), the CT polymers with TADF characteristics
can utilize the spin-forbidden triplet excitons through reverse
intersystem crossing (RISC) process, shedding light on the
potential of achieving solution-processed OLEDs with 100%
internal quantum efficiency (IQE) based on pure organic
polymers (Zhang et al., 2012; Hirata et al., 2015; Suzuki et al,,
2015; Wang et al., 2015; Huang et al., 2018; Kim H. J. et al., 2018;
Spuling et al.,, 2018; Wu et al., 2018; Ahn et al,, 2019; Ban et al,,
2019; Zhao et al., 2019).

So far, most luminescent polymers with CT emission are
based on conjugated backbone, with feature of through-bond
charge transfer (TBCT) emission from covalently bonded
donors and acceptors. Owing to the strong electron coupling
between donors and acceptors, the polymers are able to show
large oscillator strength and high photoluminescence quantum
efficiency (PLQY). However, the strong electron coupling
mediated by covalent bonds tends to induce considerable red-
shift of emission for the resulting polymers, undesirable for
blue/deep blue emission. Meanwhile, AEgr of the polymer can
also be increased by the strong electron interaction between
donor and acceptor, which could be unfavorable for realizing
TADF effect (Li et al., 2016; Nobuyasu et al., 2016; Hu et al., 2018).

Different from conjugated donor-acceptor polymers with
TBCT emission, non-conjugated polymers with through-space
charge transfer (TSCT) emission between spatially separated
acridan donors and triazine accepters have been reported to
realize blue emission with TADF effect (Shao et al., 2017; Hu
et al, 2019). Due to the physical separation of donor and
acceptor, through-space charge transfer, rather than through-
bond charge transfer occurs in this motif. This molecular design
has the following merits. First, the non-conjugated polymer
backbone avoids the strong electron coupling between donor
and acceptor, favorable for blue emission of the resulting

polymers. Second, the spatially separated donors and acceptors
result in small overlap of HOMO and LUMO distributions,
leading to small AEgy and TADF effect. By modulating the
CT strength through introducing substituents with different
electron-accepting capability, TSCT polymers with emission
color ranging from deep-blue to red can be realized with external
quantum efficiency (EQE) up to 16.2%, suggesting their potential
in development of novel luminescent materials for solution-
processed OLEDs.

Recently triarylborons have been attractive building blocks
for luminescent materials with CT character because of their
promising electron-accepting properties endowed by the vacant
p-orbitals of central boron atoms that can participate in -
conjugation with aryl groups (Hirai et al., 2015; Numata et al.,
2015; Suzuki et al.,, 2015; Hatakeyama et al., 2016; Wu et al,,
2018; Ahn et al, 2019; Kondo et al., 2019; Mellerup and
Wang, 2019). The CT character of triarylboron-based donor-
acceptor compounds strongly influences their photophysical
properties and makes them useful for design of luminescent
materials. For example, Adachi et al. first reported efficient blue
TADF materials having a boron-containing acceptor combined
with various donors, producing deep blue emission (450 nm)
with maximum EQE of 20% (Numata et al., 2015). Recently,
Hatakeyama et al. demonstrated triarylboron polycyclic aromatic
compounds with multiple resonance effect of boron and nitrogen
atoms, showing ultrapure blue emission with full-width at half-
maximum of 18 nm and maximum EQE of 34.4%, indicating the
great potential of triarylboron in developing efficient luminescent
materials (Kondo et al., 2019).

Here we report the design, synthesis and properties of three
kinds of through-space charge transfer polymers containing
non-conjugated polystyrene backbone, acridan donor and
triarylboron acceptors having different substituents such as
hydrogen (H), fluorine (F), and trifluoromethyl (CF3). The
triarylboron units are used as acceptors because of their weak
electron-accepting capability which is favorable for realizing blue
emission. By decorating the triarylboron acceptors with H, F,
and CF3 groups to tune the charge transfer strength between
donor and acceptor, the emission color can be tuned from deep
blue (429 nm) to sky blue (483 nm) region in solid-state film,
accompanied with improved photoluminescence quantum yield

PH-05, x=0.05 PF-05, x=0.05 PTF-05, x=0.05
PH-10, x=0.10 PF-10, x=0.10 PTF-10, x=0.10
PH-20, x=0.20 PF-20, x=0.20 PTF-20, x=0.20

FIGURE 1 | Molecular design and chemical structures of the through-space charge-transfer polymers containing triarylooron units.
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(PLQY) from 26 to 53%. The polymers exhibit small AEgr
values (<0.1eV) because of the separated HOMO and LUMO
distributions, allowing them to show TADF effect. Meanwhile,
the polymers show aggregation-induced emission effect with the
emission intensity increased by up to ~33 folds from solution
to aggregation state (Luo et al., 2001; Hong et al.,, 2011; Mei
et al.,, 2015). Solution-processed organic light-emitting diodes
(OLEDs) based on the triarylboron-containing polymers show
maximum EQEs up to 7.0%, indicating that they are promising
candidates for development of luminescent polymers.

RESULTS AND DISCUSSION

Molecular Design and Synthesis

To design luminescent polymers with through-space charge
transfer, selection of polymer backbone, donor and acceptor
plays the key role in determining the photophysical and

electroluminescent properties of the resulting polymers. In this
work polystyrene is selected as backbone because it provides
the non-conjugated connection between donor and acceptor,
while acridan is chosen as donor because of its good electron-
donating ability as well as the rigid bridged structure. Moreover,
triarylboron units are used as acceptors because they exhibit
weak electron-accepting capability owing to the empty p,
orbital of boron that is capable to participate in m-conjugation
with aryl groups. To tune the emissive color, three kinds of
substituents hydrogen (H), fluorine (F), and trifluoromethyl
(CF3) are introduced to the polymers, denoted as PH-05-PH-
20, PF-05-PF-20, and PTF-05-PTF-20, respectively (Figure 1).
The three substituents are selected because their electron affinity
are gradually increased in order of H, F, and CF3, which can
enhance the CT strength between the acridan donor and the
triarylboron acceptor, allowing the modulation of TSCT emission
of the resulting polymers. In addition, the content of acceptors

A Triarylboron monomers

z
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0 B F F
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SCHEME 1 | Synthetic routes for the triarylboron monomers (A) and TSCT polymers (B). Reagents and conditions: (i) n-BuLi, THF, —78°C; (i) LDA, THF, —78°C; (iii)
, toluene, 105°C, 20 h.
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are tuned at 5, 10, and 20 mol% to explore the influence of relative
ratio between donor and acceptor on photophysical properties of
the polymers.

Synthetic routes of the polymers are outlined in Scheme 1.
The monomer Mon-H was prepared by a two-step procedure
where the commercially available 4-bromovinylbenzene
was first lithiated with #-Buli, and then reacted with
dimesityfluoroborane (Mes;BF) to afford the product in yield

of 56%. For Mon-F and Mon-TE, 1-bromo-3,5-difluorobenzene
(1) and 1-bromo-3,5-bis(trifluoromethyl)benzene (3) were
first lithiated by lithium diisopropylamide (LDA) and then
treated with Mes,;BF to afford the bromide intermediates
2 and 4. Consequently 2 and 4 were cross-coupled with
vinyltrifluoroborate or tributylvinylstannane under palladium-
catalyzed conditions to afford the desired monomers. With the
monomers in hand, TSCT polymers were synthesized by free

TABLE 1 | Physical properties of the TSCT polymers.

Polymer M,? (KDa) PDI? Ty (°C) T4 (°C) Apl® (nm) ApC (Nm) PLQY' (%) Tp/7q® (1S) AEst® (eV)
PH-05 21.8 1.68 176 356 438 429 26 0.007/0.19 0.076
PH-10 29.5 1.44 196 335 440 429 27 0.009/0.22 0.083
PH-20 43.2 1.55 198 303 439 435 27 0.008/0.21 0.096
PF-05 24.6 1.61 195 360 465 443 27 0.021/0.49 0.070
PF-10 31.6 1.51 197 343 467 453 30 0.036/0.44 0.073
PF-20 38.2 1.54 170 336 470 459 38 0.029/0.46 0.090
PTF-05 20.4 1.56 201 341 494 481 34 0.018/0.86 0.068
PTF-10 14.6 1.63 204 338 496 472 44 0.019/0.95 0.087
PTF-20 9.0 1.73 207 317 501 483 53 0.024/0.98 0.084
aDetermined by gel permeation chromatography with polystyrene standards.
bpeasured in toluene at room temperature with a concentration of 1 x10~4 M.
CMeasured in neat films at room temperature.
9 ifetimes of prompt emission (tp) and delayed emission (tg) in toluene at 298 K in No.
€Calculated from the onset wavelength of fluorescent and phosphorescent emission in film state.
TAbsolute PL quantum yield in neat films determined in nitrogen.
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FIGURE 2 | PL spectra of PH-20, P-Ac containing only acridan donor and P-BH containing only triarylooron acceptor (A); as well as absorption and PL spectra of
PH-05-PH-20 (B), PF-05-PF-20 (C), and PTF-05-PTF-20 (D) in toluene at 298 K with concentration of 1 x10™* M (hex = 310nm).
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radical polymerization of the corresponding vinyl-functionalized
acridan and triarylboron monomers using 2-azoisobutyronitrile
as initiator and tetrahydrofuran (THF) as solvent. The content
of triarylboron acceptors of the polymers are controlled through
feed ratio (5-20 mol% for PX-5-PX-20). For comparison, three
triarylboron model compounds bearing no vinyl groups and
two control polymers with only acridan donors and triarylboron
acceptors are also synthesized (Scheme S1). Number-average
molecular weights (Mps) of the polymers measured by gel
permeation chromatography using polystyrene as standard
exhibit typical values of 9-45 KDa with polydispersity index
(PDI) of 1.44-1.73 (Table 1). The decomposition temperatures
(Tq) of the polymers with 5% weight loss under nitrogen are
higher than 300°C, while glass transition temperatures (Tg) for
the polymers are observed at 170-210°C (Figure S1). There
are no exothermic peaks produced by crystallization within
the scanning range, indicating the amorphous nature of the
polymers. The TSCT polymers are readily soluble in common
organic solvents, such as toluene, chloroform, tetrahydrofuran
and chlorobenzene, ensuring the formation of high-quality films
through solution process.

Photophysical Properties
The UV-vis absorption and fluorescence spectra of the polymers
in toluene at 298K are shown in Figure2, with the data

summarized in Table 1. The polymers show similar absorption
peaks at 290 nm which are mainly attributed to w-nt* transition
of acridan and triarylboron units under diluted solutions.
PL spectra of the polymers exhibit weak emission bands at
374nm coming from the acridan unit, together with a strong,
broad, and featureless emission bands at longer wavelength.
These featureless bands are red-shifted compared with those
of acridan and triarylboron units as well as the acridan-
and triarylboron-containing homopolymers (Figure2A and
Figure S2). Moreover, these emissions show strong positive
solvation effect as the polarity of the solvent increases. For
instance, the emission maxima (hemmax) Of PH-20 shifts
from 417 nm in cyclohexane to 476nm in THF (Figure S3),
confirming that the emissions are originating from CT transition
between the donors and acceptors. By increasing electron-
accepting ability of the triarylboron acceptors, the CT emission
can be red-shifted from 438 nm (PH-05) to 465 nm (PF-05) and
494 nm (PTF-05). The content of the acceptor also have influence
on the emission wavelength of the polymers. As the content of the
acceptor increases from 5 to 20 mol%, the emission wavelength
is red-shifted by 2-7nm, consistent with the observations for
triazine-based TSCT polymers (Shao et al., 2017). Different
from those in solution, PL spectra of the polymers in film
state show only CT emission from 429 to 483 nm (Figure 3),
indicating that excited state energy of acridan donor has been
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FIGURE 3 | PL spectra of PH-05-PH-20 (A), PF-05-PF-20 (B), and PTF-05-PTF-20 (C) in film state.
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FIGURE 5 | HOMO/LUMO distributions and energy levels for the polymer models consisting of two repeating units using density functional theory (DFT) method at

completely transferred to the CT emissive species. The PLQYs of
the polymers determined by integrating sphere is 26-27% for PH-
05-PH-20, 27-38% for PF-05-PF-20 and 34-53% for PTF-05-
PTF-20 (Table 1). As the content of acceptor increases, PLQYs of
the polymers do not decrease, implying the weak concentration
quenching effect of the TSCT emissive species.

To investigate the TADF properties of the polymers, PL
decay characteristics are measured in nitrogen and air. As
shown in Figure 4 and Table 1, under nitrogen, all polymers
in toluene displays distinctive delayed emissions with lifetimes
(t4) in microsecond scale, together with prompt emissions with
lifetimes (z,) in nanosecond scale. For example, PH-5, PF-5,
and PTF-5 show 74s of 0.19, 0.49, and 0.86 s, respectively.
The content of triarylboron units has slightly influence on
T4, with values of 0.21, 0.46, and 0.98 s detected for PH-
20, PF-20, and PTF-20, respectively. Under air, the delayed
components are not detectable for all the polymers, indicating
that the delayed emission is arising from triplets which can be
quenched by oxygen, consistent with typical TADF behaviors.
To further explore the TADF character, AEgrs of the polymers
were determined from the onset of fluorescence spectra at room
temperature and phosphorescence spectra at 77 K (Figure S4),
which are smaller than 0.1eV (Table 1). Such small AEgrs are
consistent with the TADF effect since the rapid RISC process

can be favored by small AEgt to convert non-forbidden triplet
excitons to radiative singlet excitons.

To get insight into the electronic structures of the
triarylboron-based TSCT polymers, frontier orbital distributions
were investigated by density functional theory (DFT)
calculations. It is found that for all the polymers with different
substitution patterns, the HOMOs are predominantly located
on the acridan units, whereas the LUMOs are distributed over
the triarylboron acceptors, suggesting the CT character of
the polymers (Figure5). Moreover, the LUMO level of the
polymers decreases from —1.61 to —1.75eV and —1.84 eV as the
substituent changes from H to F and CF3, indicating that the
electron-accepting ability becomes stronger. Since the HOMO
and LUMO are well-separated, the polymers show close singlet
state (S1) and triplet state (T}) energy levels with the AEgt values
estimated to be ~zero according to time-dependent density
functional theory (TD-DFT) calculations, which are consistent
with the experimental AEgt values.

