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The development of universal host materials suitable for both phosphorescent and thermally activated
delayed fluorescent (TADF) emitters is still a bottleneck for fabricating highly efficient full-color and white
organic light-emitting diodes (OLEDs) with a simple device structure. In this paper, two novel donor—acceptor
type bipolar hybrids with simple molecular structures, 4’-(diphenylamino)-[1,1'-biphenyll-4-carbonitrile
(TPA-BN) and 4-(3-(4-(diphenylamino)phenyl)propyl)benzonitrile (TPA-L-BN), were desighed and synthesized
by combining triphenylamine as the electron-donating unit with benzonitrile as the electron-accepting unit.
Their thermal, morphological, electrochemical, photophysical, charge transporting, and electroluminescent
properties were comprehensively characterized for demonstrating their potential use as host materials
for the fabrication of both phosphorescent and TADF OLEDs. The introduction of a flexible aliphatic
spacer into TPA-L-BN gives rise to a high triplet energy of 2.95 eV due to the interruption of
n-conjugation. The phosphorescent and TADF OLEDs based on the two hosts exhibit superior
electroluminescence (EL) performance with high efficiencies and low roll-offs, employing a simplified
and unified device structure. In particular, TPA-L-BN can host deep blue to red phosphorescent emitters
and the blue TADF emitter with external quantum efficiencies over 20%. In addition, highly efficient all
phosphorescent and TADF/phosphorescent hybrid white OLEDs (WOLEDs) with complementary emitters
were realized using TPA-L-BN as the single host material. TPA-L-BN was also adopted to fabricate
single-host three primary color WOLEDs, producing maximum efficiencies of 57.1 cd A%, 53.6 Im W%,
and 23.4% with a high color rendering index of 83. The EL spectra of all these WOLEDs showed
remarkable color stability with very small color variations across the whole range of luminance. More
importantly, the TPA-L-BN hosted device presented a longer lifetime than that of the device based on
TPA-BN, because of the improved morphological stability of TPA-L-BN in the emitting layer. These
excellent results obtained using the non-conjugated bipolar hybrid host TPA-L-BN show that the
introduction of the flexible linkage between the donor and the acceptor is an effective approach to
construct universal host materials for highly efficient and stable phosphorescent and TADF OLEDs.

Received 18th October 2018,
Accepted 12th December 2018

DOI: 10.1039/c8tc05259j

rsc.li/materials-c

“Key Laboratory of Applied Surface and Colloid Chemistry, National Ministry of
Education, Shaanxi Key Laboratory for Advanced Energy Devices, Shaanxi | .
ntroduction

Engineering Lab for Advanced Energy Technology, School of Materials Science and
Engineering, Shaanxi Normal University, Xi’an 710119, P. R. China.

E-mail: qgiangwang@snnu.edu.cn, jiaxing@snnu.edu.cn

? Jiangsu Key Laboratory of Environmentally Friendly Polymeric Materials, School of
Materials Science and Engineering, Jiangsu Collaboration Innovation Center of
Photovoltaic Science and Engineering, Changzhou University, Changzhou 213164,
P. R. China

¢ Institute of Polymer Optoelectronic Materials and Devices, State Key Laboratory of
Luminescent Materials and Devices, South China University of Technology,
Guangzhou 510640, P. R. China

