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ABSTRACT

Two n-butoxy-encapsulated dendritic thermally activated delayed fluorescent (TADF) emitters (namely
0-D1 and 0-D2) with the first-/second-generation carbazoledendrons are designed and synthesized via
C—N coupling between carbazoledendrons and 2,4,6-tris(4-bromophenyl)-1,3,5-triazine core. It is found
that, compared with the commonly-used tert-butyl groups, the use of n-butoxy encapsulation groups can
lead to smallersinglet-triplet energy gap for the dendrimers, producing stronger TADF effect together
with faster reverse intersystem crossing process. Solution-processed TADF organic light-emitting diodes
(OLEDs) utilizingalkoxy-encapsulated dendrimers 0-D1 and 0-D2 as emitters exhibitstate-of-the-art
device efficiency withthe maximum external quantum efficiency up to 16.8% and 20.6%, respectively,
which are ~1.6 and ~2.0 times that of the tert-butyl-encapsulated counterparts. These results suggest
that alkoxy encapsulation of the carbazole-based TADF dendrimers can be a promising approach for
developing highly efficient emitters for solution-processed OLEDs.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Thermally activated delayed fluorescence (TADF) materials
have drawn increasing attention in recent years for their ability to
utilize 100% excitons in organic light-emitting diodes (OLEDs)
through the reverse intersystem crossing (RISC) process from
triplet (T;) to singlet (S;) state enabled by small singlet-triplet
energy gap (AEst) [1-5]. To date, most of the efficient TADF OLEDs
are fabricated via vacuum-deposition technology [6-11]. While
TADF materials suitable for solution processes that are cost-
effective and compatible with large-area fabrication of devices are
relatively scarce [12-30].

Dendritic luminescent materials, which feature branched
structures and good solubility in organic solvents, are a kind of
promising solution-processed materials for OLED applications
[31]. Compared to polymeric materials which may suffer from
wide molecular-weight distribution and terminal defects, the
unique advantage of dendrimers is that they have absolute
molecular weights and well-defined chemical structures. More-
over, the periphery-core structure of dendrimer can prevent
concentration quenching of the emitting center, making them
suitable for developing high-efficiency solution-processed OLEDs.
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However, up to now, although many fluorescent and phosphores-
cent dendrimers are developed [31,32], the categories of TADF
dendrimers are relatively rare, and their device efficiency still
needs to be improved [33-39]. Since Yamamoto et al. first reported
the TADF dendrimers with electron-accepting triazine unit as the
core and electron-donating 1°-4'" generation carbazoledendrons
as the periphery [33], several strategies have been demonstrated to
improve the device efficiency of TADF dendrimers. For example, by
introducing alkyl or aryl groups into carbazoledendrons to
enhance the hydrophobicity for lamination of electron-
transporting layers, external quantum efficiency (EQE) up to
9.4% is realized for the fully solution-processed OLEDs [34]. Yang
et al. have reported carbazole-based dendrimers by using diphenyl
ketone as the acceptors, exhibit promising EQE of 13.8% for the
non-doped solution-processed OLEDs [36]. Recently, Jiang et al.
have reported TADF dendrimers by using N,N'-dicarbazolyl-3,
5-benzene (mCP) as the exciplex-forming dendrons, giving the
high maximum EQE of 16.5% for solution-processed OLEDs with 4,
6-bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine (B3PYMPM)
as electron-transporting material [38]. Nevertheless, it is noted
that highly efficient TADF dendrimers with internal quantum
efficiency approaching 100% are still scarce. Design strategy for
TADF dendrimers to further improve their device efficiency is
still needed.
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Here we report a novel strategy for highly efficient TADF
dendrimers by alkoxy encapsulation of the dendritic carbazole-
based donor-acceptor emitters. The alkoxyl groups are expected to
increase the electron-donating ability of carbazoledendron with-
out significantly lowering the triplet state [40], and thus can
reduce the energy of S; states while keeping the T; states, leading
to smaller AEsr and stronger TADF effect. Using this strategy, two
dendrimers, namely O-D1 and 0-D2 (Fig. 1), which contain the
first-/second-generation carbazoledendrons bearing n-butoxyen
capsulation groups as donor and triphenyltriazine as acceptor are
designed and synthesized. It is found that, compared to the
commonly-used tert-butyl groups, introduction of alkoxy encap-
sulating groups into the dendrimers can reduce the AEsr, leading to
stronger TADF effect together with faster RISC process. Conse-
quently, solution-processed TADF OLEDs using the alkoxy-
encapsulated dendrimers 0-D1 and 0-D2 exhibit state-of-the-
art device efficiency with maximum external quantum efficiency
of 16.8% and 20.6%, respectively, which are ~1.6 and ~2.0 folds that
of the tert-butyl-encapsulated counterparts.