It is noteworthy that the triarylboron-based TSCT polymers
exhibit aggregation-induced emission (AIE) effect through
measuring their PL spectra in THF/water mixed solvents (Luo
et al,, 2001; Hong et al., 2011; Mei et al., 2015). As shown in
Figure 6, PTF-20 in pure THF solution shows a weak emission
band at ~520nm. As water is added, a slight increase in PL
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intensity was observed, which is accompanied with blue-shift of
emission band. When the weight water (f,;) is higher than 60%,
the PL intensity increases drastically. Especially, at f,, of 99%, the
polymer shows a dramatic increased intensity that is ~33 times
higher than the initial THF solution (f,, = 0). Similar AIE effect
is also observed for PH-20 and PF-20 with emission enhanced by
~6 and ~18 folds, respectively, as f,, increases from 0 to 0.99,
which can be attributed to aggregation-induced dipole-dipole
interaction between donors and acceptors.

Electroluminescent Properties

To investigate the electroluminescent properties of the
triarylboron TSCT polymers, solution-processed OLEDs
were fabricated with device configuration of ITO/PEDOT:PSS
(40 nm)/polymer (40 nm)/TSPO1 (8 nm)/TmPyPB(42 nm)/LiF
(I1nm)/Al (100 nm) (Figure7). Here PEDOT:PSS stands for
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
which serves as the hole-injection layer. TSPO1 (diphenyl(4-
(triphenylsilyl)phenyl)phosphine oxide) (Mamada et al., 2011)
and TmPyPB (1,3,5-tri(m-pyrid-3-yl-phenyl) benzene) (Su
et al., 2008) act as the exciton blocking layer and the electron-
transporting layer, respectively. As shown in Figures 7D-F,
the polymers containing H substituents (PH-05, PH-10, and
PH-20) show multiple emission bands at ~420 and ~480 nm.
The former emission bands are similar to those observed in

film-state PL spectra and therefore can be assigned to the CT
emission. However, the origin of the latter emission bands is
not clear yet. Similar behavior is also observed for PF-05-PF-20,
showing CT emission at ~460 nm and unattributable emission
bands at ~570 nm. Despite of this, the polymer bearing CF3
groups (PTF-05-PTF-20) show mainly CT emission regardless
of the triarylboron content, with CIE coordinates in range of
(0.25, 0.39)-(0.29, 0.47).

EQE-luminance and current density-voltage-luminance
characteristics of the devices are shown in Figures 7G-I and
Figure S5. The device performance is summarized in Table 2.
All the devices show low driving voltages at 3.0-3.4V, implying
the good carrier injection and transport from the electrodes.
The device efficiency of the TSCT polymers is dependant on
both the substituent and the content of triarylboron units. For
example, from PH-05 to PF-05 and PTF-05, the maximum
LE increases from 5.5 to 16.3¢cd A~!, and the maximum EQE
increases from 2.9 to 5.7%. This observation is consistent
with the enhanced PLQYs of the polymer films. Meanwhile,
from PTF-05 to PTF-20 with increasing triarylboron content,
the maximum LE increases slightly from 16.3 to 20.1cd A™},
implying the negligible concentration quenching effect in the
polymers. We note that the maximum EQEs of PTF-05-PTF-20
with values of 5.7-7.0% are much higher than the upper limit of
conventional fluorescent materials (EQE = 5%), confirming the
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FIGURE 7 | Device configuration (A-C), EL spectra (D-F), and current efficiency-luminance curves (G-I) of the solution-processed OLEDs.

TABLE 2 | Summary of the device performance of the TSCT polymers.

Polymer  Von? (V) LE® (cd/A) EQE® (%) CIE (x, y)°
Maximum value/at 100 cd m—2
PH-05 3.4 5.5/2.4 2.9/1.4 0.23, 0.27
PH-10 3.4 7.7/3.7 3.6/1.8 0.23, 0.31
PH-20 3.4 7.7/41 3.0/1.8 0.27,0.36
PF-05 3.2 5.7/2.9 2.9/1.6 0.23, 0.26
PF-10 3.2 6.4/3.5 3.1/1.9 0.25, 0.29
PF-20 3.2 6.3/4.1 2.8/1.9 0.28, 0.34
PTF-05 3.0 16.3/6.2 5.7/2.6 0.25, 0.39
PTF-10 3.0 17.4/8.2 6.7/3.3 0.25,0.41
PTF-20 3.0 20.1/11.4 7.0/4.2 0.29, 0.47

aTurn-on voltage at the luminance of 1 cd m==2.
b1 uminous efficiency.

¢External quantum efficiency.

9CIE coordinates at 4 V.

contributions of the triplets for EL emission, and indicating the
promising potential of triarylboron TSCT polymers to serve as
luminescent materials.

CONCLUSION

In summary, three kinds of through-space charge transfer
polymers with triarylboron acceptors bearing substituents of
hydrogen (H), fluorine (F), and trifluoromethyl (CF3) are
designed and synthesized for solution-processed OLEDs. The
substitution effect on their photophysical and electroluminescent
properties are investigated. It is found that as the substituent
changes from H to F and CF3, the polymers show deep blue
(429 nm) to sky-blue emission (483 nm) in solid-sate film due
to the increase of electron-accepting ability of the triarylboron
units. Owing to the small AEst of <0.1 eV, the TSCT polymers
exhibit typical delayed fluorescence with 74 of 0.19-0.98 s in
the absence of oxygen, with promising PLQY up to 53% in
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solid-state film. Aggregation-induced emission effect is observed
for the polymers with the emission intensity increased by up to
~33 folds from solution to aggregation state. The TSCT polymer
bearing trifluoromethyl substituent with 20 mol% acceptor
content exhibits promising electroluminescent performance with
maximum external quantum efficiency of 7.0%, suggesting
that they are prospective candidates for the development of
luminescent polymers in the future. Further investigation on
enhancing the color purity and emission efficiency of the
triarylboron-based TSCT polymers is currently underway.
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Organic entities that can transport electrons are seldom available to develop adequate
bipolar host materials applicable for solution-processable thermally activated delayed
fluorescence (TADF)-organic light-emitting diodes (OLEDs). Therefore, the introduction of
new electron-affine entities that plausibly demonstrate high triplet energy (ET) is of urgent
need. In this contribution, we introduced benzimidazo[1,2-a][3,1]benzothiazine (BBIT) as
a novel electron-affine entity and developed two new bipolar host materials, CzBBIT and
2CzBBIT. Both host materials exhibit high £t of 3.0 eV, superior thermal robustness with
the thermal decomposition temperature of up to 392°C, a glass transition temperature
of up to 161°C, and high solubility in common organic solvents. Consequently, the
solution-processable OLEDs fabricated using a recognized IAcTr-out as the green TADF
emitter doped into CzBBIT as the host, realized a maximum external quantum efficiency
(EQE) of 23.3%, while the 2CzBBIT:IAcTr-out blend film-based device displayed an EQE
of 18.7%. These outcomes corroborated that this work could shed light on the scientific
community on the design of new electron-affine entities to establish the effective use of
bipolar host materials toward proficient solution-processable TADF-OLEDs.

Keywords: new electron-acceptor core, bipolar hosts, thermally activated delayed fluorescence, solution process,
organic light emitting diodes

INTRODUCTION

Metal-free organic molecules that exhibit thermally activated delayed fluorescence (TADF)
properties have attracted a great deal of attention with their breakthrough performances in
organic light-emitting diodes (OLEDs) (Uoyama et al., 2012; Godumala et al., 2016; Ahn et al,,
2019; Kondo et al,, 2019). The TADF materials render the potential to utilize both singlet and
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Benzimidazo[1,2-a][3,1]Benzothiazine (BBIT) as a Novel Electron-Affine Entity
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Strong donor
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2CzBBIT

* Benzimidazole enabled the electron-transport ability and benzothiazine
functioned as the backbone

* sp3-Hybridized “methylene-bridge ” interrupt the electron delocalization

¢ High triplet energy

GRAPHICAL ABSTRACT | Benzimidazo[1,2-a][3,1]benzothiazine introducing
as an electron acceptor for the first time and developed two new bipolar host
materials (CzBBIT and 2CzBBIT) for solution-processable thermally activated
delayed fluorescence OLEDs.

triplet excitons through reverse intersystem crossing (RISC)
by virtue of the minimal energy gap between the singlet and
triplet excited states (AEst), resulting in a theoretical internal
quantum efficiency approaching 100% (Uoyama et al., 2012). In
contrast, phosphorescent OLEDs (PhOLEDs) exhibit excellent
device performance, but there are still improvements to be made
such as the use of rare earth metal complexes, their toxicity,
and high manufacturing costs. Consequently, TADF materials
are the best alternatives to PhOLEDs in terms of efficiency
and cost. Similar to phosphorescent emitters, TADF emitters
also suffer from concentration quenching through triplet-triplet
annihilations and triplet-polaron annihilations owing to the long
lifetime of triplet excitons (rq), which could be suppressed by
uniformly dispersing into a suitable host matrix (Godumala et al.,
2018, 2019; Chatterjee and Wong, 2019). Therefore, both hosts
and emitters contribute equally toward the high performance
of OLEDs. However, the host materials have not been explored
much compared to the emitters.

In recent years, various TADF materials processed through
vacuum deposition have been developed, and the majority of
them have already been employed to achieve high external
quantum efliciency (EQE) of over 25.0% (up to 38.0%) (Uoyama
et al., 2012; Ahn et al., 2019; Kondo et al., 2019). In spite
of the high performances of vacuum processed devices, the
OLEDs fabricated through the solution process have many
unique advantages, including an easy fabrication process, mass
production of large-scale products, easy control of dopant
concentration and low-cost manufacturing (Shao et al., 2017;
Huang et al., 2018; Zou et al.,, 2018; Tsai et al., 2019).

Several host materials reported in the literature perform
a monopolar-type (predominant hole-transport) behavior (for
instance, CBP, mCP, mCBP, and SiCz) due to the lack of

sufficient electron-transport entities. The monopolar behavior
of hosts can move the charge recombination zone close to
the adjacent transport layers, which can be detrimental to the
device performance as well as color purity. Therefore, monopolar
behavior and poor thermal stability of these host materials restrict
their widespread applications in OLEDs (Godumala et al., 2018).
In contrast, host materials constructed of the donor-acceptor
structure can enable balanced charge-carrier transport, which
can broaden the exciton recombination zone in the emissive
layer, thereby boosting the overall device performance (Cui et al.,
2016; Kim et al,, 2017; Jung et al., 2019; Konidena et al., 2019).
Thus, far, numerous host materials reported in TADF-OLEDs
have been designed by molecular engineering or by changing the
ratio or position of the known donor and acceptor entities (Fan
et al, 2015; Zhang et al., 2016a,b; Jeon et al., 2018). Very few
new electron-acceptor cores are reported to develop bipolar host
materials in OLEDs. For instance, Adachi et al. demonstrated
a new rigid electron-deficient benzimidazobenzothiazole (BID-
BT) and developed two new bipolar host materials, 29Cz-BID-BT
and 39Cz-BID-BT (Cui et al., 2016). By employing them as hosts
and a familiar DPAC-TRZ as a blue TADF emitter, the devices
achieved an EQE of approximately 21.0%. Later, our group
introduced chromenopyrazole (CP) as the new electron-acceptor
entity and developed two new bipolar hosts by appending
carbazole or bicarbazole as donors (CzCP and 2CzCP). The
devices employing CzCP as the host, and the well-known TCzTrz
as the blue TADF emitter realized a maximum EQE of 27.9% [CIE
coordinates of (0.15, 0.21)] (Godumala et al., 2018). However, the
aforementioned host materials were deposited through vacuum
thermal evaporation owing to their poor solubility. Therefore,
the exploration of new electron-acceptor cores for application as
suitable bipolar host materials that demonstrate high solubility is
imperative in promoting solution-processable OLEDs.

In this study, we introduced another new electron-deficient
heterocyclic ~ entity,  benzimidazo[1,2-a][3,1]benzothiazine
(BBIT), for the first time and developed two new
solution-processable bipolar host materials, namely 3-(9H-
carbazol-9-yl)-5H-benzo[d]benzo[4,5]imidazo[2,1-b][1,3]
thiazine (CzBBIT) and 3-(9H-[3,9'-bicarbazol]-9-yl)-5H-
benzo[d]benzo[4,5]imidazo[2,1-b][1,3]thiazine (2CzBBIT),
which were integrated with electron-rich carbazole or bicarbazole
entities. The electron-deficient benzimidazole enabled the
electron-transport property, while benzothiazine functioned
as the backbone to BBIT. The existence of a sp’-hybridized
methylene bridge could interrupt the electron delocalization
between the electron donor and acceptor cores to some extent,
and was, therefore, advantageous to retain high triplet energy
(Et) and partially enables solubility. The synthesis of BBIT is
moderately facile and rather economical, because expensive
catalysts, such as palladium and gold, are not employed.
As already envisaged from the design principles, both these
compounds manifested a high Er (~3.0eV), adequate highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energies, high solubility, and an
excellent thermal stability and homogeneous film formation,
which enabled their application as host materials for OLEDs.
Consequently, the solution-processable OLEDs were fabricated
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by implementing these new materials as hosts and IAcTr-out
as the green TADF emitter (Park et al., 2018). The CzBBIT and
2CzBBIT accomplished a remarkably high device performance
with EQE values as high as 23.3 and 18.7%, respectively. This first
report demonstrating a breakthrough performance corroborates
that BBIT is an outstanding electron-acceptor core to develop
versatile host materials for solution-processable OLEDs in the
near future.