1 Electronic supplementary information (ESI) available: Experimental details

including the synthetic procedures, PL spectra and quantum yields of TPA-BN

and TPA-L-BN films doped with blue, green, and red emitters; calculated spatial

distributions of the HOMO and LUMO levels; the EL performance of the green,

orange, and red PhOLEDs based on TPA-L-BN; NMR spectra; and MS spectra. See

DOI: 10.1039/c8tc05259j

558 | J Mater. Chem. C, 2019, 7, 558-566

Organic light-emitting diodes (OLEDs) have progressed rapidly
in terms of both materials and device techniques in academic
and commercial fields over the past few decades, due to their
advantages such as high efficiency, ultra-thinness, lightness
and flexibility for applications in flat panel display and solid-
state lighting."™ By harvesting all the electrically generated
singlet and triplet excitons for 100% theoretical internal quantum
efficiency (IQE), phosphorescent OLEDs (PhOLEDs)’ and thermally
activated delayed fluorescence (TADF) diodes® have drawn con-
siderable attention in the fields of practical applications and
science. These two diodes can make all the excitons converge to
radiative excited states of the phosphorescent and TADF emitters,
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namely the first triplet (T,) and singlet (S;) excited states, through
intersystem crossing (ISC) and reverse ISC (RISC), respectively.
To minimize energy loss due to collision-induced quenching
caused by the long emission lifetime of phosphors and TADF
emitters, both PhOLEDs and TADF diodes are usually fabricated
with a host-guest doping structure in the emitting layer by adopt-
ing host materials with sufficiently high triplet energies (Ers). As an
ideal candidate for future solid-state lighting sources, white
OLEDs (WOLEDs) have drawn great attention from both academic
research groups and commercial companies.”'* WOLEDs with a
single-host emitting layer (EML) have shown superior electro-
luminescence (EL) performance due to reduced structural hetero-
geneity and smooth charge injection and transport between
different emissive centers.'’™* Since the relatively unstable
blue phosphors restrict the development of all-phosphorescence
WOLED:s in future massive production, hybrid WOLEDs, combin-
ing stable blue fluorescent dyes and efficient long-wavelength
complementary color phosphors, are considered as an alternative
for realizing high efficiency and long-life WOLEDs.*>*> However
the efficiency of hybrid WOLEDs with conventional fluorescent
materials is still far behind the expected values. Recently, hybrid
WOLEDs based on highly efficient blue TADF emitters have
provided an alternative for achieving white EL emission with
comparable device efficiency to that of all phosphorescent
WOLEDs.”* In order to reduce interfaces and eliminate the
injection barrier between different EMLs, it is essential to
employ only one host material for both TADF and phospho-
rescent emitters, which requires the development of universal
host materials with high Er values.”*° As one of the earliest
groups developing new host materials for both TADF and
phosphorescent emitters, we synthesized a series of high
performance host materials which were used to achieve both
highly efficient TADF and PhOLED devices. A representative
molecule, 9,9'-(2'-(1H-benzimidazol-1-yl}-[1,1’-biphenyl]-3,5-diyl)-
bis(9H-carbazole) (o-mCPBI), synthesized by integrating 1,3-bis-
(carbazol-9-yl)benzene (mCP) with a benzimidazole moiety via
the ortho-position of N-phenyl, exhibited an extremely high Er
value of 3.00 eV.>' Blue, green, yellow, red, and white PhOLEDs
with external quantum efficiencies (EQEs) of 20% or higher have
been achieved by using o-mCPBI as the host. Single-host white
OLEDs exhibited impressive color stability and a superior color
rendering index. TADF OLEDs hosted by o-mCPBI achieved
comparable or higher efficiencies in comparison with the
reported values. Bonding electron-donating (donor, D) and
electron-accepting (acceptor, A) moieties chemically into a
single bipolar molecule is a common design strategy to achieve
high and balanced electric flux, which prevents the accumulation of
charges and excitons at interfaces. The capability of the D-A type
bipolar hybrid hosts has been demonstrated for facilitating injection
and transport of holes and electrons, broadening the recombination
zone, and consequentially alleviating the efficiency roll-off.*>* To
further enhance the stability of the OLEDs, it is essential to avoid
crystallization which may lead to charge trapping and luminance
quenching.*”*° Bipolar hybrid compounds with flexible linkages
have been demonstrated to possess superior morphological stability
against crystallization and electronically decoupled donor and
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acceptor moieties retaining their individual functionalities,
such as Er and frontier molecular orbital levels.**™** In addi-
tion, the PhOLEDs using non-conjugated hosts show improved
device lifetime in comparison with the devices based on hosts
consisting of directly linked donor and acceptor moieties.*?
Therefore, bipolar hybrid compounds with flexible linkages
could be an ideal candidate for high performance materials
hosting both TADF and phosphorescent emitters.