The chemical structures of the dendrimers are displayed in Fig. 1.
The alkoxy-encapsulated dendrimers O-D1 and 0-D2 contain the
first-/second-generation carbazoledendrons bearing n-butoxyen
capsulating groups as the donor and tripenyltriazine core as
acceptor. For comparison, the alkyl-encapsulated dendrimer C-D1
consisting of the first-generation carbazoledendron with tert-butyl
terminal groups as donor and tripenyltriazine core as acceptor is
also provided. All the dendrimers were facilely synthesized via the
palladium-catalyzed C—N coupling of the carbazoledendrons with
the 2,4,6-tris(4-bromophenyl)-1,3,5-triazine core in good yields
(61%-80%) (Scheme S1 in Supportinginformation). Their chemical
structures were confirmed by 'H and *C NMR spectra, matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry and elemental analysis (Figs. S1-S9 in Support-
ing informaiton). The three dendrimers possess excellent solubility
in common solvents such as tetrahydrofuran, chloroform, toluene,
chlorobenzene and so on, indicating they are suitable for fabrication
of solution-processed OLEDs.

To get the insight into the electronic structure of the
dendrimers, density functional theory (DFT) calculation was
carried out to investigate their frontier orbital distributions.
Meanwhile, the time dependent density functional theory (TD-
DFT) analysis are also performed to explore the electron transition
and excited energy levels of the lowest singlet and triplet states. As
shown in Fig. 2, the highest occupied molecular orbital (HOMO) of
the dendrimers are mainly distributed on the carbazoledendrons,
while the lowest unoccupied molecular orbital (LUMO) are
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localized on the triphenyltriazine core. The calculated HOMO/
LUMO levels are -5.25/-2.00 eV, -4.93/-1.92 eV and -4.73/-2.36 eV
for C-D1, 0-D1 and O-D2 respectively, which are in the same trend
as the experimental values determined by cyclic voltammetry
(Table 1 and Fig. S10 in Supporting information). The much higher
HOMO level of 0-D1 than C-D1 is attributed to the much stronger
electron-donating ability of the n-butoxy groups than the
tert-butyl ones, while the higher HOMO level of 0-D2 compared
to 0-D1 can be assigned to the more dispersed HOMO distribution
in the second-generation carbazoledendrons. The elevated HOMO
levels for the n-butoxy-encapsulated dendrimers should be
preferable for hole injection from the anode to the dendrimers.
Moreover, owing to the separated HOMO and LUMO distributions,
the dendrimers exhibit small AEsy values, indicating their potential
as TADF emitters. Importantly, it is found that on going from C-D1
to 0-D1 and 0-D2, the AEsy value is gradually decreased from
0.30eV to 0.23 eV and 0.03 eV, respectively. The lowered AEsy of
0-D1 compared with C-D1 indicates that the electron-rich n-
butoxy group can lower the S; state (by 0.22 eV) to a greater extent
than the T, state (by 0.15 eV). In addition, the lower AEsr of 0-D2
than 0-D1 is also reasonable considering the more dispersed
HOMO distribution along the second-generation carbazoleden-
drons which leads to smallerelectron cloud overlap between the
donor and acceptor.

The absorption and photoluminescence (PL) spectra of the
dendrimers are presented in Figs. 3a and b. All the dendrimers
exhibit strong m-7* transition bands below 320 nm in toluene,
together with broad absoptions at 350—450 nm which mainly
belong to the intramolecular charge transfer transition. The PL
spectra of the dendrimers in toluene exhibit broad and unstruc-
tured emission bands with the peaks located at 444—-509 nm
attributed to thecharge transfer emission. Compared with C-D1,
0-D1 show red-shifted emission by 51 nm, in linewith the stronger
electron-donating ability of the n-butoxy groups than that of tert-
butyl ones. From 0-D1 to 0-D2, the emissoin is further red-shifted
by 14 nm because of the extended conjugation of the second-
generation carbazole dendron. PL spectra of the dendrimers in neat
film show similar charge transfer emission as in solution, with the
emission peaks red-shifted in the trend of C-D1 (452 nm), O-D1
(515nm) and 0-D2 (541 nm). PL spectra of the dendrimers in
doped films (10 wt% in host material Ad-4D2 [41], whose chemical
structure is shown in Fig. 4a), however, exhibit hypochromic shift
for the emission bands relative to the neatfilms, indicating the
weaker intermolecular interaction of the dendrimers in this case
(Fig. S11 in Supporting information). To determine the T; state,
phosphorescence spectra of the dendrimers are measured in
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Fig. 1. Chemical structures of the alkoxy-encapsulated dendrimers and the alkyl-encapsulated control compound.
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Fig. 2. HOMO/LUMO distributions and excited energy levels by (TD-)DFT calculation for the dendrimers at B3LYP/6-31 G(d) level. Methoxy groups are used instead of the

