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Manipulating Förster and Dexter interactions
between a thermally activated delayed
fluorescence host and a phosphorescent dopant
for highly efficient solution-processed red and
white OLEDs†

Yang Tang,ab Yuan Liu,c Weiming Ning,a Lisi Zhan,a Junqiao Ding, *d Maolin Yu,a

Hengjia Liu,a Yuhan Gao,a Guohua Xie *ae and Chuluo Yang *ab

Solution-processed phosphorescent organic light-emitting diodes (PhOLEDs) have been known as

promising alternatives to their vacuum deposited counterparts due to their excellent cost-effectiveness.

However, the solution-processed devices still suffer from low efficiencies especially for the saturated red

emission. Herein, we designed and demonstrated very efficient solution-processed red PhOLEDs by

introducing a thermally activated delayed fluorescence (TADF) host with and without inert peripheral

units, i.e., 4CzDMAC-DPS and DMAC-DPS respectively, to manipulate Förster and Dexter interactions.

Compared with the steric hindrance on both the host and guest, Förster and Dexter energy transfers

were simultaneously promoted when removing the hindrance units on the TADF host. This is mainly

attributed to the larger radius of Förster energy transfer and closer intermolecular distance between

DMAC-DPS and the guest, compared with those of the 4CzDMAC-DPS and guest system. As a result,

the state-of-the-art solution-processed saturated red PhOLEDs achieved a high maximum external

quantum efficiency (EQE) of 22.2% with an emission peak beyond 610 nm. In contrast, the TADF host

with the additional hindrance units played an important role in achieving a low efficiency roll-off (o 10%

at 1000 cd m�2) without sacrificing the EQE. Moreover, ternary-blended solution-processed PhOLEDs

exhibited easy color tuning from red to white, which was dominated by the energy transfer radius

mediated by the hindrance effect of the TADF compound.

Introduction

Due to the capability of harvesting all the electrically generated
excitons, phosphorescent organic light-emitting diodes (PhOLEDs)

have received intensive interest in solid-state lighting and
full-color displays.1,2 Different from fluorescent OLEDs, the
internal quantum efficiency of PhOLEDs can theoretically reach
100%.3 Generally, phosphorescent dopants are dispersed into
the host matrix to diminish the concentration quenching effect.
In a host–guest system, the device performances are mainly
determined by the non-radiative resonance energy transfer,
including Förster resonance energy transfer (FRET) and Dexter
energy transfer (DET). FRET is a Coulombic interaction having
a long-range (up to 10 nm) dipole–dipole interaction, while DET
is a short-range (typically 1.5–2 nm) electron-exchange
interaction originating from intermolecular orbital overlap.
Generally, FRET is predominant if the transitions from the
host to guest are allowed. However, in the heavily doped
phosphorescent emitting layer, DET tends to emerge and FRET
is imperceptible. Given the nature of the phosphorescent
emission from the radiative decay of the triplet excitons,
the short-range DET between the host and the guest is domi-
nant in PhOLEDs. Therefore, the optimization of the doping
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concentration to maximize the electroluminescence (EL) efficiency
is crucial.3 Unfortunately, at high doping concentrations, the triplet
accumulation caused annihilation will inevitably take place and
thus lead to a severe efficiency roll-off.

The emerging thermally activated delayed fluorescence
(TADF) materials are promising hosts and sensitizers for
PhOLEDs.4–13 The TADF host can up-convert the excitons from
the triplet state (T1) to the singlet state (S1) via reverse inter-
system crossing (RISC) and then resonantly transfer the excitons
to either S1 or T1 of the phosphorescent emitter respectively via
FRET or DET. Considering the distinct radii of FRET (RF) and
DET (RD) (see Fig. 1b and c), it would be feasible to manipulate
the Coulombic interaction and intermolecular orbital overlap by
changing the doping concentration and/or introducing the bulky
substituents of the host and/or the guest. Since the Duan group
firstly proposed the idea of the TADF materials as the host for a
phosphorescent emitter,11 many researchers followed the strategy
to simultaneously improve the device efficiency and stability in
both monochromatic and white PhOLEDs.4–10 For example, Liao
et al. developed two TADF hosts with the titled spiro geometry for
the red phosphorescence emitter Ir(MDQ)2(acac), rendering an
external quantum efficiency (EQE) of 31.2% and a low efficiency
roll-off of 1.8% at a brightness of 1000 cd m�2.4 Wang et al.
synthesized a sky-blue TADF molecule PHCz2BP and constructed
a double-layer emitting system and demonstrated white OLEDs
with an EQE of 25.1% at 1000 cd m�2.10 However, all these
PhOLEDs were fabricated using the vacuum-deposited technique,
which is expensive and complicated. Alternatively, solution-
processing techniques, including spin-coating, inkjet printing