In this work, a universal host material with a simple structure
was designed and synthesized by connecting triphenylamine (TPA)
as the donor moiety and benzonitrile as the acceptor moiety
through a non-conjugated propylene spacer. Compared to exten-
sively used carbazole derivatives, TPA also has a high Er value and
good hole-transporting ability, but a shallower HOMO level being
close to that of the widely used hole transporting materials,
thus allowing efficient hole injection.**™” The cyano group is
an excellent acceptor for TADF emitters featuring advanced
photoluminescence properties due to its strong electron-
withdrawing ability and structural simplicity.®**! Using the
same donor and acceptor moieties, another new host material
without the flexible spacer was also prepared for comparison. The
new host material with the flexible spacer, 4-(3-(4-(diphenyl-
amino)phenyl)propyl)benzonitrile (TPA-L-BN), exhibited a high Er
value of 2.95 eV, compared to 2.44 eV of the host with directly
linked donor and acceptor moieties, namely 4’-(diphenylamino)-
[1,1'-biphenyl]-4-carbonitrile (TPA-BN). By employing a simple and
unified device structure, both phosphorescent and TADF OLEDs
showed excellent performance using TPA-L-BN as the host. In
addition to monochrome OLEDs, single-host complementary
and three primary color WOLEDs with EQEs of over 20% and
stable white color emission were also achieved, including
hybrid WOLEDs with blue TADF materials. Furthermore, the
operational stability of the TPA-L-BN based device is substan-
tially raised compared to that of the TPA-BN based device.
These performances of the non-conjugated bipolar host TPA-L-BN
make it a universal host material for both highly efficient phos-
phorescent and TADF OLEDs.

Results and discussion
Synthesis and characterization

The chemical structures and synthetic routes to 4’-(diphenyl-
amino}{1,1’-biphenyl]-4-carbonitrile (TPA-BN) and 4-(3-(4-(diphenyl-
amino)phenyl)propyl)benzonitrile (TPA-L-BN) are depicted in
Scheme 1. It can be seen that the molecular structures of both
compounds were very simple and their synthetic procedures
were relatively easy. The starting compound 4-bromo-N,N-
diphenylaniline was synthesized from diphenylamine and
1,4-dibromobenzene following the literature procedure.*' Both
final compounds were prepared using palladium-catalyzed
Suzuki coupling reactions. All reactions were carried out under
nitrogen and anhydrous conditions unless noted otherwise.
All these new compounds were purified by column chromato-
graphy on silica gel using ethyl acetate/petroleum ether as the
eluent and obtained with high yields. The chemical structures
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Scheme 1 Synthesis of TPA-BN and TPA-L-BN.

of the two final compounds were confirmed by 'H and "*C NMR
spectroscopy, mass spectrometry, and elemental analysis (see
further details of the synthesis in the ESIT).

Thermal properties

The thermal and morphological stabilities of the new host
materials were investigated by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) measurements.
The thermal decomposition (T4, corresponding to 5% weight loss)
and glass transition temperature (7T,, according to the second
heating scan) values recorded at a scanning rate of 10 °C min ™"
under a nitrogen atmosphere are shown in Fig. 1 and Table 1. As
shown in Fig. 1, the two new compounds are thermally stable with
Tq values of 317 and 305 °C for TPA-BN and TPA-L-BN, respectively,
which are desirable for host materials as they can bear high
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Fig.1 TGA and DSC (inset) traces of TPA-BN and TPA-L-BN recorded at a
heating rate of 10 °C min~%.
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temperatures during materials evaporation and device operation.
According to the second heating scan using DSC, the T, value of
TPA-BN reached up to 90 °C while the heating scan of TPA-L-BN
showed no clear endothermic peak related to the glass transition
(the inset of Fig. 1).

Photophysical properties

The UV-vis absorption and photoluminescence (PL) spectra in
dilute solutions and thin solid films of the new hosts, as well as
their phosphorescence spectra in toluene at 77 K, are presented
in Fig. 2 and the corresponding data are summarized in
Table 1. The absorption bands around 300 nm for both
compounds could be assigned to triphenylamine-centered n-n*
transition.”” The longer wavelength band at 360 nm of TPA-BN
could be attributed to the n-n* transition from the triphenyl-
amine moiety to the benzonitrile moiety, indicating that the
photo-induced intramolecular charge transfer (ICT) state for-
mation was made possible by some degree of m-conjugation
through the biphenyl core.”*** Because of the totally broken
conjugation by the aliphatic spacer, no clear absorption due
to m-m* transitions from the triphenylamine moiety to the
benzonitrile moiety was observed in the absorption spectrum
of TPA-L-BN. The inhibition of ICT also allows TPA-L-BN to
present PL peaks at shorter wavelengths than those of TPA-BN,

Normalized Absorbance, a.u.
Normalized PL Intensity, a.u.