n-butoxy ones in the calculation.

Table 1
Physical properties of the TADF dendrimers.
Dendrimer Nabs” oL tol” NpL, film® Nphos® PLQY® TplTd’ HOMO/LUMO# S1/T1/ AEs"
(nm) (nm) (nm) (nm) (%) (ps) (eV) (eV)
C-D1 296, 383 444 452 432 53 0.006/0.71 —5.58/-2.89 3.08/2.87/0.21
0-D1 311, 397 495 515 438 65 0.011/0.82 —5.29/-2.87 2.92/2.83/0.09
0-D2 305, 376, 410 509 541 442 74 0.017/1.43 —5.18/-2.94 2.83/2.81/0.02

¢ Absorption maxima.

Emission peak in toluene (10~° mol/L).
Emission peak in neat film.
Phosphorescent peak in toluene at 77 K.

W —m 0 a n o

Lifetimes for prompt (7,) and delayed component (7q).

Photoluminescence quantum efficiency for doped films of 10 wt% dendrimers in Ad-4D2.

HOMO/LUMO levels calculated from oxidation/reduction potentials by CV characteristics.

s, levels determined from onset of fluorescence spectra, T; levels from the highest energy peak of phosphorescent spectra and the S;-T; energy splitting.
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Fig. 3. Absorption (Abs)and PL spectra in toluene (10> mol/L) (a) and film state (b),
phosphorescent spectra (in toluene, 77 K), (c) and the transient PL decay curves for
films of the dendrimers in Ad-4D2 (10 wt%) under N, (d).

toluene at 77 K (Fig. 3¢). The T, energy levels calculated from the
highest peaks of the phosphorescence spectra are 2.87 eV, 2.83 eV
and 2.81 eV for C-D1, 0-D1 and 0-D2, respectively. Consequently,
the experimental AEsr values determined from the difference
between S; and T; energy levels are 0.21 eV for C-D1, 0.09 eV for
0-D1 and 0.02 eV for O-D2 (Table 1). Compared to C-D1, 0-D1 and
0-D2 exhibit much smaller AEsr values, which is in consistence
with the TD-DFT calculations. Such small AEst values make them
promising TADF candidates. To confirm the TADF property,
transient PL decay characteristics of the dendrimers are measured.
As shown in Fig. 3d, all the dendrimers show decay curves
consisting of a prompt component and a delayed component. The
lifetimes of the delayed components (74) are in the range of
0.71-1.43 s, with the contribution of 12%, 33% and 64% for C-D1,
0-D1 and 0-D2, respectively. The RISC rate constants (kg;sc) of the
dendrimers are calculated to be 0.34 x 10757, 1.07 x 10~® s"! and
1.67 x 106 5! for C-D1, 0-D1 and 0-D2, respectively, suggesting
the favorable RISC processes from the T; state to S; state.
Importantly, the faster RISC processes of 0-D1 and 0-D2 than
C-D1 indicate the more effective conversion of triplet excitons into
the singlet ones in the alkoxy-encapsulated dendrimers [42]. The
photoluminescent quantum yield (PLQY) of the O-D1 and O-D2
doped films are 65% and 74% respectively, which is higher than that
of C-D1 film (53%), consistent with the slower non-radiative decay
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Fig. 4. Device configuration, energy levels and structures of the materials (a), current density-voltage-luminance (J-V-L) curves and EL spectra (b), and EQE-L curves (c) for

devices with EML of 10 wt% dendrimers doped in Ad-4D2 host.