and transfer printing, are advantageous for low cost and large-
area mass production.12–15 For multilayered device fabrication,
the issue of orthogonal solvents remains a great challenge.13,16

Therefore, the EL performances of most solution-processed
OLEDs are inferior,17–19 lagging far behind those of their
vacuum-deposited counterparts.4–10 It is urgent to develop highly
efficient solution-processed emitting layers with a simple
structure.

Compared with small molecules20,21 and polymers,22 the
emissive dendrimers encapsulated with the TADF23–25 or
phosphorescent12,26–28 cores are more favorable for solution-
processed OLEDs attributed to both the merits of the well-defined
molecular structures of small molecules and the outstanding
solution processability of polymers. The carbazole-based substituents
are typical hole-transporting groups which have been widely
adopted as the hosting dendrons around the emitting core
of the dendrimer to suppress concentration quenching.
More importantly, the peripheral carbazole substituents can
modulate the FRET and DET processes, both of which are
highly sensitive to the intermolecular distance.29

Herein, we adopted the TADF hosts with and without the
inert steric hindrances and a phosphorescent dendrimer
emitter to manipulate the multiple energy-funneling paths. In
this contribution, we selected the unencapsulated blue TADF
emitter, i.e., 10,100-(4,40-sulfonylbis(4,1-phenylene))bis(9,9-dimethyl-9,
10-dihydroacridine) (DMAC-DPS), with a high photoluminescence
quantum yield (PLQY) of 88% in neat films,30 and the analogue
4CzDMAC-DPS encapsulated by carbazole substituents as the
hosts, respectively.23 The iridium dendrimer R-D2 with the core

Fig. 1 (a) The molecular structures of DMAC-DPS, 4CzDMAC-DPS and R-D2. The simplified schematic radii of FRET and DET depending on the
intermolecular distance: (b) both the host and guest possessing high steric hindrance and (c) only the guest equipped with the inert substituents. The blue
and red spheres denote the TADF and phosphorescent cores, respectively. The corresponding energy transfer processes from the blue TADF emitter to
phosphorescent dopants are respectively illustrated in (d) long and (e) short intermolecular distance.
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tris(2-thienyl-4-phenyl)iridium [Ir(Th-PQ)3] was selected as the
guest.26,31 The molecular structures are depicted in Fig. 1a. The
host–guest system provides a good platform for manipulating FRET
and DET, schematically illustrated in Fig. 1b and c. Because of the
inefficient energy transfer between the host and the guest both with
large steric hindrance, the emission of the host 4CzDMAC-DPS is
hardly quenched completely even at a high doping concentration of
10 wt% under either photo-excitation or electrical excitation.
Nevertheless, the profoundly shortened intermolecular distance
between DMAC-DPS and the guest efficiently promote DET and
FRET (see Fig. 1d and e). Eventually, the optimal distance endowed
the solution-processed red PhOLED with a considerably high
maximum EQE of 22.2% with an emission peak beyond 610 nm.
In contrast, owing to the faster exciton up-conversion from T1 to S1 in
4CzDMAC-DPS, the emitting layer 4CzDMAC-DPS:R-D2 achieved a
much lower efficiency roll-off of 9.0% without sacrificing the EQE at
high brightness. Furthermore, the white emission could be realized
by mediating the FRET and DET processes. For instance, at a
low doping concentration of 1 wt%, the white OLEDs rendered a
maximum EQE of 13.2%, excellent Commission Internationale de
I’Eclairage (CIE) coordinates of (0.36, 0.39), a high color rendering
index (CRI) of 80, and ultra-stable spectra with DCIE(x, y) of (0.001,
0.002) over a wide range of luminance.