* TPA-L-BN

= Emc o e o

300 400 500 600 700
Wavelength, nm

Fig. 2 UV-vis absorption, fluorescence spectra in dichloromethane and
thin film state at room temperature, and the phosphorescence spectra in
toluene at 77 K of TPA-BN and TPA-L-BN.

Table 1 The thermal, electrochemical and photophysical properties of TPA-BN and TPA-L-BN

Compound Tda/Tgb (OC) ;‘max,absd (nm) Amax,emd (nm)

;Lmax,abse (nm)

Amaxem’ (nm)  BS (eV)  Esf (V) @  HOMO/LUMO' (eV)

TPA-BN
TPA-L-BN

317/90 360
305/—° 302

407, 466 366
351, 433 306

Decomposmon temperature (5% weight loss) obtained by TGA under N,.
Absorption and emission peaks measured in dilute dichloromethane solution. ¢ Absorption and emission peaks measured in thin

available. ¢

—5.36/—2.30
—5.26/—1.89

445 3.05 2.44 0.53
437 3.65 2.95 0.20

b Glass transmon temperature obtained by DSC under N,. © Not

solid films on quartz.” Optlcal band gap, estimated from the absorption edge in dilute solution. # Triplet energy estimated from the
phosphorescence spectra in toluene at 77 K. " Absolute fluorescence quantum yield obtained in the thin solid film using the calibrated integrating
sphere system. ‘ Calculated from the oxidation and reduction potentials of the compounds measured by cyclic voltammetry.
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as shown in Fig. 2. The absorption spectra in the thin film state
are almost similar to the absorption spectra in dilute solution,
except for a slight red shift due to intermolecular interactions
such as n-n stacking in the solid state.’® It can be seen in Fig. 2
that both compounds show more structureless bands in the
solid films with respect to those in solution. The possible
reason for this could be that the molecules are excited to a locally
excited state which then relax at an intermolecular charge transfer
state because of tighter molecular packing or aggregation in neat
solid films than in dilute solution.*"*> The quantum yields (®p) of
neat films TPA-BN and TPA-L-BN were determined in an integrat-
ing sphere to be 0.53 and 0.20, respectively. The higher quantum
yield of the TPA-BN film originates from the efficient radiative
decay of the excited ICT state.*!

To evaluate the prospects of the two compounds as hosts in
OLEDs, the Er values were determined using phosphorescence
spectroscopy in toluene at 77 K. As shown in Fig. 2, the Ey
values were estimated to be 2.44 and 2.95 eV for TPA-BN and
TPA-L-BN, respectively, by taking the highest energy peak of
phosphorescence as the transition energy of the triplet excited
state to the ground state. The absence of n-conjugation through
the biphenyl core enables TPA-L-BN to maintain a high E value
which is adequate for hosting deep blue emitters. The relatively
low Er value of TPA-BN, which is attributed to the conjugation
between the two moieties, makes it suitable only for green and
red emitters. In order to further investigate energy transfer
between the new hosts and widely used emitters, thin solid
films of the two host materials doped with various phospho-
rescent emitters were prepared. From the fluorescence spectra
of these films shown in Fig. S1 (ESIt), it can be seen that there
is no observed emission from host materials, suggesting complete
energy transfer from the host to the guest. This efficient energy
transfer is confirmed by the high @y values of these films
(Table S1, ESIt). Therefore, both TPA-BN and TPA-L-BN can be
good host materials for both phosphorescent and TADF OLEDs.
In particular, the universality of TPA-L-BN from deep blue to red
emitters could be used to fabricate high performance WOLEDs.