EXPERIMENTAL

Synthesis

Synthesis of 3-(9H-Carbazol-9-yl)-5H-
Benzo[d]Benzo[4,5]Imidazo[2,1-b][1,3]Thiazine
(CzBBIT)

1H-benzo[d]imidazole-2-thiol (0.5g, 3.3 mmol), Cul (63 mg,
0.33 mmol), and Cs;CO3 (2.17g, 6.7 mmol) were mixed in
dimethylformamide (DMF, 20 mL) and stirred for 20 min under
nitrogen atmosphere. Compound 4a (1.68 g, 3.3 mmol) in DMF
(20mL) and L-proline (77 mg, 0.67 mmol) were subsequently
added and stirred at 110°C for 8h. The mixture was poured
into deionized water after cooled down to room temperature
(RT), and extracted with ethyl acetate. The organic extracts were
dried over Na,SO4 and concentrated in vacuo, and the residue
was chromatographed by eluting with methylene chloride (MC)
to afford CzBBIT as a white solid. The compound was further
purified by precipitating in MC: hexane (1:3) (1.2 g, 89% yield).
'H NMR (500 MHz, CDCl3): & (ppm) 8.18-8.14 (m, 2H), 8.07
(d, ] = 8.5Hz, 1H), 7.91-7.86 (m, 1H), 7.82-7.77 (m, 1H), 7.68
(dd, J = 8.5, 2.1 Hz, 1H), 7.61 (d, ] = 2.1 Hz, 1H), 7.47-7.41
(m, 4H), 7.39-7.35 (m, 2H), 7.34-7.29 (m, 2H), 4.10 (s, 2H). 1*C
NMR (125 MHz, CDCl3): 8 (ppm) 150.40, 144.02, 140.73, 135.18,
134.39, 132.61, 127.52, 127.48, 126.61, 126.17, 123.76, 123.52,
123.33, 120.49, 120.38, 119.77, 119.45, 111.36, 109.55, 30.32. MS
(MALDI-TOF) [m/z]: Calcd for Cp¢H;7N3S, 403.114; Found,
403.115 [M*]. Elemental analysis (%) calcd for Cp6H;7N3S: C
77.39, H 4.25, N 10.41, S 6.60. Found: C 77.26, H 4.38, N
10.30, S 6.73.

Synthesis of 3-(9H-[3,9’-bicarbazol]-9-yl)-5H-
benzo[d]benzo[4,5]imidazo[2,1-b][1,3]thiazine
(2CzBBIT)

The synthetic procedure described for CzBBIT was adopted
to afford 2CzBBIT by combining 1H-benzo[d]imidazole-2-thiol
(0.5g, 3.3 mmol), Cul (63 mg, 0.33 mmol), Cs,CO3 (2.17g, 6.7
mmol), compound 4b (2.23 g, 3.3 mmol), and L-proline (77 mg,
0.67 mmol) in DMF (50 mL). 2CzBBIT was obtained as a white
solid (1.6g, 85% yield). "H NMR (500 MHz, CDCl3): § (ppm)
8.30 (d, J = 1.8 Hz, 1H), 8.20-8.16 (m, 2H), 8.15-8.10 (m, 2H),
7.93-7.88 (m, 1H), 7.83-7.78 (m, 1H), 7.76 (dd, ] = 8.5, 2.4 Hz,
1H), 7.69 (d, ] = 2.1Hz, 1H), 7.62 (d, ] = 8.5Hz, 1H), 7.57
(dd, J = 8.7, 2.0 Hz, 1H), 7.53-7.47 (m, 2H), 7.43-7.37 (m, 6H),
7.36-7.33 (m, 1H), 7.32-7.26 (m, 2H), 4.14 (s, 2H). 3C NMR
(125 MHz, CDCL3): & (ppm) 150.36, 144.02, 141.77, 141.44,
139.83, 134.81, 134.73, 132.58, 130.29, 127.67, 127.60, 126.89,
126.68, 125.87, 125.69, 124.55, 123.82, 123.38, 123.12, 123.07,
120.80, 120.75, 120.30, 119.80, 119.67, 119.62, 119.58, 111.35,

110.67,109.92,109.69, 30.31. MS (MALDI-TOF) [m/z]: Calcd for
C3gH4N4S, 568.172; Found, 568.152 [M™T]. Elemental analysis
(%) calcd for Co6H7N3S: C 80.26, H 4.25, N 9.85, S 5.64. Found:
C80.17, H4.36, N 9.92, S 5.57.

Characterization

All reagents and solvents were purchased from Aldrich,
Alfa Aesar, and TCI Chemicals, and used as received
unless otherwise mentioned. 'H and *C nuclear magnetic
resonance spectra were recorded using Varian Mercury 500
MHz spectrometers in CDCIl3 solvent (Cambridge Isotope
Laboratories, Inc.) using tetramethylsilane as the internal
standard. The elemental analysis was conducted using the
EA1112 elemental analyzer (Thermo Electron Corporation)
at the Center for Organic Reactions. The Bruker Daltonics
LRF-20 MALDI-TOF spectrometer was utilized to record
the mass spectrometry. The glass transition temperature (Tg)
was estimated by acquiring differential scanning calorimetry
(DSC) thermograms measured using a Mettler 821 instrument
under the nitrogen atmosphere at a heating rate of 10°C
min~!. The decomposition temperature (Tq) was obtained by
conducting thermogravimetric analysis (TGA) using Mettler
STAR® at a heating rate of 10°C min~! under the nitrogen
atmosphere. The absorption spectra were attained using the
Agilent 8453 UV-Vis (ultraviolet-visible) spectrophotometer.
A Hitachi F-7000 fluorescence spectrophotometer was utilized
to measure the photoluminescence (PL) spectra at RT. The
HITACHI F-7000 fluorescence spectrometer was used to
measure the phosphorescence spectra at a temperature of 77 K
in the 2-methyltetrahydrofuran solvent. The JASCO FP-8500
fluorescence spectrometer equipped with an integrated sphere
was utilized to measure the PL quantum vyield (PLQY) for
the blend films. CzBBIT: IAcTr-out (45 wt%) and 2CzBBIT:
IAcTr-out (35 wt%) blend films were prepared with a thickness
of 40nm on a quartz substrate using the toluene solution to
measure the PLQY. The same substrates were utilized to study
the transient PL (TRPL) at RT. The PL decays were obtained
between 0 and 50 pws. The TRPL and exciton lifetimes were
restricted with a train of 1064nm pulses at a 5 ns interval,
produced at 10 Hz using an Nd:YAG laser (Powerlite Precision
IT 8000, Continuum). A wavelength was attained at 355nm
pulse by the generation of the third harmonic and used to
directly excite the film sample prepared on quartz. The emission
from the film sample was focused using a lens (focal length:
10cm), passed through a monochromator, and distinguished
by a photomultiplier tube connected to a 100 MHz digital
oscilloscope (DSO-X 3014A, Keysight). The prompt and delayed
components were recognized by single- and triple-exponential
decaying functions. Cyclic voltammetry measurements were
performed to evaluate the oxidation potential of host materials
in their film state by employing a potentiostat (EA161, eDAQ)
at a scan rate of 100mV s~!. CzBBIT and 2CzBBIT dissolved
in MC were drop-casted on a platinum (working) electrode and
freshly prepared 0.1 M NBuyPFs in dry acetonitrile was used
as the electrolytic solution. Ag/AgCl was used as the reference
electrode, and a platinum wire with a diameter of 0.5 mm was
used as the counter electrode.

Frontiers in Chemistry | www.frontiersin.org

February 2020 | Volume 8 | Article 61


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Godumala et al.

Benzimidazo[1,2-a][3,1]Benzothiazine (BBIT) as a Novel Electron-Affine Entity

Single-Carrier Devices

Single-carrier devices, such as hole-only devices (HODs)
and electron-only devices (EODs), were fabricated using a
neat glass substrate coated with indium tin oxide (ITO;
thickness of 150nm) with an active pattern size of 2 x 2
mm? and a sheet resistance of 10Q2 cm™2, for use as the
anode. The HODs were fabricated with the structure ITO
(150 nm)/PEDOT:PSS (40 nm)/PVK (10 nm)/Host (30 nm)/Al
(100 nm), and the EODs were fabricated with the structure ITO
(150 nm)/Host (30 nm)/TPBi (40 nm)/LiF (0.8 nm)/Al (100 nm).
PEDOT:PSS as a hole injection layer was deposited as received
(annealed at 155°C for 15min), PVK was dissolved in
chlorobenzene (annealed at 130°C for 20 min), and the toluene
solution of the host materials was spin-coated as required.
Finally, the other essential layers, such as TPBi, LiF and
Al, were deposited using a vacuum thermal evaporator in a
glove box.

OLED Device Fabrication

The ITO-coated (150 nm) glass substrate with a sheet resistance
of 10 2 cm™2 and active pattern size of 2 x 2 mm? acting as the
anode was used to fabricate OLEDs. The IAcTr-out, which was
reported by our group, was adopted as the green TADF emitter.
The device structure was as follows: ITO (150 nm)/PEDOT:PSS
(40 nm)/PVK (10 nm)/CzBBIT or 2CzBBIT: IAcTr-out (40 nm,
X wt%)/TPBi (40 nm)/LiF (0.8 nm)/Al (100 nm), where x is the
dopant concentration of 45.0 wt% for CzBBIT and 35.0 wt%
for 2CzBBIT. The hole-injecting PEDOT:PSS was directly spin-
coated on ITO and thermally annealed at 155°C for 15min,
whereas the hole-transporting PVK dissolved in chlorobenzene
was spin-coated on PEDOT:PSS before annealing at 130°C
for 20min. The emissive layer was spin-coated on the PVK
layer from the toluene solution. The aforementioned steps
were conducted at ambient conditions, and the substrates
were moved into a vacuum chamber for depositing TPBi,
LiF, and Al sequentially using a thermal evaporator. The
current density—voltage-luminance (J-V-L) data were measured
using the Keithley SMU 236 instrument and SpectraScan PR-
655 colorimeter. All the measurements were performed at
atmospheric conditions without protecting the devices from
any encapsulations.

RESULTS AND DISCUSSION

Synthesis

The synthetic details of both the targeted BBIT derivatives are
shown in Scheme 1. Compound 1 was synthesized by adopting
the reported synthetic procedure (Dressler et al, 2015). It
was treated with 9H-carbazole or 9H-3,9'-bicarbazole, probing
Cu(I)-catalyzed Ullmann reaction conditions using K3POy as
the base and (&)-trans-1,2-diaminocyclohexane as the ligand
to obtain 2a and 2b with moderate yields. Then, their ester
groups were converted to the corresponding alcohols using
LiAlH4 as the reducing agent with a reaction time of no longer
than 20min (Aline et al, 2008). Subsequently, the hydroxyl
group was tosylated using p-toluenesulfonyl chloride and KOH
as the base. Next, compounds 4a and 4b were treated with
2-mercaptobenzimidazole to provide CzBBIT and 2CzBBIT,
respectively in high yields (refer to the experimental section for
detailed information).

Theoretical Calculations

To obtain a deeper understanding of the molecular energy
levels and energy distribution of CzBBIT and 2CzBBIT, density
functional theory (DFT) and time-dependent DFT (TD-DFT)
calculations using the B3LYP/6-31G(d) method were probed.
The molecular structure, optimized geometry, and HOMO and
LUMO spatial distributions of CzBBIT and 2CzBBIT calculated
at the B3LYP/6-31G (DFT) level of theory with Gaussian 09W
are presented in Figure 1. The dihedral angle perceived between
the donor and BBIT entities of both hosts is approximately 56.0°,
implying twisted geometry. BBIT itself possesses a dihedral angle
0f 22.0°, denoting that it does not demonstrate a planar structure.
The electron cloud distributions of the HOMO are primarily
localized on the electron-rich carbazole entities, which contribute
to form a hole-transport channel. The LUMO is predominantly
distributed over the electron-deficient BBIT core that provides
the electron-transport channel. The well-separated HOMO and
LUMO distributions could support the bipolar nature of the
host materials. The HOMO/LUMO energy levels for CzBBIT and
2CzBBIT are calculated to be -5.49/-1.19 eV and -5.23/-1.31 eV,
respectively. Besides, the Er of CzBBIT is 3.17 eV, and that of
2CzBBIT is 3.14eV. Therefore, it is established that the high
Et values and well-separated HOMO and LUMO distributions
guaranteed these materials to function as bipolar hosts in OLEDs.

Carbazole, Cul, K3POy,, O N _ LiAlH,, THF
——————————»
DACH, reflux, 8 h 2 B’ t, 20 min
o
L —
Br
1
9H 3,9'-bicarbazole, L|AIH4 THF
Cul, K3P04 DACH d i, 20 min

SCHEME 1 | Synthetic route of CzBBIT and 2CzBBIT.

‘(:f\OH MC,0°Ctort, 4h

o-TsCl, KOH, HS— J@ Cs,C03, Cul,

Br

t CzBBIT

MC,0°Ctort, 4 h L-Proline, DMF110°C 8h

p -TsCl, KOH,

~ 0
HS=C , Cs,CO3, Cul,
H
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FIGURE 1 | Chemical structure, optimized geometry, and highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) spatial
distributions of CzBBIT and 2CzBBIT calculated at the B3LYP/6-31G (DFT) level of theory with Gaussian 09W.
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FIGURE 2 | (A) UV-Vis absorption and photoluminescence (PL) spectra of CzBBIT and 2CzBBIT in toluene. (B) Phosphorescence spectra measured in
2-methyltetrahydrofuran at 77 K. (C) Transient PL decay curves of IAcTr-out doped films at room temperature.