Table 2
Device performance of solution-processed OLEDs with EML of 10 wt% dendrimers doped in Ad-4D2.
Dendrimer Von (V)? Maximum value/at 100 cd/m?/at 1000 cd/m? Linax (cd/m?)4 CIE(x, y)©
LE (cd/A)° EQE (%)°
C-D1 3.2 24.9/18.6/6.3 10.1/7.7/2.8 1441 0.21, 0.35
0-D1 3.0 50.0/42.5/23.8 16.8/14.3/7.8 3525 0.26, 0.50
0-D2 3.0 63.3/63.0/56.1 20.6/20.5/18.2 8963 0.30, 0.52

3 Turn-on voltage (at 1cd/m?).
> Luminous efficiency.
External quantum efficiency.
Maximum luminance.

CIE coordinates.

c
d

e

and faster RISC processes (Table S1 in Supporting information) in
the n-butoxy-substituted dendrimers.

To investigate the EL performance, two kinds of solution-
processed OLEDs were fabricated with the configuration of
ITO/PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonic acid), 30 nm)/Emissive layer (40 nm)/TSPO1 (diphenyl
(4-(triphenylsilyl)phenyl)phosphine oxide [43], 8 nm)/TmPyPB
(1,3,5-tri(m-pyrid-3-ylphenyl)benzene [44], 42 nm)/LiF(1 nm)/Al
(100 nm). One is the non-doped devices using the dendrimer neat
films as emissive layers (EML), the other is the doped devices with
EMLs of dendrimers doped in the adamantane-cored dendritic
host material Ad-4D2 at concentration of 5 wt% and 10 wt%. In both
non-doped and doped devices, the dendrimers show typical EL
spectra from the charge transfer emissions (Fig. 4b and Figs. S14
and S15 in Supporting information), with the emission peaks
moving toward longer wavelength in the order of C-D1, 0-D1 and
0-D2. The emission from the host is not observed in the doped
devices, implying that the energy transfer from Ad-4D2 to the
dendrimers is efficient in the EML.

The current density (J)-voltage (V)-luminance (L) character-
istics, as well as the luminance dependence of external quantum
efficiency (EQE) for the devices is shown in Figs. 4b and ¢ and

Figs. S14 and S15. The device performances are summarized in
Table 2 and Table S1. The non-doped devices show maximum
luminous efficiency (LE) of 2.2 cd/A, 10.4 cd/A and 24.3 cd/A as well
as maximum EQEs of 1.6%, 3.2% and 7.9% for C-D1, 0-D1 and 0-D2,
respectively. In comparison, the doped devices show much higher
device performance with the maximum LEs increased to 24.9 cd/A,
50.0 cd/A and 63.3 cd/A, corresponding to the maximum EQEs of
10.1%, 16.8% and 20.6% for C-D1, O-D1 and O-D2, respectively.
Compared to those for C-D1, efficiencies of both the doped and
non-doped devices for 0-D1 and 0-D2 are greatly improved.
Especially, for the 10 wt% doped devices, the maximum EQEs of
0-D1 and 0-D2 are ~1.6 and ~2.0 times that of C-D1. The enhanced
device efficiency is reasonable considering that 0-D1 and O-D2
exhibit much faster RISC process (1.07 x 107¢ ~ 1.67 x 1076 s71)
than C-D1 does (0.34 x10°% s!), leading to more effective
utilization of triplet excitons in the devices. It is noted that the
devices based on 0-D2 also show gentle efficiency roll-off. For
example, EQE of the doped device containing 10 wt% 0-D2 can be
kept at 20.5% at 100 cd/m? and 18.2% at 1000 cd/m?, which is
remarkable for TADF OLEDs through solution processes. The small
efficiency roll-off can be attributed to the large size of 2"d-
generation carbazoledendrons of 0-D2 which protect the emitting
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core from unwanted intermolecular interactions, leading to
inhibited triplet-triplet annihilation (TTA) and triplet-polaron
annihilation (TPA) at high luminance.

In summary, we have demonstrated a new strategy for highly
efficient TADF dendrimers by alkoxy encapsulation of the dendritic
donor-acceptor emitters consisting of carbazoledendrons and
triazine cores. Compared to the tert-butyl counterpart, the alkoxy
encapsulating groups can reduce the singlet-triplet energy gap
from 0.21 eV to 0.02 eV, which accelerates the RISC rate constant
from 0.34x10°° s! to 1.67 x 10°% s™'. Consequently, solution-
processed OLEDs based on the dendrimers bearing alkoxy-
encapsulated second-generation carbazoledendrons exhibit
state-of-the-art device efficiency with the maximum EQE up to
20.6%. These results indicate that alkoxy encapsulation of the
carbazole-based TADF dendrimers is a promising approach for
developing highly efficient emitters for solution-processed OLEDs.
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