Results and discussion

To exemplify the feasible paths of energy transfer, firstly, we
measured the absorption of the iridium dendrimer R-D2 and
the photoluminescence (PL) spectra of the two TADF hosts
(Fig. 2a). The spectral overlap implies the potentially efficient
energy transfer from TADF hosts to R-D2. The electron-
donating property of carbazole dendrons endows 4CzDMAC-
DPS with strong charge transfer features and thus
bathochromic-shift emission, compared with DMAC-DPS.23

The steady-state PL spectra of the doped films at various
concentrations were recorded and analyzed under the same
test conditions (see Fig. 2b–d). As the concentration increases,
the PL intensities of TADF hosts gradually decrease. However,
the residual blue emission at a high doping concentration of
10 wt% suggests that the energy transfer efficiencies have been
somewhat limited, which is partially due to the introduction
of inert substituents on the phosphorescent dendrimer.
Meanwhile, the PL intensities of R-D2 are dramatically promoted
at low doping concentrations (1–10 wt%). Ascribed to the quench-
ing effect of the iridium core, the PL quenching took place at
higher doping concentrations. To quantitatively compare the
efficiencies of energy transfer between TADF hosts and R-D2,
the ratios of red/blue PL intensities from the emission peak in
different host–guest systems were estimated and are shown in
Fig. 2d. Obviously, the ratios of red/blue components in DMAC-
DPS:R-D2 are much higher than those of 4CzDMAC-DPS:R-D2,
respectively, at the corresponding concentration. This implies the
more efficient energy transfer from DMAC-DPS to R-D2.

In addition to the steady-state PL spectra, the time-resolved
PL spectra of the hosts in the doped films were also measured

(see Fig. 3a, b and Table S1, ESI†). Both the prompt and delayed
lifetimes are gradually reduced, accompanied by the increasing
doping concentration. The prompt lifetime (tPF) of the TADF
host is derived from the sum of the rate constants of all decay
processes in which singlet excitons are involved. When the
FRET process is introduced, the tPF can be written as below.32

tPF ¼
1

krS þ knrS þ kISC þ kFRET
(1)

Therefore, the FRET process will introduce an extra relaxation
channel of the host singlet excitons, leading to a shorter lifetime.
Following eqn (1), the FRET rate can be calculated as below.32

kFRET ¼
1

tPF;DA
� 1

tPF;D
(2)

where tPF,DA and tPF,D are the prompt lifetime constants of the
TADF films with and without R-D2, respectively. As shown in
Fig. 3c and Table S2 (ESI†), the kFRETs from DMAC-DPS and
4CzDMAC-DPS to R-D2 can be calculated to be 0.28� 108–1.68�
108 s�1 and 0.12 � 108–1.58 � 108 s�1, respectively, when
increasing the doping concentration from 1 wt% to 50 wt%.
This is in line with the steady PL analysis presented in Fig. 2, i.e.,
the faster FRET process from DMAC-DPS to R-D2 allows the more
efficient quenching of blue emission and thus enhancement of
red emission. Referring to the FRET theory, the kFRET can be
expressed as follows.33

kFRET ¼
FPLk2

tpRDA
6

9000 ln10ð Þ
128p5n4NA

� �ð1
0

FDðlÞeAðlÞl4dl

¼ 1

tp

R0

RDA

� �6

(3)

where FPL is the PLQY of the donor, i.e., TADF hosts in this study.
k2 is a factor describing the relative orientation of the transition
dipoles of the donor and the acceptor, assumed to be 2/3. tp is the
fluorescence lifetime of the donor. RDA is the intermolecular
distance between the donor and the acceptor. n is the refractive
index of the medium, assumed to be 1.7 here.34 NA is Avogadro’s
number. FD(l) is the normalized emission spectra of the donor
and eA(l) is the molar extinction coefficient of the acceptor.
The FRET radius (R0) is defined as the intermolecular distance
at which kFRET is equal to the decay rate constant (tp

�1), and thus
R0 can be written as follows:

R0
6 ¼ 9000 ln10ð ÞFDk2

128p5n4NA

ð1
0

FDðlÞeAðlÞl4dl (4)