Optical and Photophysical Properties electron-donating property for the bicarbazole donor than
The UV-Vis absorption and PL spectra were recorded in  single carbazole.
a toluene solution for CzBBIT and 2CzBBIT to evaluate Further, the absorption and emission spectra were not

their optical properties (Figure2A and Table1l). Both  remarkably influenced by solvent polarity, indicating that the
compounds display similar absorption profiles with strong intramolecular charge-transfer nature is considerably weak
7-7t* transition bands under 300 nm, and the weak absorbance  in the ground and excited states (Figure S2 and Table S1).
at about 330-350nm mainly corresponds to the n-m*  The phosphorescence spectrum was recorded at 77K in 2-
transition of 9-phenyl carbazole units (Ma et al, 2019). methyltetrahydrofuran for both compounds to obtain their Et,
The absorption profiles are not significantly influenced  and the results are shown in Figure 2B. The spectra of CzBBIT
by the solution to film state (FigureS1 and Table1), and 2CzBBIT exhibit structured emission behavior with three
thereby revealing that there are negligible intermolecular  vibronic peaks, which is mainly due to locally-excited (LE) states.
interactions in the ground state. The optical bandgap  The Er values of both compounds are calculated from the highest
(Eg) values of CzBBIT and 2CzBBIT were derived from  energy vibronic sub-bands to be ~3.0eV (Figure S$3), which is
the absorption threshold in the film state as 3.44 and  sufficiently high for them to function as hosts for IAcTr-out,
3.32 eV, respectively. a TADF emitter (Et of 2.62¢eV) (Park et al., 2018). It should
As shown in Figure 2A, the PL spectrum of CzBBIT in  be noted that the high Et observed for both host compounds
toluene shows partially unstructured emissions with the 0-O band ~ could be expected from the interruption of m-conjugation by the
at 355nm and 0-1 band at 362 nm, respectively, while those = non-conjugated methylene bridge.
two bands are observed at 376 nm and 388 nm for 2CzBBIT.
The emission behavior at room temperature is due to charge- TRPL and Kinetic Parameters
transfer excited states (Ma et al., 2019). The somewhat red-  TRPL studies were conducted to distinguish the TADF behavior
shifted emission for 2CzBBIT is attributed to the stronger  of IAcTr-out doped into CzBBIT and 2CzBBIT in the film
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TABLE 1 | Photophysical and electrochemical data of hosts.

Host Ty/Ta (°C) Absorption (nm) PL (nm) Eqy (eV)°® Er (eV)? Energy levels (eV)
Sol.2 FilmP Sol.2 FilmP HOMO® LUMOf

CzBBIT 106/333 294, 311, 341 297, 316, 344 355, 362 359, 367 3.44 3.0 -5.67 —2.23

2CzBBIT 161/392 295, 307, 343 297,311, 345 376, 389 382, 394 3.32 3.0 -5.57 —2.25

aMeasured in toluene.

bThin film.

CFrom the absorption threshold (film state).

9Calculated from the phosphorescence spectra recorded in the 2-methyltetrahydrofuran.
€Calculated using oxidation onset in the film state.

"Calculated using HOMO + Eg.

state under the nitrogen atmosphere (Figure 2C). It was also
confirmed that both non-doped host films display only prompt
(7p) fluorescence lifetime, demonstrating typical fluorescence
behavior. The 7, values of CzBBIT and 2CzBBIT were obtained
as 0.5 ns (Figure S4). On the other hand, both blend films
display 7, and delayed (74) fluorescence lifetimes to corroborate
the presence of TADF behavior of IAcTr-out in both host
environments. The 7, and 74 values were evaluated by fitting
a double-exponential decay mode I(t) = A; exp(—t/t,) + Az
exp(—t/t4), where A; and A; are fitting parameters (Xie et al.,
2016). The 1, /74 values of CzBBIT and 2CzBBIT were obtained
as 19.4 ns/1.94 s and 20.9 ns/2.10 ws, respectively (Table S2). In
addition, the absolute PLQY (@py,) values of the compounds were
evaluated for the doped films using the integrating sphere. These
values for CzBBIT and 2CzBBIT were observed to be 70.96 and
62.29%, respectively. However, the total @pp, of a TADF emitter
comprises the prompt (®,) and delayed fluorescence (®g4)
components. The ®,/®4 values of CzBBIT and 2CzBBIT were
calculated to be 42.77%/28.19% and 37.84%/24.45%, respectively.

Besides, to obtain a deeper understanding of the TADF
mechanism, we calculated the essential kinetic parameters, such
as the singlet excited state radiative decay rate constant (k}),
intersystem crossing (ISC) rate constant from the singlet excited
state to the triplet excited state (kisc), RISC rate constant from
the lowest triplet excited state to the lowest singlet excited state
(krisc), and non-radiative (nr) decay rate constant for the singlet
excited state (k5,), for the blended films (Table S2). Here, k! at
RT was intended to be zero (Tao et al., 2014). The krisc values
of CzBBIT:IAcTr-out and 2CzBBIT:IAcTr-out were calculated to
be 8.6 x 10° s~ and 7.9 x 10° s71, respectively. A faster krisc
value resulted from the stabilized S; state of the emitter in the
host. The rate constants, such as prompt (k, = 1/7p) and delayed
(kg = 1/tq) fluorescence decays, were deliberated using their
corresponding prompt and delayed lifetimes.

Electrochemical Properties

Cyclic voltammetry measurements were performed using
a three-electrode electrochemical cell to evaluate the
electrochemical properties of CzBBIT and 2CzBBIT in the
film state (Figure S5 and Table 1). During the anodic sweep,
both compounds exhibited a quasi-reversible oxidation peak
instigated from the electron-rich carbazole/bicarbazole entities.
The onset oxidation potentials (ES%*) vs. Ag/Ag®t were

determined as +1.23 and +1.13V for CzBBIT and 2CzBBIT,
respectively. The HOMO energy levels were estimated using
the following equation: HOMO = -e(4.8 + EJ - Erc/Fes)
eV (Pommerehne et al., 1995), where the Fc/Fct potential was
equal to +0.36 V. Accordingly, the HOMO levels were calculated
as —5.67 and —5.57 ¢V, respectively, which are in line with
DFT studies. The relatively shallower HOMO level attained
for 2CzBBIT originated from the relatively stronger electron-
donating ability of bicarbazole compared to the single carbazole
derivative. The LUMO energy levels of CzBBIT and 2CzBBIT
were determined to be —2.23 and —2.25¢€V, respectively, by
adding the Eg values to HOMO levels. The difference between
the LUMO levels of both hosts was insignificant because of the
identical electron-acceptor core.

Thermal and Morphological Properties

The thermal stability of both new materials was examined
using TGA and DSC measurements performed at a heating rate
of 10°C min~! under nitrogen (Figure S6 and Table 1). The
TGA results corroborate that CzBBIT and 2CzBBIT have high
decomposition temperatures (T4, corresponding to 5% weight
loss) of 333°C and 392°C, respectively. The glass transition
temperatures (Tg) of CzBBIT and 2CzBBIT observed from
the DSC thermograms are 106 and 161°C, respectively. The
remarkable thermal stability of these two materials implies that
both are potentially applicable in multilayered OLEDs fabricated
through vacuum thermal deposition or solution processes. In
particular, the enhanced thermal stability of 2CzBBIT compared
to CzBBIT is due to the increased molecular weight. The thermal
robustness of these materials is beneficial in producing smooth
amorphous and homogeneous films during device fabrication,
which is among the essential parameters to achieve a highly stable
device performance.

The surface morphology of the blend films of CzBBIT:
IAcTr-out and 2CzBBIT: IAcTr-out was examined by atomic
force microscopy (Figure S7). Both the blend films are
homogeneous, with very low root-mean-square roughness values
of 0.30nm for CzBBIT and 0.40nm for 2CzBBIT. These
results confirm that both hosts exhibit superior thermal and
morphological stability, which is beneficial in enhancing device
stability and electroluminescence (EL) performance during
device operations.
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Single-Carrier Devices

The carrier-only devices, such as HODs and EODs, were
fabricated, and their characteristics were examined to
obtain a deeper insight into the carrier transport abilities
of CzBBIT and 2CzBBIT. The device configuration of ITO
(150 nm)/PEDOT:PSS (40 nm)/PVK (10 nm)/Host (30 nm)/Al
(100 nm) was used for the HOD, and that of ITO (150 nm)/Host
(30nm)/TPBi (40 nm)/LiF (0.8 nm)/Al (100 nm) was employed
for the EOD. The current density vs. voltage (J-V) curves of the
corresponding devices are presented in Figure §8. Both hosts
exhibit significant hole and electron current densities, which
confirm their bipolar nature. However, both hosts exhibited
that the electron current densities are much larger than the

hole current densities at a given driving-voltage, demonstrating
unbalanced charge transport. It can be assumed that the intrinsic
electron character of BBIT is relatively high.

Electroluminescence Properties

The excellent solubility, thermal robustness, tolerable
electrochemical and optical properties, and bipolar nature
of CzBBIT and 2CzBBIT propelled us to investigate them as
host materials in solution-processable TADF-OLEDs. IAcTr-out
was designated as the green TADF emitter because the triplet
energy values of both hosts (~ 3.0 eV) are sufficiently higher than
that of IAcTr-out (2.62¢eV) (Park et al., 2018) to prevent back
energy transfer from the dopant to host, in addition to other
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FIGURE 3 | Characteristics of green thermally activated delayed fluorescence (TADF)-organic light-emitting diode (OLED) devices for CzBBIT: IAcTr-out and 2CzBBIT:
IACTr-out: (A) Normalized electroluminescence (EL) spectra (measured at 1,000 cd m~2). (B) Current density—voltage—luminance. (C) External quantum efficiency
(EQE) vs. luminance. (D) Current efficiency and power efficiency vs. luminance plots.

TABLE 2 | CzBBIT and 2CzBBIT based TADF-OLED performance data.

Host Von (V) 2 Quantum efficiency (%) Current efficiency (cd A1) Power efficiency (Im W-1) CIE color Coordinates (x, y)®
Max. 100cd/m? 500cd/m? Max. 100cd/m? 500cd/m?> Max. 100cd/m? 500 cd/m?

CzBBIT 4.7 23.3 19.3 9.2 75.7 62.8 29.9 47.6 38.8 16.8 (0.33,0.57)

2CzBBIT 4.6 18.7 16.7 8.1 60.6 53.7 14.8 38.1 40.4 14.8 (0.33,0.57)

aTurn-on voltage at a luminance of 1.0 cd m~2.

bAt a luminance of 1,000 cd m—2.
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commensurate physical and electrochemical properties. Further,
the absorption spectrum of IAcTr-out is well-overlapped with
the emission spectrum of both hosts (Figure S9), which enable
the efficient energy transfer from the host to the dopant. In
particular, the PL spectrum of CzBBIT is more overlapped
compared to that of 2CzBBIT and thus, a higher performance
can be anticipated.

The configuration of OLED was used as follows: ITO
(150 nm)/PEDOT:PSS (40 nm)/PVK  (10nm)/CzBBIT or
2CzBBIT: IAcTr-out (40nm, x wt%)/TPBi (40 nm)/LiF
(0.8 nm)/Al (100 nm). PEDOT:PSS functioned as the hole-
injection layer, PVK served as the hole-transporting layer, TPBi
and LiF functioned as the electron-transport and electron-
injection layers, respectively, and Al was the cathode. IAcTr-out
doped into CzBBIT or 2CzBBIT was employed as the emissive
layer with an optimized dopant concentration of 45.0 wt% for
CzBBIT and 35.0 wt% for 2CzBBIT. The EL spectra, J-V-L
spectra, EQE against luminance, and the current efficiency and
power efficiency against the luminance curves are displayed
in Figure 3. The pertinent data for the EL performance are
summarized in Table 2. The schematic energy level diagram and
chemical structures of the materials used in this study are shown
in Figure S10.

As shown in Figure 3A, the maximum EL wavelength of
IAcTr-out in both host environments has appeared at a similar
wavelength of 524 nm, with CIE color coordinates of (0.33, 0.57).
The EL spectra obtained for both devices are similar to the PL
spectra of the emitter in the film state (Figure S11). The absence
of host emissions substantiates that complete energy transfer
occurs from the host to the emitter, and all the electro-generated
excitons are decayed through the emitter during radiative
decay without any detrimental endothermic energy transfer. The
similarity between the EL spectra in both host circumstances is
attributed to the insignificant polarity variations, as evidenced by
the solvatochromic PL studies.

Remarkable performances were achieved in the case of both
the devices with an EQE/current efficiency/power efficiency of
23.3 %/75.7cd A=1/47.61m W~! for CzBBIT and 18.7%/60.6 cd
A71/38.1lm W~ for 2CzBBIT, respectively. The EQE was
retained at 19.3 and 16.7% for CzBBIT and 2CzBBIT, respectively
at a luminance of 100 cd m~2. However, the EQE in the devices
of CzBBIT and 2CzBBIT decreased sharply to 9.2 and 8.1%,
respectively, at a brightness of 500 cd m~2, indicating significant
efficiency roll-off. This can be assumed to be due to unbalanced
charge transport in the EML of both devices.

The EQEs of both the devices are much superior to the
theoretical EQE limitation for conventional fluorescent emitters
(~5%). This is practical evidence for IAcTr-out that utilizes
triplet excitons generated after electric excitation through an
efficient RISC process during the EL emission. The results
verified that BBIT is an outstanding electron-acceptor core that
can include a variety of bipolar host materials to achieve high
performances in TADF-OLED:s.