Electrochemical and charge transporting properties

The electrochemical properties of the two hosts have been
characterized by cyclic voltammetry (CV) in a 0.1 M solution
of TBAPF¢ under a N, atmosphere. As shown in Fig. 3, the
compounds undergo both reversible oxidation and reduction to
permit the formation of stable cation and anion radicals, which
implies their bipolar transporting properties. Their highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels were calculated with
reference to the energy level of ferrocene (4.80 eV below the
vacuum level)®® and are summarized in Table 1. Previous
reports on non-conjugated bipolar hybrid compounds have
demonstrated that the HOMO and LUMO levels of these
compounds were essentially imported from those of the hole-
and electron-transporting moieties as independent chemical
entities, making it convenient to predict the energy levels
of a given molecule before proceeding to synthesize it.**™**
The calculated HOMO level at —5.26 eV for TPA-L-BN, which is

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 CV scans of TPA-BN and TPA-L-BN.

almost identical to that of independent triphenylamine,*'
confirms the above-mentioned statement. The HOMO levels
of both compounds are a little higher than that of the widely
used hole-transport material TAPC (—5.49 eV);"” thus, the
relatively easier transfer of holes and the resultant lower turn-
on voltages are anticipated. The LUMO level of TPA-L-BN is
estimated to be —1.89 eV, much smaller than —2.30 eV of TPA-BN.
It is noteworthy that the electrochemical band gap of TPA-BN is
3.06 eV, which is very close to its optical band gap of 3.05 eV
(Table 1), indicating that the 360 nm absorption peak represents
the electronic transition from the HOMO level to the LUMO
level. This electronic transition, however, is absent in TPA-L-BN
where the ICT process is largely weakened.

To get deep insight into the electronic features of these
two molecules, the geometrical and electronic properties of the
compounds were studied using density functional theory (DFT)
calculations. Fig. S2 (ESIt) shows the spatial distributions of the
frontier molecular orbitals, calculated using the Gaussian 09
software package under the B3LYP/6-31G(d) basis set. For both
molecules, the electron clouds of the HOMOs are situated on
the TPA unit while the LUMOs are mainly localized on the
benzonitrile segment. It is noted that TPA-L-BN shows com-
plete separation of HOMO and LUMO electron distributions
due to the broken conjugation between the electron-donating
and electron-withdrawing moieties by the flexible spacer, which
is consistent with the independent HOMO/LUMO levels by CV.
Both the CV measurements and the DFT calculations imply the
bipolar charge carrier transporting nature of the two D-A type
compounds. To confirm this, the hole and electron transport-
ing properties of the hosts were investigated by using hole-only
and electron-only devices with configuration of ITO (indium tin
oxide)/MoOj; (5 nm)/TAPC (30 nm)/host (30 nm)/TAPC (30 nm)/
Al (100 nm) and ITO/TmPyPB (30 nm)/host (30 nm)/TmPyPB
(30 nm)/LiF (1 nm)/Al (100 nm). The current density versus
voltage curves of the devices are shown in Fig. 4. Obviously, all
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Fig. 4 Current density versus voltage characteristics of the hole-only and
electron-only devices.

these unipolar devices can afford significant hole or electron
currents, demonstrating their bipolar transporting nature. As a
host, the bipolar character is preferable for balancing holes and
electrons and broadening the recombination zone of the EML
to alleviate the efficiency roll-off. It also can be seen that at the
same voltage, both the hole and electron currents of devices
based on TPA-L-BN are slightly lower than those of devices
based on TPA-BN, largely due to the difference in molecular
packing of the two molecules when forming thin films.*?