Using eqn (4), the R0s for DMAC-DPS:R-D2 and 4CzDMAC-DPS:R-
D2 were calculated to be 8.3 and 7.9 nm, respectively, which are
much larger than those of TADF sensitized PhOLEDs reported in
previous literature.34–36 Considering the similar spectral overlap
integrals between DMAC-DPS (5.1 � 1016 nm�4 M�1 cm�1) and
4CzDMAC-DPS (5.2 � 1016 nm�4 M�1 cm�1), the main reason for
the radius difference is that the PLQY of DMAC-DPS (88%) is
higher than that of 4CzDMAC-DPS (68%).23 Although the
relatively larger R0 for DMAC-DPS:R-D2 indicates a more efficient
energy transfer process which is consistent with the photophysical
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analysis mentioned above, kFRET indeed depends on both R0 and
RDA based on eqn (3). Therefore, we estimated RDA as the center-
to-center distance between the TADF hosts and the R-D2 core, i.e.,
the sum of the van der Waals (VDW) radius of two molecules.37

We calculated the VDW radius of the compounds using the
Multiwfn program (Fig. S1, ESI†).38 As expected, by virtue of the
inert peripheral units, the RDA of 4CzDMAC-DPS:R-D2 (4.6 nm) is
larger than that of DMAC-DPS:R-D2 (3.9 nm). Owing to the almost
identical prompt fluorescence lifetimes, the larger R0 and more
intimate interaction for DMAC-DPS:R-D2 concurrently account for
a faster and more efficient FRET process.

To guarantee complete energy transfer, the doping concen-
tration should be at least 5 wt%, at which the short-range DET

channel from TADF triplets to R-D2 triplets would be activated
regardless of the peripheral dendrons on R-D2. The DET rate
constant (kDET) can be expressed as follows:39

kDET ¼ KJDAexp �
2RDA

L

� �
(5)

where K is a parameter relative to the specific orbital interactions,
JDA is the spectral overlap integral, and L is the VDW radius
between the donor and the acceptor. Therefore, kDET is exponen-
tially dependent on the intermolecular distance, indicating that
kDET will drop dramatically once the distance increases slightly.
Obviously, the much shorter RDA for DMAC-DPS:R-D2 endows it
with a relatively higher kDET with respect to 4CzDMAC-DPS:R-D2.

Fig. 3 Transient PL decays of DMAC-DPS:R-D2 (a) and 4CzDMAC-DPS:R-D2 (b) observed at 476 and 485 nm, respectively. (c) The estimated dopant-
concentration-dependent FRET rate constants respectively from two TADF hosts to R-D2.

Fig. 2 (a) The overlapping of the absorption of the R-D2 film and the PL spectra of DMAC-DPS and 4CzDMAC-DPS. PL spectra of DMAC-DPS:R-D2 (b)
and 4CzDMAC-DPS:R-D2 (c) in films at different dopant concentrations. (d) The ratios of red/blue components estimated from the emission peak of the
emitting layer.
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Now, it is confirmed that both the FRET and DET can efficiently
take place in the DMAC-DPS:R-D2 blend system. Regarding
4CzDMAC-DPS:R-D2, these two processes are relatively suppressed.

Furthermore, longer lifetimes of R-D2 doped in DMAC-DPS (tPh) at
low doping concentrations (1–10 wt%) were calculated, in contrast
to those at high doping concentrations (50–100 wt%), as shown in

Table 1 The photophysical properties of TADF hosts and TADF:R-D2

TADF host lem
a [nm] HOMO/LUMOb [eV] DEST

c [eV] tp/td
d [ns ms�] SOCe (S1,T1) kRISC

f [106 s�1] R0
g [nm] RDA

h [nm]

DMAC-DPS 477 �5.33/�2.32 0.09 25.4/3.3 0.067 0.8 8.3 3.9
4CzDMAC-DPS 492 �5.24/�2.31 0.09 26.4/0.5 0.105 2.6 7.9 4.6

a Emission peak measured in neat film. b HOMO: highest occupied molecular orbital and LUMO: lowest unoccupied molecular orbital. The values
were obtained from the literature.23,30 c Singlet–triplet energy gap. d prompt and delayed fluorescence lifetimes measured in neat film. e Spin–
orbital coupling constant. f Rate constant of reverse intersystem crossing. g FRET radius. h Estimated intermolecular distance between the host
and R-D2.