CONCLUSION

In conclusion, benzo[4,5]imidazo[2,1-b][1,3]thiazine (BBIT)
as an electron-acceptor core was introduced for the first time

and two new bipolar host materials (CzBBIT and 2CzBBIT)
were developed by tethering electron-rich carbazole/bicarbazole
entities as donors. The benzimidazole moiety provided an
electron-deficient nature to enable an electron-transport
nature and benzothiazine functioned as the backbone
to BBIT. Besides, the non-conjugated sp*> hybridized
methylene bridge was beneficial to retain the high Er by
interrupting electron delocalization and partially enabling
the solubility. The systematic investigations proved that
both hosts not only exhibited a high Er value (3.0eV) and
a bipolar nature but also revealed thermal robustness and
appropriate optical and electrochemical properties. As a
result, the TADF-OLEDs fabricated through the solution
process by employing CzBBIT and 2CzBBIT as hosts in the
emissive layer demonstrated excellent performances with
the maximum EQE values of 23.3 and 18.7%, respectively.
The superior electron current density and state-of-the-art
device performances substantiate that BBIT is an emerging
electron-acceptor core to include versatile host materials suitable
for OLEDs. As this is the first report about the BBIT core
in OLED applications, there is much room to promote in
the future.
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Beyond their applications in organic light-emitting diodes (OLEDs), thermally activated
delayed fluorescence (TADF) materials can also make good photonic markers.
Time-gated measurement of their delayed emission enables “background-free” imaging
in, for example, biological systems, because no naturally-occurring compounds exhibit
such long-lived emission. Attaching a strongly-absorbing antenna, such as a phenylene
ethynylene oligomer, to the TADF core would be of interest to increase their brightness
as photonic markers. With this motivation, we study a sequence of TADF-oligomer
conjugates with oligomers of varying length and show that, even when the absorption
of the oligomer is almost resonant with the charge-transfer absorption of the TADF core,
the antenna transfers energy to the TADF core. We study this series of compounds
with time resolved emission and transient absorption spectroscopy and find that the
delayed fluorescence is essentially turned-off for the longer antennae. Interestingly, we
find that the turn-off of the delayed fluorescence is not caused by quenching of the TADF
charge-transfer triplet state due to triplet energy transfer of the lower-lying triplet state to
the antenna, but must be associated with a decrease in the reverse intersystem crossing
rate. These results are of relevance for the further development of TADF “dyes” and also,
in the broader context, for understanding the dynamics of TADF molecules in the vicinity
of energy donors/acceptors (i.e., in fluorescent OLEDs wherein TADF molecules are used
as an assistant dopant).

Keywords: thermally activated delayed fluorescence (TADF), time-resolved photoluminescence spectroscopy,
transient absorption spectroscopy (TAS), sequence-define oligomer, charge-transfer state (CT-state)

1. INTRODUCTION

Since the initial reports on compounds that displayed thermally activated delayed fluorescence
(TADF) (Parker and Hatchard, 1961; Maciejewski et al., 1986; Uoyama et al., 2012), their use as
photonic probes and markers has also been considered. In a few examples, TADF molecules can
be utilized as temperature and oxygen sensors (M¢hes et al., 2012, 2014; Kochmann et al.,, 2013;
DeRosa et al., 2015; Steinegger et al., 2017; Tonge et al., 2020); they have been used as special dyes
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(optionally incorporated into nanoparticles to negate the effect of
environmental quenchers such as oxygen) that enable time-gated
background free imaging due to delayed fluorescence (Xiong
et al., 2014; Li et al., 2017, 2019; Zhu et al., 2018; Ni et al., 2019;
Zhang et al., 2019b) and they have enable photodynamic therapy
(Zhang et al., 2016, 2019a). In order to increase the brightness of
the delayed emission for sensor or marking applications (or rate
of singlet oxygen generation for photodynamic therapy), a strong
absorption of incoming photons is desired. The charge-transfer
(CT) nature of the absorption of the TADF core means that the
photon absorption of the TADF core is rather weak.

In this contribution, we consider TADF cores attached to a
sequence of strongly-absorbing antennae based on phenylene
ethynylene oligomers (OPEs) of varying length (see Figure 1
for the chemical structures of the investigated molecules). By
tuning the antenna length, we can achieve strong absorption in
resonance with the energy of the TADF CT band. The photons
absorbed by the antenna are transferred into the TADF core with
good efficiency. However, the delayed fluorescence is also turned
off for the compounds with the longer antennae. Examining the
kinetics of these systems with time-resolved photoluminescence
(PL) and transient absorption, we can exclude quenching of
the TADF triplet CT state due to Dexter energy transfer to the
lower-lying triplet state on the antenna. Rather, it appears that
the reverse intersystem crossing (RISC) rate is diminished in
the presence of the antenna. These findings are encouraging for
the development of TADF based dyes (and fluorescent OLEDs
using TADF assistant dopants) showing that Dexter transfer
to a nearby and energetically accessible triplet state is not
necessarily kinetically favored and thus might be avoided by
chemical design.

2. RESULTS AND DISCUSSION

2.1. Materials

We attached rod-like monodisperse oligo(phenylene
ethynylene)s (OPEs) to a modified 2,4,5,6-tetra(9H-carbazol-
9-yl)isophthalonitrile (4CzIPN) core, a compound known
for its TADF function (Uoyama et al., 2012). We synthesized
a TADF molecule inspired by 4CzIPN, but in which one
cyano acceptor group has been replaced by an oxadiazole-
phenylene group onto which the OPE can be conjugated,
T (for synthesis details please refer to Hundemer et al,
2020). Compared to the cyano group, the oxadiazole is a
weaker acceptor (Wong et al., 2018). Monodisperse OPEs of
varying length were previously synthesized through the use
of sequence-defined routes Schneider et al. (2018). Herein
the OPE monomer, trimer, and pentamer were coupled to
T (forming the T-oligomers T1, T3, and T5, respectively).
The chromatography results confirmed the monodispersity
of the compounds (cf. Figure2) The antennae on Tn are
formed of a chain of n+2 phenylene units conjugated
by n+1 ethynylene bonds (see Figurel for the chemical
structures of all the investigated molecules). A detailed report
of the synthesis of these compounds can be found in the
Supplementary Material.
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FIGURE 2 | Size exclusion chromatography traces confirming the purity of the
compounds.

2.2. UV-Vis Absorption and

Photoluminescence Spectroscopy

Figure 3 shows the steady-state absorption and emission spectra
of T, T1, T3, and T5. Alongside, the absorption and emission
spectra of the reference OPEs are also shown. The reference OPEs
were chosen to have the closest number of conjugated phenyl
rings as the antennae on the TADF-conjugates. For T1 and T3,
OPEs with the precisely same number of phenylene units are
available, whereas for T5 the OPE has one fewer phenylene ring.
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FIGURE 3 | UV-Vis spectra of the investigated compounds (absorption in
thick solid lines and emission in thick dashed lines) and their corresponding
OPEs (absorption in fine solid lines and emission in fine dashed lines) in
chloroform (concentration < 5 - 104 mol/l). The absorption spectra of T, T1,
T3 and T5 were normalized to the peak around 290 nm that corresponds to a
Cz absorption. The absorption spectra of the OPEs were normalized to the
maximum value for OPES5. The OPE data were adapted from Schneider et al.
(2018), which is an article licensed under a Creative Commons Attribution 4.0
International License (https://creativecommons.org). Specifically, we have
calculated the absorbance from the original optical attenuation data. The PL
intensity data were used as in the original article.

In all cases, the agreement between the Tn and reference OPEn
absorption spectra is pronounced, allowing accurate conclusions
to be drawn. Upon the addition of an antenna the absorbance
spectrum of T is modified with an intense low energy band
whose peak position and intensity corresponds to that of the
reference oligomer (cf. Figure 3). The strong band associated
to the antenna greatly influences the absorbance of the TADF-
antenna conjugates. Increasing oligomer length increases the
oscillator strength of the absorbance and shifts it to lower
energies, as expected from w —x* transitions with enhanced
conjugation. The increase in the cross-section of the absorption
due to the antenna can be easily observed by considering the ratio
of the absorbance for the 290 nm peak resulting from the Cz
units on the TADF core with the absorbance for the maximum
of the bands associated with the antennae. Whereas the CT
absorption band for T (in the region 340-480 nm) is far weaker

than the Cz absorption at 290 nm, the absorption of the longer T-
oligomers T3 and T5 is stronger at 400 nm (which lies within
the CT band) than it is at 290 nm. This is clearly an effect of
the antenna. Indeed, strong absorption bands are obtained, with
the absorption in the region of the CT band now exceeding the
UV carbazole absorption for both T3 and T5. From these data
we conclude that the addition of an OPE antenna is an effective
way to introduce a strong absorption band, and that for T5 the
oligomer has reached sufficient length that this strong absorption
is in resonance with the CT absorption of the original core. Thus,
should energy transfer occur from the antenna to the core for
T3 or T5 they may represent good candidates for TADF-based
photonic markers.

In order to investigate whether energy transfer from the
antenna to the TADF core is possible, data for the time-integrated
PL after excitation at 355 nm were collected, and compared with
the PL spectra for the reference OPE compounds. These data
are also shown in Figure 3. Although the emission spectrum
of the isolated OPE oligomers shifts steadily to the red with
increasing length they remain higher in energy than the emission
of the unsubstituted molecule T. The emission spectra of the
TADF-antenna conjugates T1, T3, and T5 remain essentially
constant and identical to the spectra of T with their peak around
560 nm (a comparison of these spectra on a single plot and
their time evolution is also shown in Supplementary Figure 8;
from these data molecular aggregation can be ruled out). The
observation that the emissions for T and T1, T3, come from
the same state despite stronger absorption from the antenna at
the excitation wavelength indicates that there is energy transfer
from the antenna to the core. Even for T5, the majority of the
emitted photons come from the TADF core, although a small
high energy shoulder in the emission indicate a minority of
singlet states on the antenna can emit before they are transferred
in this case. Given this shoulder accounts for only a minor
contribution to the overall emission, and also in light of the
transient absorption results discussed below, the PL data indicate
that for all conjugates energy transfer from the antenna to the
TADEF core is efficient.

The good transfer to the TADF core from the antennae is
achieved because the Stokes shift for T is significantly larger than
for the individual OPEs. This means that even as the absorption
of the antenna becomes similar in energy to the lowest energy
CT absorption of the core, the emission of the core is still at
a significantly lower energy than that of the antenna. In all
cases there is sufficient overlap between the emission of the OPE
antenna and the CT absorption of the core to support Forster
transfer enabling efficient singlet energy transfer from antenna
to core.

For the interested reader, three minor notes regarding the
steady-state absorption and emission spectra are made. Firstly,
we note that the absorption and emission data for the OPE
compounds were previously published Schneider et al. (2018),
but reproduced here due to their relevance to the discussion
of the new observations. Secondly, we point out that our
measurements are made using chloroform as a solvent rather
than toluene (commonly used for 4CzIPN) because the TADF
was more intense for our molecules in chloroform. This result
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is consistent with literature findings for 4CzIPN and various
carbazole benzonitrile derivatives where the reverse intersystem
crossing rate is increased in solvents more polar than toluene
(Ishimatsu et al., 2013; Nobuyasu et al., 2016; Hosokai et al,,
2018). The decrease in the TADF emission for 4CzIPN in
more polar solvents than toluene is attributed to increased non-
radiative rates (Ishimatsu et al., 2013). Thirdly, we point out
that the Stokes shift for T is significantly larger than the Stokes
shift observed for 4CzIPN in toluene (Uoyama et al., 2012).
There are two effects at play here. On the one hand, the more
polar nature of the solvent leads to a greater stabilization of the
CT state and a larger Stokes shift. For example the emission
peak of 4CzIPN shifts from 507 nm in toluene to 536 nm in
dichloromethane (a solvent more polar than chloroform). On
the other hand, an increased structural relaxation in the excited
state might be introduced by the substitution of the cyano group
with the oxadiazole-phenylene group. The emission peak for T in
toluene is already at 540 nm, significantly red-shifted compared
to 4CzIPN. Therefore, the substitution of the cyano group with
the weaker accepting oxadiazole group enables a relaxation in
the excited state that reduces the energy of the emitted photons
and increases the Stokes shift (perhaps supported by the reduced
symmetry of the substituted molecule).

2.3. Time-Resolved Photoluminescence

Spectroscopy

We examined the time-resolved emission to establish how the
addition of the antenna oligomers affects the prompt and delayed
fluorescence emitted from the TADF-antenna conjugates. The
temporal evolution of the PL is depicted in Figure 4. Lifetimes
obtained from biexponential fits to the data are shown in Table 1.
It is immediately apparent that the delayed PL is drastically
reduced from T to T1 and suppressed to such a great extent for
T3 and T5 that no delayed emission can be detected with our
sensitive ICCD setup. These results are clearly negative in terms
of applying these materials for photonic markers that show strong
absorption and delayed emission. Although the absorption is
strong on the antenna and energy from the singlet state of the
antenna can transfer to the TADF core, once the triplet state is
created on the TADF core it is very unlikely to reverse intersystem
cross and yield delayed emission. Although this lack of delayed
emission precludes the intended application of the molecules, the
process by which the delayed fluorescence is turned off is studied
in more detail. The results of this investigation are interesting
both in terms of understanding how to design molecules for
the intended application, and also in terms of their implications
regarding the quenching of triplets by fluorescence acceptors in
hyperfluorescent systems.

The most obvious hypothesis to explain the lack of delayed
emission is the introduction of a new loss channel from the
TADEF triplet CT state upon the introduction of the antenna:
namely the transfer of the CT triplet state on the TADF core to
a lower-lying triplet state on the OPE antenna. As the singlet-
triplet gap on the OPE antenna is around 0.7 eV (Kéhler et al,,
2002; Kohler and Beljonne, 2004), and the singlet energies of the
CT state on the TADF core and the OPE antenna are similar, the
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FIGURE 4 | Temporal decay of the PL of the investigated compounds in
deoxygenated chloroform (¢ = 5 - 10~* mol/l). Lifetimes and amplitudes of the
biexponential fits are stated in Table 1.

TABLE 1 | Prompt and delayed lifetimes (z, and z4), and prompt and delayed
amplitudes (A, and Aq) from biexponential fits of the PL kinetics. Prompt to
delayed emission ratio (p/d) calculated using Ay /(t0Aq).

T T T3 T5
7, /NS 16 16 15 14
74 /ns 1,200 1,700 NA NA
Ao 1 1 1 1
Aq 1x 1072 5x 10 0 0
p/d 15 21 NA NA

triplet energy of the OPE antenna must lay significantly below
the energy of the CT triplet state on the TADF core. Therefore,
the transfer of the CT triplet to the triplet state on the antenna is
energetically possible.