Electroluminescent properties

Inspired by the high thermal stabilities, suitable energy levels,
bipolar charge transporting capabilities, and excellent photo-
physical properties, especially the extremely high Er of TPA-L-BN,
both the compounds were further evaluated as the host in both
phosphorescent and TADF OLEDs using the device configuration
of ITO/MoO; (5 nm)/TAPC (60 nm)/mCP (10 nm)/EML (15 nm)/
TmPyPB (35 nm)/LiF (1 nm)/Al (100 nm) for various colors,
including blue, green, yellow, red, and white emission. MoO;
and LiF serve as the hole injection layer and electron injection
layer, respectively; TAPC is used as the hole-transporting layer
(HTL); mCP is used as the second HTL and the exciton blocking
layer; and TmPyPB serves as the electron-transporting layer and
the hole-blocking layer. The energy level diagrams and molecular
structures of the materials used in these devices are depicted in
Fig. 5. The key device data are summarized in Table 2.
Considering the relatively low Er at 2.44 eV, green and red
PhOLEDs based on TPA-BN were fabricated employing common
phosphorescent emitters Ir(ppy),(acac) and Ir(MDQ),(acac), respec-
tively. Fig. 6 shows the current density-voltage-luminance ( J-V-L),
the power efficiency and EQE versus luminance characteristics,
and the EL spectra of the two PhOLEDs. The relatively low turn-on
voltages (Von, at a luminance of 1 cd m™2) of 2.8 and 3.0 V for green
and red PhOLEDs, respectively, were achieved because of the
excellent matching of the energy levels of TPA-BN with those of
the carrier transporting materials. The EL spectra of the green and
red PhOLEDs in the inset of Fig. 6b are the typical emission of
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Fig. 5 Schematic energy level diagram and the molecular structures of
the used materials, including 1,1-bis((di-4-tolylamino)phenyl)cyclohexane
(TAPC), 1,3-bis(carbazol-9-yl)benzene (MmCP), bis[4-(9,9-dimethyl-9,10-
dihydroacridine)phenyllsulfone (DMAC-DPS), iridium(ii) bis(4’,6’-difluoro-
phenylpyridinato)tetrakis(1-pyrazolyl)borate (FIr6), iridium(n) bis(4,6-(difluoro-
phenyl)pyridinato-N,CZ’)picolinate (Flrpic), iridium(n) bis(2-phenylpyridinato-
N,Cz/)acetylacetonate (Ir(ppy)z(acac)), iridium(in) bis(4-phenylthieno(3,2-c]pyr-
idinato—N,C2,)acetylacetonate (PO-01), iridium(in) bis(2-methyldibenzolf,hl-
quinoxaline)acetylacetonate (IrfMDQ),(acac)), and 1,3,5-trilm-pyrid-3-yl-
phenyl)benzene (TmPyPB).

Ir(ppy).(acac) and Ir(MDQ),(acac) with Commission Internationale
de L’Eclairage (CIE) coordinates of (0.321, 0.629) and (0.611, 0.387),
indicating the effective energy transfer from TPA-BN to the emit-
ters. The maximum EQE values of 20.3% and 21.4% were achieved
by the green and red PhOLEDs, respectively, accompanied by the
maximum power efficiencies (PEs) of 69.2 and 38.0 Im W™
In addition, the EQE values remained over 19% for both devices
at a high luminance of 1000 cd m~? (Table 2), suggesting a low
efficiency roll-off. These results indicate that TPA-BN can be good
candidate for hosting green to red OLEDs.

The high Er of 2.95 eV of TPA-L-BN indicates its ability to
serve as host for deep blue to red emitters. To confirm this,
first, the phosphorescent deep blue emitter FIr6, blue emitter
FIrpic, and blue TADF emitter DMAC-DPS were chosen as dopants
to fabricate blue phosphorescent and TADF devices. As shown in
Fig. 7a and Table 2, the three devices have the same turn-on
voltage of 3.2 V. However, the two blue PhOLEDs exhibited
different J-V characteristics, probably due to the different emission
mechanisms of the two phosphorescent emitters. At a doping
concentration of 10 wt%, FIr6 has been proved to be able to

This journal is © The Royal Society of Chemistry 2019
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Table 2 Summary of the EL data of the phosphorescent and TADF OLEDs
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EML? EQE (%)