Fig. 4 (a) Energy level alignment of the devices. (b) Current density and luminescence versus driving voltage curves of Devices B3 and C3 (x = 5). EQE
versus luminescence curves of the devices with DMAC-DPS (c) and 4CzDMAC-DPS (d), respectively. The corresponding normalized EL spectra are
shown in (e) and (f), respectively.
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Fig. S2 and Table S3 (ESI†). The photophysical data of TADF
materials and the calculated energy transfer radii between TADF
hosts and R-D2 are summarized in Table 1.

To reveal the energy transfer mechanisms in the EL process,
which may be different from PL cases, we further designed
solution-processed OLEDs with the structures of indium tin
oxide (ITO)/modified poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate) (m-PEDOT:PSS)40 (45 nm)/DMAC-DPS or
4CzDMAC-DPS:R-D2 [(100 � x):x, wt/wt] (50 nm)/bis[2-(diphe-
nylphosphino)-phenyl] ether oxide (DPEPO) (10 nm)/1,3,5-tri
(m-pyrid-3-ylphenyl)benzene (TmPyPB) (50 nm)/8-hydroxy-
quinolatolithium (Liq) (1 nm)/Al (100 nm), where x = 100
represent neat R-D2 for the emitting layer (Device A). Devices
B1–B4 (x = 50, 10, 5 and 1) denote the ones with DMAC-DPS as
the host. Similarly, devices C1–C4 (x = 50, 10, 5 and 1) refer to
the one hosted by 4CzDMAC-DPS. The energy level alignments
of the devices are shown in Fig. 4a. The corresponding EL
performances are summarized in Table 2.

For a doped OLED, excitons can be formed on the host and
then transferred to the guests (Langevin recombination), while
excitons can also be directly formed in the guests by trapping,
i.e., trap-assisted recombination.41 Forrest et al. proved that the
inert steric hindrance on the dopant is helpful for impeding
charge trapping.42 Experimentally, as shown in Fig. S3 (ESI†),
we compared the current densities of red devices (Devices B3
and C3) with a doping concentration of 5 wt% and white
devices (Devices B4 and C4) with a doping concentration of

only 1 wt%. The current densities are very similar, especially at
high driving voltages, indicating that the guest R-D2 has
limited impacts on the carrier transport at low doping
concentrations. Generally, the EL spectral shift with increased
operational voltages is closely related to the charge trapping
effect on the guest.43 As can be seen in Fig. S4 (ESI†), the EL
spectra of the devices are merely influenced by the driving
voltage. Therefore, at low doping concentrations, the energy
transfer is supposed to be dominant.

Fig. 4b–f compare the EQE and the normalized EL spectra of
the devices. The current density–voltage (J–V) and luminance–
voltage (L–V) characteristics shown in Fig. 4b and Fig. S5 (ESI†)
indicate that all the DMAC-DPS-based devices exhibit better
charge transport and higher luminance, compared with the
4CzDMAC-DPS-based devices at the same driving voltages. The
lower electrical conductivity of 4CzDMAC-DPS might be attributed
to the suppressed intermolecular p–p stacking with the intro-
duction of bulky substituents with the reduced charge carrier
mobility.44 Benefiting from the better bipolar transport ability of
DMAC-DPS and the efficient FRET and DET paths as discussed
above, the red devices based on DMAC-DPS exhibited a maximum
EQE (Device B3) of 22.2% which is almost 2.7-fold enhanced
compared with that of Device A based on the neat R-D2 (8.3%).
This EQE is one of the highest values among the solution-
processed red PhOLEDs (see Table 3). Note that the EQEs were
gradually reduced with the increasing doping concentrations
from 5 wt% to 100 wt% (neat R-D2), due to the concentration

Table 2 Summary of the EL data for the binary devices

Device DCa [wt%] V10
b

EQEc [%]

Roll-offd (%) CIEe (x, y) Zeue
f (%)Maximum 1000 cd m�2

R-D2 A 100 4.5 8.3 6.6 26.5 (0.67, 0.33) 65.9
DMAC-DPS:R-D2 B1 50 4.2 12.6 8.1 35.7 (0.66, 0.34) 87.5

B2 10 4.5 14.7 9.1 38.1 (0.64, 0.35) 68.1
B3 5 4.4 22.2 9.1 59.0 (0.62, 0.35) 99.7
B4 1 4.2 6.9 5.6 18.8 (0.42, 0.32) 32.6

