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Abstract

A multi-resonance thermally activated delayed fluorescence (MR-TADF) den-

drimer emitter and a related reference MR-TADF compound were designed,

synthesized, and characterized for use as narrowband emitters in solution-

processed OLEDs. The 1 wt% doped films in PMMA film revealed that the

compounds MR-D1 and MR-D2 showed narrowband green emission at λPL of

490 and 495 nm and with FWHM of 23 and 29 nm, respectively. The 50 wt%

doped films in mCP still show narrowband green emission at λPL of 495 and

499 nm and with FWHM of 28 nm for MR-D1 and MR-D2, respectively, while

conserving the small ΔEST of 0.14 and 0.13 eV, respectively. OLEDs containing

an emissive layer consisting of 50 wt% MR-D1 and MR-D2 in mCP showed

high EQEmax of 27.7% and 21.0%, respectively, and low efficiency roll-off of

19% and 30% at a luminance of 2000 cd/m�2.
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1 | INTRODUCTION

Organic light-emitting diodes (OLEDs) are now widely
used as the display technology in electronic devices
such as mobile phones, smartwatches, and televisions.
This is because OLEDs possess a desirable suite of
properties that make them ideal for the displays such
as providing deep color saturation, then can be viewed,
even at obtuse viewing angles, they can show pure
black, they can be fabricated on myriad substrates, per-
mitting access to flexible, foldable and transparent dis-
plays.1–3 Almost all commercial OLEDs are fabricated
using vacuum deposition. This fabrication technology is
materials wasteful, where only 20% of the materials get

incorporated into the film during the film deposition.4

Solution-processing techniques, such as ink-jet printing,
are an alternative technology that can lead to signifi-
cant cost savings during the production of the device.5

Small molecule emitter materials, which are ideally
suited for vacuum-deposited OLEDs, are not well suited
for solution-processed OLEDs as film quality is poor and
the morphological stability is low.6 Polymer emitters
materials are a good option for solution-processed OLEDs
because the polymer can form homogeneously smooth
films; however, polymers come as a mixture of different
weight materials, which makes them not ideal for this
application. Dendrimers are ideal candidates for use in
solution-processed OLEDs as the films formed are
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homogeneously smooth and the dendrimers can be
obtained pure, just like small molecule emitters.7

Like phosphorescent complexes, thermally activated
delayed fluorescence (TADF) emitters can efficiently
harvest both triplet and singlet excitons to produce high-
efficiency OLEDs. TADF works by upconverting triplet
excitons into singlets by reverse intersystem crossing
(RISC) in materials where there is a very small singlet-
triplet energy gap, ΔEST.

8–9 The most commonly used
design employed is based on a twisted donor–acceptor
architecture. For dendrimers, this manifests in the use of
one or more donor dendrons attached to a central accep-
tor moiety.7,10 We previously reported high-performance
solution-processed OLEDs using triazine-based dendri-
mer emitters that showed high maximum external quan-
tum efficiencies (EQEmax) of 28.4%.7 Despite the high
EQEmax and the low efficiency roll-off, the electrolumi-
nescence spectrum is very broad, which adversely
impacts the color purity of the device.11

Multiresonant TADF (MR-TADF) emitters are a sub-
class of TADF emitters and are based on polycyclic aro-
matic compounds that are both p- and n-doped. Their
rigid structure endows these compounds with very nar-
rowband emission, small Stokes shifts, and high radiative
decay rates, which translate into bright devices of high
color purity.12–13 MR-TADF compounds emit from a
short-range charge transfer (SRCT) state and typically
show moderate ΔEST. Here, we combine the merits from
both dendrimer and MR-TADF emitters in the design of
one of the first MR-TADF dendrimers (MR-D1), and we
cross-compare its performance with the control emitter
(MR-D2). Employing this strategy, host-free solution-
processed OLEDs with MR-D1 exhibit both a high EQE-

max of 27.7% but also narrowband sky-blue EL at λEL of
493 nm with full width at half maximum (FWHM) of
27 nm. The device employing the control compound
MR-D2 as the emitter shows an EQEmax of 21.0% and
λEL of 496 nm with FWHM of 27 nm.

FIGURE 1 (A) Cyclic voltammogram (CV) and differential pulse voltammetry (DPV) of MR-D1 and MR-D2 in degassed DMF with

0.1 M [nBu4N]PF6 as the supporting electrolyte and Fc/Fc+ as the internal reference (0.45 V vs. SCE).14 (B) Absorption and steady-state PL

spectra (SS) of MR-D1 and MR-D2 in dilute toluene at room temperature (λexc = 340 nm). Solvatochromatic PL study of (C) MR-D1 and
(D) MR-D2 (λexc = 340 nm).
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FIGURE 2 Steady-state PL (298 and 77 K) and phosphorescence spectra (1–10 ms, 77 K) of (A) MR-D1 and (B) MR-D2 in toluene

(λexc = 340 nm).