However, none of the data we collected are consistent with this
hypothesis. This is examined in greater detail in the section below
presenting the transient absorption. Already the data shown in
Figure 4 are inconsistent with the hypothesis of transfer of the
CT triplet to a triplet state localized on the OPE. The prompt
and delayed lifetimes along with the ratio of the prompt to
delayed emission obtained from biexponential fits of the data
shown in Figure 4 are presented in Table 1. In TADF molecules,
the lifetime of the delayed fluorescence reveals the decay of the
charge-transfer triplet state population. If a new loss channel was
introduced to the charge-transfer triplet population, the initial
intensity of the delayed PL would be similar to that without
the loss channel (i.e., the intensity of the delayed PL at 100 ns
would be similar) but the lifetime of the delayed PL would be
substantially shorter. However, these are not the observations
made in the data. Rather the opposite, between T and T1 the
intensity of the delayed PL in the first instance (at 100 ns) is
substantially decreased, and the lifetime of the delayed PL is not
shortened (in fact it slightly increases in T1). The observations in
the data rather suggest that the RISC rate is decreased, decreasing
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the intensity of the delayed PL from a similar concentration CT
triplet states.

In order to visualize this argument, simulated PL transient
showing the prompt and delayed emission are obtained for three
solutions to the rate equations for the singlet and triplet CT
populations on the TADF core. The first solution is the reference
case, with typical values from the literature used for the kinetic
parameters. In the second case, an extra decay channel for the
CT triplet state is added to express a transfer of the CT triplet
state to a triplet state on the antenna. In the third case, the rate of
RISC is reduced by a factor of 20. The rate equations are shown
in Equation (1), where ¢; and ¢ are the concentrations of CT
states in the singlet and triplet manifold respectively, kisc is the
intersystem crossing rate, k,q is the radiative decay rate from the
CT singlet state (note non-radiative decay from the singlet state
to the ground state is neglected, as common in the literature),
krisc is the reverse intersystem crossing rate, and kpyrans is the
total rate of states exiting the CT triplet population due to non-
radiative decay to the ground state or transfer to the triplet state
on the antenna.

56 = —(kisc + krad)cs + krisc - ¢ (1a)

ad
—cr = —(krisc + Kar+q)ct + kisc - cs (1b)

ot

The parameters used for the reference simulation are: loss
of CT triplet population due to triplet transfer to antenna and
decreased RISC rate. They are shown in Table 2. The parameters
are chosen to be consistent with the literature values for 4CzIPN
(Uoyama et al., 2012; Yurash et al., 2019), with slight adjustment
(slight increases in Kky,q, kisc, and knriq) so that the reference
simulation mimics the kinetics observed for T. The results of
the simulations are compared with the data for T and T1
in Figure 5. The parameters used for the reference simulation
reproduce well the observed PL transient for T. However, the
addition of a significant extra channel for loss of the CT triplet
state, for example caused by transfer of the CT triplet to the
oligomer triplet, is not able to explain the observed data for T1.
In the simulation labeled “triplet transfer,” knr+q is doubled, to
represent significant population of the CT triplet transferring
to the antenna. As described above, although the total delayed
PL is significantly reduced in the triplet transfer model, the
initial delayed emission (around 100 ns) is hardly affected. The
simulation labeled “reduced RISC,” on the other hand, fits the
observed data for T1 very well. The reduced RISC simulation
differs only from the reference case in that krysc is reduced by
a factor of 20.

2.4. Transient Absorption Spectroscopy

The results of the transient PL experiments confirm that it is a
change in the kpysc that limits the delayed emission from T1
through T5. In order to substantiate this hypothesis (and gain
insights into the intermediate states involved), we investigated
the excited-state dynamics of the molecules T, T1, and T5
using transient absorption spectroscopy (TAS). We measured the

TABLE 2 | Parameters used for simulation of PL transients.

Reference Triplet transfer Decreased RISC
Krag/s™! 1.3-107 1.3.107 1.3-107
kisc/s™! 3.9.107 3.9.107 3.9.107
krisc/s™! 6-10° 6-10° 3.10%
Knrsq/S™" 6-10° 1.2.10° 6-10°
10° E— T T 3
~ 101
107 F 3
£ E E
— L -
o C ]
£ 102 3 3
> Data
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FIGURE 5 | Simulated PL transients for the reference, triplet transfer, and
reduced RISC models described in the text. The reference and reduced RISC
models agree with the observed data for T and T1, respectively. The triplet
transfer model does not agree with the observed data.

change in transmission (AT/T) of the samples in the wavelength
range of 520-880 nm induced by a previous excitation pulse
with a wavelength of 355 nm. Details of the transient absorption
setup are given in the experimental section. We note that the
time resolution is sub-nanosecond and the excitation fluence was
kept under 20 nfem™2. To ascertain that all kinetics presented
are caused by linear processes, and that the sample was not
degraded during the investigation, measurements at a sequence
of excitation fluences were taken.

Figure 6 shows the TAS contour maps of the three samples
under study for delay times between the pump and probe beams
of 0.8 ns to 10 us. Immediately, a difference between T5 and
the other two samples is apparent. For T and T1, two distinct
photo-induced absorption (PIA) bands are visible whose maxima
occur at significantly different points in time: (i) a band centered
around 800 nm present at early times (<5 ns) and (ii) a PIA band
centered around 600 nm which rises within the first 100 ns after
excitation. For T and T1 the data matrix is rank 2. However, this
is not the case for T5. There is only one feature visible for the case
of T5 (for T5 the data matrix is rank 1).

Already at this level of analysis, these data again provide
evidence against the hypothesis that the reduction in delayed
emission in T1, T3, and T5 stems from triplet transfer from the
triplet CT state of the TADF core to a localized triplet on the
OPE antenna. If the CT triplet excitations were transferred to the
OPE oligomer, this should happen most favorably in T5. In T5
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S
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able to be easily determined as it was one of the first materials to
600 show delayed emission due to triplet-triplet annihilation (Partee
et al,, 1999). This delayed emission allowed a triplet lifetime of
200 us to be estimated for powder samples (Partee et al., 1999).
1 10 100 1000 10000 Later pulse radiolysis measurements agreed well with this, finding
Time (ns) a triplet lifetime of 300 s in deoxygenated toluene solution. We
also note that the triplet induced absorption for poly(p-phenylene
FIGURE 6 | TAS contour maps of the T-cligomers T, T1, and T5. The black ethynylene) shows a strong feature at 780 nm. For this reason, we
dashed lines correspond to the positions of the kinetics shown in Figure 7. can be confident that we would see signals from the triplet exciton

a new spectral feature should emerge after ISC that corresponds
to the excited-state absorption of an OPE triplet while the initial
excited-state absorption due to the TADF-core CT state should
disappear. This is inconsistent with the observed data matrix
for T5. The observations show that the data matrix for T5 is
rank 1 (meaning that it can be expressed by the outer product
of only one spectral vector with a single time-evolution vector).
This means that only a single-excited state species is responsible
for the entire TA surface for T5. This species cannot be an OPE
triplet for two reasons. Firstly, the signal is there immediately
after excitation. Although the signal grows stronger with time in
the first 100 ns, the signal height is roughly 25% of its maximum
immediately (cf. lower panel of Figure 7). There is no possibility
that such a significant population of triplet states on OPE could
be created immediately upon excitation. The second argument
against this feature being related to a triplet state on the OPE is its
lifetime. The triplet lifetime of poly(p-phenylene ethynylene) was

species on the OPE in the spectral range that we observe in case
OPE triplet excitons were created.

We now examine the transient absorption data in more detail.
A comparison with the detailed TAS study of Hosokai et al.
(2017) on 4CzIPN supports the assignment of the band at 600 nm
that grows in within the first 100 ns to be associated with a
local triplet state on the pthalonitrile core of the molecule (°LE).
Such bands are only observed for T and T1. We note that this
band is shifted between the two samples. For T, the band is
centered at 600 nm, but for T1, it is blue shifted to 550 nm.
This shift in the induced absorption band suggests a shift in the
energy levels of the LE between T and T1. For T5, this band
is either entirely absent, or significantly shifted in energy. The
development of the intensity of this PIA as a function of time is
shown in Figure 7, where it is also compared to the decay of the
prompt PL. The growth of the PIA and the decay of the prompt
PL exactly coincide, reinforcing the conclusion that the species
responsible for the PIA is a direct product of ISC from the CT
singlet state.
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The energetic resonance of the CT states with >LE is proposed
to be crucial for enabling RISC (Etherington et al., 2016; Evans
etal,, 2018). The *LE can couple to the CT singlet state, allowing
the CT triplet to return to the CT singlet with the help of this
local triplet intermediate. Therefore, the observation of a local
triplet absorption band growing in with 1/(kisc + kraq) has been
observed to be critical for efficient RISC (Hosokai et al., 2017).
The presence of this band suggests that the triplet CT efficiently
mixes with the local triplet state. The upper panel of Figure 7
shows how this induced absorption grows in for T suggesting
that mixing dominates the TA spectra after 100 ns. In T1 it
is slightly less dominant with respect to the 800 nm feature
(and also shifted). For T5 this feature is absent and the 800 nm
feature dominates the spectrum at later times. Thus, we conclude
that there is a correlation between the growth of a strong PIA,
likely stemming from a 3LE state close to resonance with the CT
triplet state, and a reasonable RISC rate. The observations are
consistent with our conclusions that it is a reduced RISC rate
that is responsible for the reduction of delayed PL. The similar
lifetime of this PIA signal from T and T1 again speaks against the
hypothesis of quenching of the CT triplet state by transfer to a
lower lying triplet on the antenna.

There is a second clear feature in all of the TA surfaces.
The PIA around 800 nm can be assigned to an absence of
electron density on the Cz units as a consequence of a CT state
formation as it closely resembles the induced absorption for Cz
cations (Yamamoto et al., 1989; Tsujii et al., 1990). This induced
absorption associated with a reduction of electron density on
the Cz units is present for all times in all samples; however, the
intensity of this induced absorption does change upon ISC in all
samples. The lower panel of Figure 7 depicts the evolution of this
PIA due to the Cz reduced electron density in the range 750-
850 nm. For T, the PIA in this region decreases by more than
50% with the same lifetime as the prompt decay. This indicates
that for T, the transition from the singlet to the triplet CT state
is accompanied by a reduction in the PIA caused by a decreased
electron density on the carbazole units. This could be explained
by a sufficiently small difference in energy between the CT triplet
state and a LE state, that allows the excited state to spend time
in the *LE once intersystem crossing has occurred (and thus
reducing the amount of time spent in the CT state which causes
the 800 nm PIA). Such an explanation is consistent with the work
of Etherington et al., who found a changing ratio of the induced
absorption of the CT triplet to the >LE state as the energetic gap
between these two states was varied (Etherington et al., 2016).
Returning to our data, for T1 the PIA in this region is also
reduced on the same time scale as the prompt PL decay. However,
in this case the reduction is less than half as large as it was for
T. This could indicate that again, once the CT state in T1 has
undergone intersystem crossing, it can spend time in a >LE state.
However, it spends much less time in the *LE, and consequently
more time in the CT triplet state. For this reason, the PIA that
stems from a reduction in electron density on the carbazoles (in
the CT state) is better preserved in this case. For T5, the kinetics
are notably different. The PIA in the 800 nm region actually
increases with the same rate as the prompt PL lifetime. Although
the physical mechanism causing this increase in the strength of

the PIA associated with the CT state is not able to be determined
with certainty, this observation of a strong CT-associated PIA for
T5 is certainly consistent with lack of population of a >LE in this
case (and its negligible rate of RISC).

2.5. Low-Temperature Photoluminescence
Finally, we investigated the emission spectra of the compounds
at cryogenic temperatures. A comparison of the emission
spectrum at room temperature and at 77 K is often used
to estimate the singlet-triplet splitting in the CT state of
TADF molecules. Also, if the CT triplet could transfer its
energy to lower-energy triplet states on the antenna, the
phosphorescence from these lower energy triplet states should
become observable at low temperature. Comparisons of the
room temperature and cryogenic photoluminescence spectra
are shown in Supplementary Figures 9-11. Consistent with our
observations above, in no case is a low-energy phosphorescence
(from a triplet on an antenna) observable. The phosphorescence
spectra is not significantly altered between the compounds. In
conjugation with their similar fluorescence spectra, this indicates
that the energetic levels of the CT state on the TADF core are
not drastically altered. From the onsets of the fluorescence and
phosphorescence spectra at 77 K, we estimate similar values for
the singlet-triplet splittings of T, T1, and T3, [AEsr(T) = 0.02 €V,
AEsp(T1) = 0.01 eV, and AEsp(T3) 0.02 eV]. Despite
these similar values for A Egy across the compounds, the previous
sections demonstrate that the rate of RISC differs significantly
amongst the series.

3. CONCLUSIONS

We have investigated a sequence of molecules composed of
a TADF core conjugated to an OPE antenna whose length
varies across the sequence. We find that an OPE antenna of
appropriate length can bestow strong photon absorption on the
molecule in the spectral region wherein previously only the
weak CT absorption was present. This increase of the molar
extinction coeflicient in the visible by a factor of 5 would assist
the application of TADF molecules as photonic markers offering
background-free delayed emission. However, although we find
that energy transfer from the singlet state of the antenna to
the CT singlet of the TADF core can be quantitative, we also
find that the delayed emission becomes greatly weakened by the
attachment of a short OPE antenna, and completely suppressed
for longer antennae.

At first thought, the most probable hypothesis for this turn-
off of the delayed emission would be Dexter transfer from the
CT triplet state of the TADF core to the lower-lying triplet state
present on the OPE antenna. Such a quenching mechanism is
also thought to play a role in the TADF-assisted fluorescent
OLEDs when the fluorescent dopant is present at too high
concentrations. Surprisingly, we find that this simple hypothesis
is not consistent with the observed data (neither the time-
resolved PL nor the TA data). Rather, the data show that a
reduction of the rate of RISC occurs upon the addition of the
OPE tails, and suggest that this reduction in RISC rate may be
due to a change in the position of a *LE. Certainly, the TA of these
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blends presents interesting insights into the changing nature of
the intermediate species present for a sequence of molecules over
which the delayed emission is turned off.