4CzDAMC-DPS:R-D2 C1 50 5.2 8.8 6.3 28.4 (0.67, 0.33) 49.0
C2 10 4.7 12.7 9.7 23.6 (0.62, 0.35) 53.3
C3 5 4.6 14.6 10.1 28.8 (0.55, 0.36) 51.0
C4 1 4.3 13.2 8.8 33.3 (0.36, 0.39) 58.0

a Doping concentration. b Operational voltage at a luminance of 10 cd m�2. c External quantum efficiency. d Efficiency roll-off at a luminance of
1000 cd m�2. e Commission Internationale de I’Eclairage coordinates. f Exciton utilization efficiency assuming the ideal charge balance (g = 1) and
an out-coupling efficiency of 0.3.44

Table 3 Summary of EL performances of solution-processed red PhOLEDs

Device lmax
a [nm] EQEmax

b [%] EQE1000
c [%] CEmax

d [cd A�1] CE1000
e [cd A�1] CIE (x, y)

B3 610 22.2 9.1 30.2 12.5 (0.62, 0.35)
C7 610 15.6 14.2 24.5 22.4 (0.59, 0.37)
Ref. 45 602 19.3 — 32.4 — (0.64, 0.36)
Ref. 46 605 17.2 — 32.2 — —
Ref. 47 640 25.8 B10.3 12.8 B6.5 (0.68, 0.30)
Ref. 48 — 11.1 — 19.9 — (0.60, 0.39)
Ref. 49 636 11.1 9.0 8.7 7.0 (0.67, 0.33)
Ref. 31 608 B21 — B26 — (0.64, 0.33)

a Peak wavelength. b Maximum external quantum efficiency. c External quantum efficiency at 1000 cd m�2. d Maximum current efficiency.
e Current efficiency at 1000 cd m�2.
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quenching nature of R-D2. The intensive DMAC-DPS emission
(see Fig. 4e) could only be observed in Device B4 with 1 wt% R-D2,
indicating the more efficient energy transfer between the host and
the guest at higher doping concentration under EL excitation.
The estimated exciton utilization efficiency (Zeue) was obtained
according to eqn (S1) (ESI†) and is summarized in Table 2. Device
B3 achieved the highest Zeue of 99.7%, further verifying the
efficient and complete exciton harvesting by energy transfer
processes.

As shown in Fig. 4d, the devices based on 4CzDMAC-DPS
exhibit the same trend of the concentration-dependent EQE,
which was gradually reduced from 14.6% (Device C3) to 8.8%
(Device C1). As anticipated, even at a doping concentration of
up to 10 wt%, the residual emission of 4CzDMAC-DPS was
easily detectable (see Fig. 4f). However, the efficiency roll-off
of Devices C1–C4 is relatively smaller than those of the corres-
ponding Devices B1–B4, which is attributed to the faster RISC
process of 4CzDMAC-DPS (2.6 � 106 s�1) than that of DMAC-
DPS (0.8 � 106 s�1) and thus the reduced triplet exciton
accumulation on host under high current density.50 Considering
the same DEST (0.09 eV), the faster RISC could be ascribed to the
higher spin–orbital coupling (SOC) of 4CzDMAC-DPS (0.105)
assisted by the carbazole dendron, compared with that of
DMAC-DPS (0.067).

When fixing the doping concentration at 1 wt%, the single
emitting layer (EML) white OLEDs exhibited high color stability

and a wide spectrum covering from 400 to 800 nm. The
variations of the CIE coordinates are only (0.030, 0.031) and
(0.001, 0.002) for Devices B4 and C4, respectively. Typically,
WOLEDs with the single EML suffer from poor color stability,
partially due to the inefficient triplet energy transfer from the
blue host to orange/red dopants and consequently exciton
annihilation processes.51–54 In our white devices, the short-
range Dexter interaction was supposed to be blocked in the
presence of the large steric hindrance, especially at low doping
concentration. In addition to the stable EL spectra, Device C4
exhibits an outstanding color rendering index (CRI) of 80 and a
maximum EQE 13.2%, which are merely reported in the
complementary white OLEDs.