Host Guest Vor? (V) Max.® @10007 CEpn’ (cdA™)  PEmed ImW™')  CIE® (x, y)
TPA-BN Ir(ppy)a(acac) 2.8 20.3 19.0 76.6 69.2 (0.321, 0.629)
TPA-BN Ir(MDQ),(acac) 3.0 21.4 19.1 37.9 38.0 (0.611, 0.387)
TPA-L-BN  FIr6 3.2 18.3 15.9 39.3 33.5 (0.170, 0.285)
TPA-L-BN  Flrpic 3.2 19.8 15.6 43.9 38.2 (0.161, 0.320)
TPA-L-BN  DMAC-DPS 3.2 19.3 17.5 34.9 27.3 (0.163, 0.221)
TPA-L-BN  Ir(ppy)s(acac) 2.8 20.0 19.4 76.2 70.5 (0.314, 0.637)
TPA-L-BN  PO-01 3.0 20.4 18.1 70.4 72.1 (0.475, 0.522)
TPA-L-BN  Ir(MDQ),(acac) 3.0 20.5 18.7 36.2 31.4 (0.612, 0.387)
TPA-L-BN  Flrpic, PO-01 3.0 21.7 19.5 62.8 57.8 (0.335, 0. 432)/57
TPA-L-BN  DMAC-DPS, PO-01 3.0 21.1 18.7 53.8 48.8 (0.291, 0. 345)/63
TPA-L-BN  Flrpic, Ir(ppy),(acac), I(MDQ),(acac) 3.0 23.4 20.5 57.1 53.6 (0.380, 0.440)/83"

“ The uniform device structure: ITO/MoO; (5 nm)/TAPC (60 nm)/mCP (10 nm)/EML (15 nm)/TmPyPB (35 nm)/LiF (1 nm)/Al (100 nm). Doping
concentrations are fixed at 10 wt% for monochrome OLEDs and 15 wt% FIrpic or DMAC-DPS: 1 wt% PO-01 for complementary color WOLEDs. The

EML of the three primary color WOLED is TPA-L-BN: 8 wt% Ir(MDQ),(acac) (8 nm)/TPA-L-BN: 5 wt% Ir( gpy)z acac) (3 nm)/TPA-L-BN: 15 wt% Flrpic

(4 nm). ® The a?phed voltage required for 1 cd m ™2
efficiency (CE).
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Fig. 6 (a) Current density—voltage—luminance (J-V-L) characteristics,
(b) power efficiency and EQE as a function of luminance, and the normalized
EL spectra (inset) of the green and red PhOLEDs based on TPA-BN.

transport charge efficiently,”® while the primary emission mecha-
nism of FIrpic has been demonstrated to be the energy transfer
process because of the independent J-V characteristics on Flrpic
concentrations.” The maximum EQE values of 18.3% and 19.8%
for the deep blue and blue PhOLEDs, respectively, demonstrate the

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) J-V-L characteristics, (b) power efficiency and EQE as a

function of luminance, and normalized EL spectra (inset) of the blue
phosphorescent and TADF OLEDs based on TPA-L-BN.

ability of TPA-L-BN to host deep blue and blue phosphorescent
emitters. The maximum PEs of the two devices reached
33.5 Im W for FIr6 and 38.2 Im W' for Flrpic, respectively,
as shown in Fig. 7b. The blue TADF device also revealed a high
maximum EQE of 19.3%, a current efficiency (CE) of 34.9 cd A™ %,
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and a PE of 27.3 Im W, The EL spectra of the three blue OLEDs
are depicted in the inset of Fig. 7b. Inspired by the excellent
performance of the TPA-L-BN based blue OLEDs, a series
of PhOLEDs were fabricated with Ir(ppy),(acac), PO-01, and
Ir(MDQ),(acac) as the green, orange, and red dopants, respec-
tively. The J-V-L characteristics, PE and EQE curves, and EL
spectra of these devices are shown in Fig. S3 (ESIt). It can be
seen that low turn-on voltages of 2.8 to 3.0 V, high maximum
EQE values over 20%, and EQEs higher than 18% at a luminance
of 1000 cd m™~? were achieved in these three TPA-L-BN hosted
PhOLEDs. The excellent performances of these devices substan-
tially demonstrate the unique universal feature of TPA-L-BN as a
host for both phosphorescent and TADF emitters.