FIGURE 3 (A) Steady-state PL of MR-D1 and MR-D2 in 1 wt% PMMA film (λexc = 340 nm). (B) Time-resolved PL decay

(λexc = 375 nm) in 1 wt% PMMA matrix; Steady-state PL (298 and 80 K) and phosphorescence spectra (80 K, 1–9 ms) of (C) MR-D1 and
(D) MR-D2 in 1 wt% PMMA film (λexc = 340 nm).
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2 | RESULTS AND DISCUSSION

Figure 1A shows the cyclic voltammetry (CV) and differ-
ential pulse voltammetry (DPV) scans in DMF, refer-
enced versus SCE,14 of MR-D1 and MR-D2. The
compounds show reversible reduction waves at �1.73
and �1.61 V, respectively, and irreversible oxidation
waves at 1.06 and 1.01 V, respectively. The corresponding
HOMO/LUMO values are (�5.40/�2.61 eV) and (�5.35/
�2.73 eV), leading to a HOMO-LUMO gap of 2.79 and
2.59 eV, for MR-D1 and MR-D2, respectively. The UV–
vis absorption and fluorescence spectra of MR-D1 and
MR-D2 in dilute toluene solution are shown in
Figure 1B. The absorption spectra show two distinct fam-
ilies of bands. The high-energy bands below 400 nm are
from the π-π* transition over the whole molecule and the
low-energy bands beyond 400 nm are tentatively assigned
to the SRCT transition states. The room temperature
steady-state PL of MR-D1 and MR-D2 are narrowband
and show peak emission, λPL, at 485 and 488 nm and
FWHM of 21 and 23 nm, respectively. The red-shifted
emission of MR-D2 compared to MR-D1 is consistent

with the smaller HOMO-LUMO gap observed in the elec-
trochemistry. The narrowband emission andthe corre-
sponding small Stokes shift of 13 and 14 nm for MR-D1
and MR-D2 imply a very small geometry relaxation in
the singlet excited state. This and the modest positive sol-
vatochromism (Figure 1C–D) are characteristic of an
emissive state of SRCT character and are hallmarks of
MR-TADF emitters.

The ΔEST, calculated from the onsets of the steady-
state fluorescence and delayed emission spectra at 77 K
(Figure 2), are 0.14 and 0.12 eV for MR-D1 and MR-D2,
respectively, which are of comparable magnitude to
other MR-TADF compounds such as DOBONA and
DABNA-1.15

We next proceeded to explore the photophysical prop-
erties of MR-D1 and MR-D2 in the solid state as 1 wt%
doped films in poly(methyl methacrylate) (PMMA). At
this low doping level, we ensure that the photophysics
reflects the single molecule and intermolecular interac-
tions can be neglected. The steady-state PL spectra of
MR-D1 and MR-D2 (at 298 K) show narrowband emis-
sion with FWHM of 23 and 29 nm at λPL of 490 and

FIGURE 4 (A) Steady-state PL of MR-D1 and MR-D2 in 50 wt% mCP film (λexc = 340 nm). (B) Time-resolved PL decay

(λexc = 375 nm) in 50 wt% mCP film; Steady-state PL (298 and 80 K) and phosphorescence spectra (80 K, 1–9 ms) of (C) MR-D1 and

(D) MR-D2 in 50 wt% mCP MMA film (λexc = 340 nm).
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495 nm, respectively. These values are identical to those
observed in toluene solution (Figure 3A). The relatively
narrower and blue-shift emission of MR-D1 in PMMA
film is consistent with that in toluene solution. The S1
energy was inferred from the high-energy onset of the
steady-state PL at 77 K to be 2.58 and 2.56 eV for MR-D1
and MR-D2, respectively, while the T1 energy was
determined from the onset of the time-gated phosphores-
cence at 77 K to be 2.44 and 2.43 eV, respectively
(Figure 3B–C). The corresponding ΔEST values are 0.14
and 0.13 eV for MR-D1 and MR-D2, respectively, which
are identical to the values obtained in toluene. Both com-
pounds show biexponential decay kinetics with prompt
lifetimes, τp, of 8.3 and 8.1 ns, and delayed lifetimes, τd,
of 159 and 91 μs for MR-D1 and MR-D2, respectively.