This work suggests that further work to obtain strong delayed
emission from TADF core-antenna combinations is not futile but
that further work is needed to understand how RISC rates can
be maintained upon addition of the antenna. In this regard, a
study of more symmetric TADF core dual antenna conjugates
may be a fruitful avenue to explore. In general, these results
also highlight that careful observation and understanding of
Dexter transfer from a TADF molecule to nearby acceptors is
an area of continued interest for designing application-optimized
TADF materials.

4. EXPERIMENTAL

4.1. Methods

4.1.1. UV-Vis Absorption

We used a commercial UV-Vis spectrometer (Lambdal050,
Perkin Elmer Inc.) to collect the absorption spectra.

4.1.2. Photoluminescence

For the PL measurements (both steady state and time resolved)
we used a gated camera setup. As excitation source we used a
diode-pumped solid state (DPSS) pulsed laser (Picolo-10, Innolas
GmbH) with 0.8 ns pulses at 355 nm and a repetition rate of
5 kHz. The emission was detected with a spectograph (Acton
SpectraPro-2300, Princeton Instruments Inc.) coupled to an
intensified CCD camera (PiMax4, Princeton Instruments Inc.).

4.1.3. Transient Absorption

TA spectra were recorded by using a pump-probe setup. The
setup has two modes of operation: a short-delay mode, for delays
between pump and probe pulses in the range from 100 fs to
2 ns, and another one to work in long-delay mode, for delays
longer than 2 ns. A commercial Ti:Sa amplifier with 100 fs
width pulses at 800 nm and operating at a repetition rate of
1 kHz (Spitfire Pro XP, Spectra Physics, Newport Corp.) is split
into two beams. The probe beam is directed to a 2 mm thick
sapphire crystal to generate white light pulses (450-1,000 nm)
and then to the sample. The pump beam passes first through a
light chopper that reduces its repetition rate to the half and then
through a barium borate (BBO) crystal that generates second
harmonics resulting in a 400 nm pulse with a repetition rate of
500 Hz. The pump beam passes then through a delay stage that
consists of a stage with a mirror combination that can be precisely
driven over 600 mm to increase or decrease the light path of
the pump pulse. The so-delayed pump pulse is then directed to
the sample. The light transmitted through the sample is then
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Huanhuan Li™, Yibin Zhi'*, Yizhong Dai’, Yunbo Jiang', Qingqing Yang', Mingguang Li’,
Ping Li", Ye Tao ™, Hui Li", Wei Huang > and Runfeng Chen ™
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The exploitation of thermally activated delayed fluorescence (TADF) emitters with
aggregation-induced emission is highly prerequisite for the construction of highly
efficient electroluminescent devices in materials science. Herein, two asymmetric
TADF emitters of SFCOCz and SFCODPAC with charming aggregation-induced
emission are expediently designed and prepared based on highly twisted strong
electron-withdrawing acceptor (A) of sulfurafluorene (SF)-modified ketone (CO) and
arylamine donor (D) in D1 —A-D» architecture by simple synthetic procedure in high yields.
High photoluminescence quantum vyields up to 73% and small singlet-triplet splitting
of 0.03eV; short exciton lifetimes are obtained in the resultant molecules. Strikingly,
efficient non-doped and doped TADF organic light-emitting diodes (OLEDs) facilitated by
these emitters show high luminance of 5,598 and 11,595 cd m~2, current efficiencies
(CEs) of 16.8 and 35.6 cd/A, power efficiencies (PEs) of 9.1 and 29.8 Im/W, and
external quantum efficiencies (EQEs) of 7.5 and 15.9%, respectively. This work furnishes
a concrete instance in exploring efficient TADF emitter, which is highly conducive and
encouraging in stimulating the development of TADF OLEDs with high brightness and
excellent efficiencies simultaneously.

Keywords: thermally activated delayed fluorescence, asymmetric structure, aggregation-induced emission,
charge-transfer, electroluminescence

INTRODUCTION

Luminescent materials that are capable of thermally activated delayed fluorescent (TADF) have
been widely investigated not only because of their great potential in utilizing theoretically
100% internal quantum efficiency (IQE) through the back transfer of non-radiative triplet
exactions (75%) into radiative singlet excitons conferred by small single-triplet energy splitting
(AEgr) for efficient reverse intersystem crossing (RISC), but also due to their fundamental
significance both in scientific investigations and technological applications of organic electronics
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(Uoyama et al, 2012; Tao et al, 2014; Etherington et al.,
2016; Guo et al, 2018; Han et al., 2018; Kotadiya et al,
2019; Pershin et al, 2019; Zhang Y. L. et al, 2019). With
flourish developments over the past few years, considerable
attention has been devoted to designing and exploiting excellent
TADF materials with the consideration of the following rational
metrics (Park et al, 2016; Chen et al, 2017; Im et al,
2017; Wong and Zysman-Colman, 2017; Yang Z. et al., 2017;
Zhang Y. et al, 2019): (i) the separated highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) distributions for enabling small AEgr; (ii) slight
overlap of frontier molecular orbital (FMO) for maintaining high
photoluminescence quantum yield (PLQY); (iii) short exciton
lifetimes to eliminate the concentration-induced quenching
effect; (iv) reduced intermolecular interactions to alleviate
aggregation quenching processes; and (v) acceptable thermal
stability for long-term device operation and ease synthesis
procedure for mass productions. Nonetheless, most of the
reported TADF materials suffer from serious aggregation caused
quenching (ACQ) phenomenon that obviously hinders their
practical applications (Einzinger et al.,, 2017; Wei et al., 2017,
2019; Wong and Zysman-Colman, 2017; Gan et al,, 2019).
Therefore, it remains forbidden issues to construct prominent
TADF materials because of the great challenge in obtaining such
aforementioned features in a molecule simultaneously, especially
for alleviating the serious ACQ (Aydemir et al., 2017).
Aggregation-induced emission (AIE) is a fascinating optical
phenomenon with greatly enhanced luminescent efficiency in
solid state, which has been increasingly emerging as a promising
candidate in organic electronics, bio-electronics, and photonics
(Huangetal., 2017; Mao et al., 2017; Tsujimoto et al., 2017; Yang J.
etal., 2017; Chen et al., 2019). The implantation of AIE properties
into TADF materials has demonstrated a possibility to suppress
the ACQ of solid films (Leeetal., 2017; Zheng et al., 2019).

Generally, the linkage of donor and acceptor units through
the spiro- and/or twist structure to lessen the overlap of FMO
and to inhibit the molecular aggregation has been proven to
be a perspective strategy for achieving AIE-TADF materials.
Following this guideline, an extensive collection of AIE-TADF
materials has been designed and explored in fabricating efficient
TADF organic light-emitting diodes (OLEDs). Recently, diphenyl
ketone, which can not only serve as an electron-deficient core to
construct charge transfer (CT) molecule with spatially separated
HOMO and LUMO distributions through the incorporation of
varieties of donor units for achieving a small AEst but can
also be used as the twist and rotation center to reduce the
interactions for alleviating the self-quenching effect of multiple
molecules and to incorporate AIE for boosting emission of the
resultant materials in solid state, has been regarded as one of
the most key building blocks in constructing TADF materials
with the AIE character (Guo et al., 2017; Huang et al., 2017).
These impressive advantages have stimulated us to explore new
diphenyl ketone-based TADF derivatives for fabricating high-
performance OLEDs.

Herein, to achieve the AIE-TADF materials, we designed
and synthesized two emitters of SFCOCz and SFCODPAC
with asymmetric D;—A-D, architecture (Figure 1A) through
the direct linkage of sulfurafluorene (SF)-modified ketone
(CO) and arylamine of carbazole (Cz) or 9,9-diphenyl-9,10-
dihydroacridine (DPAC). In this moiety, the D;—A-D, can
effectively render separated HOMO and LUMO distributions
to guarantee a small AEgr for the promotion of RISC
process under thermal activation; moreover, the twisted and
asymmetric molecular configuration can endow AIE and restrain
intermolecular interaction of m-m stacking and/or aggregation to
reduce ACQ in solid state (Aydemir et al., 2017; Wang et al., 2017;
Zeng et al., 2018; Liu et al., 2019). These newly constructed AIE-
TADF materials in D;—A-D, skeleton can be easily prepared

SFCOCz

FIGURE 1 | (A) Schematical drawing of designed SFCO-based thermally activated delayed fluorescence (TADF) materials with asymmetric D1 —A-Dy architecture. (B)
ORTERP single-crystal structures of SFCOCz (CCDC 1964730) and SFCODPAC (CCDC 1964747).
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with high yields up to 68%. Strikingly, SFCOCz and SFCODPAC
exhibited excellent TADF with small AEsy of ~0.03 eV, high
PLQY (@pL) of ~73%, and efficient RISC rate and relatively short
delayed fluorescence lifetime. High-performance non-doped and
doped TADF OLEDs endowed by these emitters were fabricated,
showing high luminance of 5,598 and 11,595 cd m~2 and external
quantum efficiencies (EQEs) of 7.5 and 15.9%, respectively. The
ease of synthetic route, excellent optoelectronics, and high device
performance make the SFCO-based asymmetric TADF emitters
promising candidates in practical applications, conferring a new
paradigm for next-generation organoelectronics.

RESULTS AND DISCUSSION
Design, Synthesis, and Characterization

To prepare the asymmetric TADF materials exhibiting
AIE trait, two molecules, namely (4-(9H-carbazol-9-
yl)phenyl)(dibenzo[b,d]thiophen-2-yl)methanone ~ (SFCOCz)

and dibenzo[b,d]thiophen-2-yl(4-(9,9-diphenylacridin-10(9H)-
yl)phenyl)methanone (SFCODPAC), were designed and
synthesized in D;—A-D, architecture through the direct
connection of sulfurafluorene-tailored diphenyl ketone
and donor of Cz (SFCOCz) or DPAC (SFCODPAC) by a
conventional two-step procedure composed of Friedel-Crafts
acylation and C-N coupling reaction (Figure 1A and Scheme S1,
Figures S1-S4). As revealed by single-crystal X-ray diffraction
(XRD) analysis, the dihedral angle between arylamine and SFCO
in these two molecules is up to 79° (Figure 1B and Table S1).
Such a highly twisted molecular conformation would not only

be beneficial to reduce electron communications, ensuring
an optimized HOMO and LUMO separation for acquiring a
small AEgr, but can also effectively suppress the molecular
aggregations in solid state for eliminating ACQ (Wang et al.,
2017). SFCOCz and SFCODPAC display high thermal stabilities
(Figure S5), exposing the decomposition temperatures (T4q) of
386 and 429°C as revealed by the thermogravimetric (TGA)
measurements and melting temperature (Ty,) of 197 and 251°C
as measured by differential scanning calorimetry (DSC) analyses.
The slightly higher T4 and T, of SFCODPAC than those of
SFCOCz could be well-explained by its high molecular weight
and rigid structure. In addition, the vacuum-evaporated thin
films on glass substrates are amorphous and uniform with quite
small root-mean-square roughness (RMS) of 0.307 and 0.173 nm
for (Figure S6) SFCOCz and SFCODPAC. The excellent thermal
and morphology stabilities of resultant AIE-TADF materials
would be favored for vacuum-deposited device fabrication and
long-term operation stability.

Photophysical Properties

The photophysical profiles of asymmetric TADF molecules
SFCOCz and SFCODPAC in dilute dichloromethane solution
(CH,ClL, 1 x 107> mol L™') and neat and doped films
(Figure 2 and Figures S7-S11) were detailedly investigated by
UV-visible absorption and photoluminescence (PL) spectra.
SFCOCz and SFCODPAC imply that the n-z7* transition
dominated absorption band peaked ~300 nm, and the CT band
at ~350nm originated from intramolecular CT (ICT) from
arylamine to CO (Table 1 and Table S2) (Lee et al., 2017). The PL

A'\ 1.0 1.0 B —— 99 c — 99
& — SFCOCz £, (vol%) — 95 £, (vol%) 95
~ 084 ] P — 90 = — 90
3 0.8 — SFCODPAC 0.8 z 2 —85 e — 8
& 8 o —— 80 S — 80
£ 06 06 > > —70 > —70
3 Z e —® | 7 —a
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S 0.4 04 £ 2 £
8 = p | -
5 o o o
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5] &
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FIGURE 2 | (A) Absorption and photoluminescence (PL) (excited at 320 nm) spectra of asymmetric thermally activated delayed fluorescence (TADF) molecules in
films. PL spectra of (B) SFCOCz and (C) SFCODPAC in tetrahydrofuran (THF)/water mixtures with varied water fractions (f,y). (D) Plots of /I values vs. water
fractions (fw). lo is representing the integrated intensity in THF. Inset: photographs of the TADF molecules in THF/water mixture. (E,F) Temperature-dependent decay
profiles of (E) SFCOCz and (F) SFCODPAC in doped film (30 wt% in PPT).
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TABLE 1 | Optical, thermal, and electrical properties of SFCOCz and SFCODPAC.

Compound Tm/T4 (°C) Aabs (NM) opt E4 (eV) Aem (Nm) CV (eV)

CH2Cl> Film CH2Cl> Film HOMO/LUMO
SFCOCz 197/386 273, 293, 328, 342 283, 295, 331, 346 3.04 484 449 —5.70/-2.66
SFCODPAC 251/429 273, 295, 315, 360 276, 297, 322, 359 2.88 568 492 —5.62/-2.64
spectra of SFCOCz and SFCODPAC exhibit typical structureless
ICT fluorescence bands located at 484 and 558 nm in CH,Cl,, SFCOCz SFCODPAC
respectively. The ICT characters were also demonstrated by
the red-shifted emission bands with the increasing in solvent

!

polarities (Figure S8). In film states, these two molecules reveal EMO « ‘/(
nearly the same absorption profiles to those of the solution, )
showing absorption peaks at 295 and 346 nm for SFCOCz and
297 and 359nm for SFCODPAC. These findings verify the fe=d9224 fn = 10.8%

effective suppressing of molecule aggregation in the films. The
optical bandgaps (OPtEgs), calculated by the onset edge of the
absorption spectra, were 3.04 and 2.88eV for SFCOCz and
SFCODPAC, respectively. For the PL spectra, SFCOCz and
SFCODPAC also show structureless ICT bands at ~450 and
492 nm with corresponding @py, of ~22 and 73%, respectively.
Notably, the @prs of SFCOCz and SFCODPAC in the solid state
are up to ~3.7-fold that in the solution, indicating the obvious
AIE characteristics. To further demonstrate the AIE properties
of these two TADF molecules, the PL spectra in tetrahydrofuran
(THF) with varied water fractions (f,) were performed. SFCOCz
and SFCODPAC exhibit intense emissions as the formation of
nanoaggregates upon injecting a large amount of poor solvent
of H,O (fraction >80%) into THF solutions (Figures 2B-D),
suggesting again the AIE features. This significantly enhanced
photoluminescence in nanoaggregates should be due to the
suppressed molecule rotation and motion that are highly active in
the solution, thus blocking the non-radiative decay of excitons. In
addition, we also explore the PL properties of SFCOCz (30 wt%)
and SFCODPAC (30 wt%) doped films using 2,8-bis(diphenyl-
phosphoryl)-dibenzo[b,d]thiophene (PPT) as the host material
(Figure S9). Because of the strong polarity of PPT, the doped
films showcase the red-shifted emission peaks with lower @pf,
compared to their corresponding neat films (Mc¢hes et al., 2014).