Although the optimized red Devices B3 and C3 have
achieved the state-of-the-art EL performances among the
solution-processed OLEDs, the residual blue emission still
affected the color purity (Fig. 4e–f). To address this issue, a
dual-host engineering strategy was employed to broaden the
exciton recombination zone by introducing a common host 1,3-
di(9H-carbazol-9-yl)benzene (mCP) with a high triplet energy of
2.9 eV. The ternary-blended EMLs were composed of mCP :
DMAC-DPS : R-D2 or mCP : 4CzDMAC-DPS : R-D2 with weight
ratios of 40 : 55 : 5, 60 : 35 : 5 and 80 : 15 : 5 respectively for
Devices B5–B7 and C5–C7. The corresponding EL performances
are summarized in Table 4. As predicted, the blue emission was
gradually reduced with the decreasing concentration of the

Table 4 Summary of the EL data for the ternary red OLEDs

Device TADF concentration [wt%] V10
a

EQE [%]

Roll-off (%) CIE (x, y)Maximum At 1000 cd m�2

B3 95 4.4 22.2 9.1 59.0 (0.62, 0.35)
B5 55 4.7 20.0 10.1 49.5 (0.63, 0.35)
B6 35 4.9 14.6 12.0 17.8 (0.63, 0.35)
B7 15 5.4 12.7 12.6 0.8 (0.64, 0.35)
C3 95 4.6 14.6 10.1 28.8 (0.55, 0.36)
C5 55 3.6 11.8 9.7 17.8 (0.57, 0.36)
C6 35 4.0 13.1 12.3 6.1 (0.57, 0.36)
C7 15 4.3 15.6 14.2 9.0 (0.59, 0.37)

a Operational voltage at a luminance of 10 cd m�2.

Fig. 5 Normalized EL spectra of (a) mCP:DMAC-DPS:R-D2 and (b) mCP:4CzDMAC-DPS:R-D2 doping systems. Inset: enlarged EL spectra from 400–
550 nm.
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TADF host (see Fig. 5a and b), and thus the CIEx values were
gradually increased from 0.62 to 0.64 and 0.55 to 0.59 for
Devices B3–B7 and C3–C7, respectively. The ternary-blended
Device B5 with DMAC-DPS exhibited not only higher color
purity but also a considerably high EQE of 20% (see Fig. S6a
(ESI†) and Table 4), which is comparable to that of the binary-
blended Device B3. Furthermore, the introduction of mCP can
further increase the intermolecular distance and thus effectively
separate the TADF molecules, blocking the triple–triplet and
triplet–polaron interaction induced exciton quenching. Accord-
ingly, the efficiencies at 1000 cd m�2 were gradually increased
upon reducing the concentration of the TADF component from
95 wt% to 15 wt%. For the mCP:4CzDMAC-DPS:R-D2 system, the
triplet excitons on the host could be completely isolated owing
to the large intermolecular distance among 4CzDMAC-DPS
molecules. Therefore, Device C7 exhibited a considerably
low efficiency roll-off of 9.0% with a high EQE of 14.2% at 1000
cd m�2 (see Fig. S6b, ESI†), which are the best values among those
of the reported solution-processed OLEDs (Table 3).

Conclusions

In conclusion, we have demonstrated the state-of-the-art
solution-processed red and white OLEDs by manipulating the
intermolecular distance with the sterically shielded red phos-
phorescent dopant and the blue TADF host. Compared with the
larger steric hindrance system with the dendron units both in
the host and guest (4CzDMAC-DPS:R-D2), both DET and FRET
were promoted by adopting the host DMAC-DPS without any
peripherals and thus short intermolecular distance.
Consequently, the red PhOLEDs achieved a considerably high
maximum external quantum efficiency (EQE) of 22.2%. For
4CzDMAC-DPS:R-D2, the relatively faster reverse intersystem
crossing rate in the host suppressed the triplet accumulation,
allowing lower efficiency roll-off, i.e., a saturated red device
with an efficiency roll-off down to 6.1% at 1000 cd m�2.
Furthermore, a high-performance complementary white OLED
with a maximum EQE of 13.2% was achieved, accompanied by
ultra-stable CIE coordinates of (0.36, 0.39) over a wide range of
luminance and high color rendering index (CRI) of 80.
These results verify the feasibility of manipulating the energy
transfer process in the simplified solution-process devices by
changing the intermolecular distance between the host and the
emissive cores.
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