The studies in PMMA revealed the promise of these
dendrimers as bright TADF compounds. We next studied
to what degree of concentration quenching would exist in
much more concentrated films. 1,3-Bis(N-carbazolyl)ben-
zene (mCP) was identified as the best host material for
these two dendrimers because of its suitably aligned
energy levels with the adjacent layers in the OLED stack
and the high-quality and homogeneous films that could

be prepared by spin-coating. The photoluminescence
quantum yield was found to be the highest at 50 wt% in
mCP. The photophysical properties of the 50 wt% doped
films in mCP film are shown in Figure 4. The SS emis-
sions of the 50 wt% doped film in mCP are narrow at λPL
of 495 and 499 nm and having the same FWHM of 28 nm
for MR-D1 and MR-D2, respectively. The emissions for
MR-D1 and MR-D2 only show a slight red-shift and
almost the same emission profile compared to those in
the 1 wt% doped film in PMMA (λPL of 490 and 495 nm
with FWHM of 23 and 29 nm for MR-D1 and MR-D2,
respectively) indicating that the donor dendron can effec-
tively suppress aggregation at the higher doping concen-
tration. The corresponding ΔEST values are 0.14 and
0.13 eV for MR-D1 and MR-D2, respectively, which are
identical to the values obtained in both the PMMA film
and toluene solution. Both compounds show biexponen-
tial decay kinetics with prompt lifetimes, τp, of 2.8 and
3.3 ns, and delayed lifetimes, τd, of 128.3 and 86.0 μs for
MR-D1 and MR-D2, respectively.

Based on the promising photophysical properties of
the emitters in the doped mCP films, simple bilayer
devices consisting of ITO/PEDOT:PSS (35 nm)/mCP:

FIGURE 5 Electroluminescence characteristics of the OLED based on MR-D1 (Device 1) and MR-D2 (Device 2). (A) Device

configuration. (B) Normalized electroluminescence spectra. (C) Current efficiency and power efficiency versus current density. (D) EQE

versus brightness.
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50 wt% emitters (40 nm)/1,3,5-tri(m-pyrid-3-yl-phenyl)
benzene (TmPyPB) (40 nm)/LiF (1 nm)/Al (100 nm)
were fabricated. The emissive layer is composed of a film
consisting of 50 wt% emitter in mCP of MR-D1 (Device
1) and MR-D2 (Device 2), respectively. The schematic
diagram of the device structure together with energy
level of each layer is shown in Figure 5A. The electrolu-
minescence (EL) spectra of the devices are presented in
Figure 5B. The EL spectra of Device 2 is red-shifted com-
pared to that of Device 1. The devices show sky-blue to
green emission, with λEL of 493 and 496 nm (FWHM of
27 nm for each device) and Commission Internationale
de L'�Eclairage (CIE) coordinates of (0.12, 0.52) and (0.13,
0.54), respectively. The trends in EL match those
observed in the PL spectra in both toluene and 1 wt%
PMMA film, indicating that there is little aggregation
occurring in the neat film. The density–voltage–
luminance (J–V–L) curves for both devices are shown in
Figure 5C. Both Devices 1 and 2 possess very low turn-on
voltages of 3.3 V. Figure 5D shows the EQE versus cur-
rent density for both devices. The EQEmax of Devices
1 and 2 are 27.7% and 21.0%, respectively, which are quite
comparable to our previously reported tBuCz2m2pTRZ
dendrimer OLED (EQEmax = 28.7%). The EQEmax values
were obtained at 890 and 1074 cd/m2, which reflect the
very low efficiency roll-off at 1000 cd/m2 of around 4%
(EQE1000 of 26.8%) for Device 1, and at 2000 cd/m2 at
around 19% and 30% (EQE2000 of 22.3% and 14.7%) for
Devices 1 and 2, respectively. The efficiency roll-off is
much lower than that of the OLED with
tBuCz2m2pTRZ where at 500 cd/m2 the efficiency roll-
off was 14% (EQE500 of 22.7%).

7 While the reported device
with tBuCz2m2pTRZ showed a λEL of 540 nm, the emis-
sion was broad in the host-free device (FWHM of 97 nm),
and the corresponding CIE coordinates were (0.37, 0.57).
In the present work, the emission profile is narrower,
with FWHM of 27 nm for both Devices 1 and 2.

3 | CONCLUSION

We have reported preliminary photophysical characteri-
zation and device performance of one of the first MR-
TADF based dendrimer emitter MR-D1 and a reference
small molecule emitter MR-D2. MR-D1 and MR-D2
both show narrowband sky-blue emission at 490 and
495 nm with FWHM of 23 and 29 nm. Their small ΔEST

is 0.14 and 0.13 eV and their delayed lifetime τd of
159 and 91 μs, respectively, in PMMA matrix at 1 wt%
concentration reflect the MR-TADF character of these
emitters. The solution-processed OLEDs based on MR-
D1 show high EQEmax of 27.7% and narrowband sky-blue
EL emission of 493 nm with FWHM of 27 nm. Notably,

the efficiency roll-off at 2000 cd/m2 is quite low with
EQE2000 of 22.3%. This report demonstrates how
solution-processed OLEDs can show both high EQE and
narrowband emission.
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