To demonstrate their TADF properties, a set of experiments
was carried out. We attempted to estimate the AEst of SFCOCz
and SFCODPAC on the basis of the fluorescence spectra and
phosphorescence spectra at 77 K. As shown in Figure S10, the
AEgrs of SFCOCz and SFCODPAC in neat and (30 wt%) doped
films were 0.17 and 0.03 eV in the neat films, and 0.21 and 0.02 eV
in the doped films, respectively, potentially enabling the process
of RISC by thermal activation. The transient photoluminescence
profiles were also performed to understand the photophysical
process of SFCOCz and SFCODPAC (Figures 2D,E and
Figure S11). The double exponential lifetime decay curve was
observed in both of SFCOCz and SFCODPAC in neat and
doped films, showing a short nanosecond lifetime of prompt
fluorescence (tpr) and a microsecond lifetime (tpg) of delayed
emission (Table S2). Contributed by the small AEst, Tpr of
SFCODPAC were 0.22 and 0.84 ps in the neat and doped films,
respectively, which is 1,513- and 24-fold smaller than those of

® LUMO @ HOMO

I,= 41.5% Iy=16.2%

. ”
S—T, <&

1,=65.7%

1,=22.2%
® LUNTO ® HONTO

FIGURE 3 | Density functional theory (DFT) calculated frontier molecular orbital
(FMQ) distributions, natural transition orbital (NTO) analyses, and /1., /s, and
It of asymmetric thermally activated delayed fluorescence (TADF) molecules of

SFCOCz and SFCODPAC.

SFCOCz. The temperature-dependent lifetime measurements
of the doped films further present efficient proof of the
TADF characteristics of these two materials. The delayed
component afforded by the RISC was increased gradually, with
the temperature increasing from 77 to 300K (Figures 2E,F),
obviously indicating the TADF trait. By means of the PLQY and
lifetime, the calculated rate of RISC (Supplementary Material)
are 0.1 x 10° and 6.16 x 10° s™! in neat films, and 1.3 x 10°
and 2.16 x 10° s~! in doped films for SFCOCz and SFCODPAC,
respectively. The greatly improved RISC of SFCODPAC could be
attributed to its smaller AEgt.

Theoretical and Electrochemical

Investigations

As shown in Figure 3, the spatial distributions of HOMOs and
LUMOs of SFCOCz and SFCODPAC were clearly observed
(Leitl et al., 2014). The HOMOs are largely located on the
electron-donating (D;) unit of Cz for SFCOCz and DPAC for
SFCODPAC, while the LUMOs are mainly concentrated on CO
and slightly located on the SF unit, showing an overlap extent
(Itj) of 32.2 and 10.9%, respectively (Chen etal, 2015). The
discrete HOMOs and LUMOs distribution in the asymmetric
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D;—A-D; materials would be favorable for realizing small
AEgt. The simulated AEgts were 0.38 and 0.01 eV for SFCOCz
and SFCODPAC in the monomeric state. The decreased AEgt
of SFCODPAC may be originated from the combined effect
of the strong electron-donating ability of DPAC and large
dihedral angle between CO and DPAC for more separated
FMO distributions. The FMO energy levels of these two
molecules were analyzed by the cyclic voltammetric (CV)
curves. According to the oxidation onset at 0.94 and 0.76V,
the HOMOs were evaluated to be —5.70 and —5.52¢V for
SFCOCz and SFCODPAC, respectively. By means of optical
bandgaps and HOMOs, the LUMOs were speculated to be —2.66
and —2.64eV. To reveal the electron transition components
of excited states in SFCOCz and SFCODPAC, the natural
transition orbital (NTO) analyses were also carried out (Li
et al,, 2018). The highest occupied NTO (HONTO) and the
lowest unoccupied NTO (LUNTO) distributions of SFCOCz
and SFCODPAC at excited states are almost identical to
their corresponding ground-state FMOs. The HONTOs of
these two molecules were primarily dominated by the donor
moiety; the LUNTO were largely assigned on the CO core
with slight extension on the SF unit. The overlap extent
of HONTO and LUNTO is 41.5 and 16.2% on singlet
state (I;), and 65.7 and 22.2% on triplet state (It) for
SFCOCz and SFCODPAC, respectively. The overlap at the

excited state should play an important role in guaranteeing
high PLQY.

Electroluminescent Performance of OLEDs
To further elucidate the feasibility of asymmetric D;—A-D,
molecules in  constructing high-performance thermal-
evaporated devices, the non-doped (TA-TB) and doped
(TC-TD) TADF OLED of SFCOCz (TA, TC) and SFCODPAC
(TB, TD) were successfully fabricated using the following
configurations (Figure 4A): ITO/MoO3 (30 nm)/4,4’-
bis[N-(1-naphthyl)-N-phenylamino]-1,1’-biphenyl (NPB)
(50 nm)/1,3-bis(carbazol-9-yl)benzene ~ (mCP)  (5nm)/EML
(20 nm)/PPT (5 nm)/bathophenanthroline (BPhen) (5nm)/LiF
(1nm)/Al (100nm). In these devices, NPB and BPhen
were hole- and electron-transporting layers, and mCP and
PPT were exciton-blocking layers. TA-TD exhibited pure
electroluminescence (EL) spectra inherited from their neat and
doped films at different driving voltages, showing maximum
emission peaks at 451, 482, 468, and 485 nm with corresponding
Commission International de I'Eclairage (CIE) coordinates
of (0.16, 0.11), (0.20, 0.37), (0.15, 0.18), and (0.19, 0.37),
respectively (Table S3). Compared to SFCOCz-based TA and
TC, SFCODPAC-endowed TADF OLEDs of TB and TD revealed
slightly decreased driving voltages (Vons) of 4.4 and 3.8V,
respectively. In addition to the decreased Vy,, TB and TD also
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demonstrated improved luminance up to 5,598 and 11,595 cd
m~2 than those of TA and TC. The low Vs and high luminance
of TB and TD should be attributed to its high HOMO and PLQYs
of SFCODPAC for the promotion of hole injection from the
adjacent layer and the generation of excitons. Not surprisingly,
TADF OLEDs based on SFCODPAC show much better device
efficiencies with current efficiencies (CEs) of 16.8 and 35.6 cd/A,
power efficiencies (PEs) of 9.1 and 29.8 Im/W, and EQEs of
7.5 and 15.9% for TB and TD, respectively (Figures 4B,C and
Table S3). There values are comparable to the best results of
non-doped and doped TADF OLEDs based on AIE-type TADF
emitters (Table S4). In addition, TD displays acceptable device
performance with 29.1 and 21.0cd A~! for CE, 11.8 and 5.6Im
W~! for PE, and 13.1 and 9.4% for EQE at 100 and 1,000 cd
m~2, respectively. Although the non-doped films suggest
enhanced PLQYs, the poor charge transport properties in neat
films induced by highly twisted asymmetric molecular skeleton
should be responsible for the decreased device performance of
non-doped TADF OLEDs.

CONCLUSIONS

In summary, we have succeeded in designing and developing two
asymmetric TADF molecules of SFCOCz and SFCODPAC in
the D; —A-D, skeleton through a simple and effective procedure
in high yields. The resultant TADF molecules exhibit small
AEgr, short delayed lifetimes, and robust AIE characteristics with
high PLQY up to 73%. More impressively, benefiting from the
excellent optoelectronic properties, the non-doped and doped
TADEF OLEDs conferred by SFCODPAC display high efficiencies
with peak EQEs of 7.5 and 15.9%, accompanied with the CIE
coordinates of (0.20, 0.37) and (0.19, 0.37), respectively. Our
work here provides a delicate molecular design strategy for the
construction of asymmetric AIE-type TADF emitters, and clearly
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Purely organic small molecules with thermally-activated delayed fluorescence have a
high potential for application in organic light-emitting diodes (OLEDs), but overcoming
severe efficiency roll-off at high voltages still remains challenging. In this work,
we design and synthesize two new emitters consisting of electron-withdrawing
benzoyl and electron-donating phenoxazine and 9,9-dihexylfluorene. Their electronic
structures, thermal stability, electrochemical behaviors, photoluminescence property,
and electroluminescence performance are thoroughly investigated. These new emitters
show weak fluorescence in dilute solution, but they can emit strongly with prominent
delayed fluorescence in the aggregated state, indicating the aggregation-induced
delayed fluorescence (AIDF) character. The solution-processed OLEDs based on the two
emitters show high external quantum efficiency of 14.69%, and the vacuum-deposited
OLEDs can also provide comparable external quantum efficiency of 14.86%. Significantly,
roll-offs of the external quantum efficiencies are very small (down to 0.2% at 1,000 cd
m~2) for these devices, demonstrating the evidently advanced efficiency stability. These
results prove that the purely organic emitters with AIDF properties can be promising to
fabricate high-performance solution-processed OLEDs.

Keywords: aggregation-induced delayed fluorescence, thermally activated delayed fluorescence,

electroluminescence, organic light-emitting diodes, efficiency roll-off

INTRODUCTION

Organic light-emitting diodes (OLEDs) are attracting considerable attention across academia and
industry because of their advantages of flexibility, fast response, high stability, light weight, and so
forth. Generally, for conventional fluorescent organic materials, the ratio of electrically generated
singlet and triplet excitons is 1:3, leading to a low internal quantum efficiency (IQE) limited to only
25%. One way to enhance the IQE is making full use of triplet excitons. As for phosphorescent
materials, the theoretical maximum value of the IQE can reach 100%, resulting from utilizing both
triplet and singlet excitons, but most of these materials have to incorporate precious heavy metals to
promote intersystem crossing (ISC). The OLEDs based on such materials have high costs in noble
metals, and often encounter aggregation or concentration caused emission quenching. Another way
to enhance the IQE of purely organic materials is transforming triplet excitons to singlet excitons.
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Aggregation-Induced Delayed Fluorescence

According to the reports in recent years, there are several
strategies to make use of the non-radiative triplet excitons, and
thermally activated delayed fluorescence (TADF) is the method
with most potential, in which triplet excitons can be converted
to singlet excitons via reverse intersystem crossing (RISC) due
to small singlet-triplet energy gap (AEst) (Gong et al.,, 2011;
Uoyama et al., 2012; Hirata et al., 2015; Kang et al., 2018). TADF
materials are able to harvest both singlet and triplet excitons
and thus can reach high exciton utilization without noble metal,
but suffer from severe efficiency roll-off (Rajamalli et al., 2016,
2017; Xie et al, 2017). Recently, by taking the advantages of
aggregation-induced emission (AIE) and TADEF, a new molecular
design strategy of aggregation-induced delayed fluorescence
(AIDF) was proposed and a series of novel luminogens based
on AIDF were developed. These AIDF materials could not only
harness both singlet and triplet excitons, but also showed the
merit of very small efficiency roll-off at high luminance (Huang
etal., 2017; Guo et al., 2018, 2019).

On the other hand, compared to vacuum deposition, solution-
processed film preparation techniques, including spin-coating,
inkjet printing, roll to roll processing, etc., are fitter to
manufacture large-area OLED devices with lower cost and less
material waste (Gather et al, 2011; Gong et al, 2013; Cho
et al,, 2014; Albrecht et al.,, 2015; Zeng et al., 2019). Currently,
luminescent polymers are the major choice to fabricate solution-
processed devices due to their excellent film-forming ability
(Lee et al., 2016; Shao et al, 2017; Kim et al., 2018; Zou
et al., 2018). However, it is generally hard to remove the metal
catalyst residue completely from the products, and as a result
they are in low purity and have defects in many cases, which
undermine their EL performance. Meanwhile, the reproducibility
is another problem for the polymers. In opposition, small
molecules have the advantages of clearly defined structures, easy
purification, and better photoluminescence (PL) performance.
So, in addition to conventional fluorescent and phosphorescent
small molecules (Zhao et al., 2007, 2009; Yang et al., 2018),
developing solution-processable small molecules with delayed
fluorescence is of high significance. However, the currently
reported solution-processable TADF molecules also suffer from
severe efficiency roll-off at high voltages (Wu et al., 2009; Suzuki
et al,, 2015; Zhong et al, 2020). To solve this problem, in
this work, we designed and synthesized two small molecules
with AIDF property. Long alkyl chains are introduced into
the molecules to enhance the film-forming ability for solution-
processed OLED devices. They emit strong yellow to orange-
yellow light with evident delayed fluorescence in solid film. The
solution-processed OLEDs using them as emitting layers exhibit
high EL efficiencies and very small efficiency roll-off.

EXPERIMENTAL

Synthesis

9,9-Dihexyl-9H-fluorene (1)

Potassium tert-butoxide (16.83 g, 150 mmol) was added to a
mixture of fluorene (8.30g, 50 mmol) and 1-bromohexane
(17.45mL, 125 mmol) in dehydrated tetrahydrofuran (100 mL)
and stirred for 12 h under 65°C. The reaction mixture was poured

into water and extracted with di