To further verify the universality of TPA-L-BN as a host, a
series of single-host WOLEDs were fabricated with the same
abovementioned device structure where the EML was carefully
designed to obtain stable white emission. The white EMLs
usually employ emissive materials emitting two complementary
colors (blue and orange) or three primary colors (blue, green,
and red), to sufficiently cover the whole visible spectrum. Due
to the simple structure and low fabrication cost, much attention
has been paid to the single-EML structures in phosphorescent
WOLEDs. Here, TPA-L-BN was first employed to fabricate the fully
phosphorescent single-EML WOLED (device W1) where Flrpic and
PO-01 were selected as complementary emitters with doping
concentrations of 15 wt% and 1 wt%, respectively. As expected,
device W1 showed excellent EL performance with a maximum CE
of 62.8 cd A™', a maximum PE of 57.8, and a maximum EQE of
21.7%. The EQE value was slightly reduced to 19.5% at a
luminance of 1000 cd m™2, as displayed in Fig. 8 and Table 2.
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In Fig. 8d, the EL spectrum showed a balanced blue and orange
emission with the intrinsic emission from both FIrpic and PO-01
with CIE coordinates of (0.335, 0.432) at 8 V. When the voltage
increased from 5 to 11 V, a small CIE coordinate variation of
(0.005, 0.003) demonstrated the good color stability of device W1.
The high efficiencies, low efficiency roll-off, and stable chromati-
city of device W1 can be attributed to the high Ey value and bipolar
feature of TPA-L-BN, and the precise manipulation of charges and
excitons through the device structure and doping strategy in
EMLs.*® Encouraged by the satisfactory performance of device
W1, the TADF/phosphorescent hybrid single-EML WOLED
(device W2) was prepared by using the blue TADF emitter DMAC-
DPS combined with the orange phosphorescent emitter PO-01
as complementary emitters. Maximum CE, PE, and EQE values
of 53.8 cd A™', 48.8 Im W, and 21.1% were obtained with
stable cool white emission (Fig. 8 and Table 2). It is noteworthy
that the color rendering index (CRI) values of 57 and 63 for W1
and W2, respectively, are relatively low because of the two
complementary color systems. To improve the CRI, the single-
host three primary color WOLED (device W3) was fabricated
where the EML was optimized as TPA-L-BN: Ir(MDQ),(acac)
(8 Wt%, 8 nm)/TPA-L-BN: Ir(ppy)s(acac) (5 wt%, 3 nm)/TPA-L-BN:
Flrpic (15 wt%, 4 nm)."" The impressive performance of device W3
was also achieved with a peak EQE of 23.4% and a slight decline to
20.5% at 1000 cd m>. The CIE coordinates varied very slightly
from (0.379, 0.441) at 5 V to (0.380, 0.439) at 11 V, demonstrating
high color stability (Fig. 8f). Furthermore, the spectrum of device
W3 showed a rather high CRI maintained at 83 across the whole
range of luminance. Overall, effective carrier/exciton confinement,
balanced charge carriers, broad and stable distribution of the
recombination region, and optimization of the EML for efficient
energy transfer give rise to these excellent device results for
TPA-L-BN based WOLEDs.

Besides high efficiency, a long operational lifetime is also
essential for the OLED technology to achieve practical applica-
tions. Bipolar hybrids with a flexible linkage have the potential
for strengthening the morphological stability of a glassy EML
against phase separation and crystallization.***"**** As shown
in Fig. 9, thermal annealing of amorphous neat films and
doped films with Ir(ppy),(acac) of TPA-BN and TPA-L-BN exhibited
widely varying morphological stability. After thermal annealing at
40 °C for 48 h, both TPA-L-BN films remained amorphous, while
the polycrystalline nature was observed by polarizing optical
microscopy with both the neat film and doped film of TPA-BN.
The morphological stability of the TPA-L-BN films should con-
tribute at least in part to the longevity of the corresponding OLEDs.
To confirm this, the lifetime of the green PhOLEDs was evaluated
with the device structure of ITO/MoOj; (5 nm)/NPB (80 nm)/TPA-BN
or TPA-L-BN: Ir(ppy),(acac) (8 wt%, 15 nm)/BCP (10 nm)/Alqs
(30 nm)/LiF (1 nm)/Al (100 nm). Fig. 9e shows the lifetime
curves of the green PhOLEDs measured at an initial luminance
of 3000 cd m 2. The device hosted by TPA-L-BN showed a much
longer lifetime than that of the device using TPA-BN as a host,
indicating the crucial role of the flexible spacer to maintain the
morphological stability of the host materials in the solid state
and render a longer lifetime of the device.

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Polarizing optical micrographs of spin-cast films of (a) TPA-L-BN,
(b) TPA-L-BN: 8 wt% Ir(ppy)z(acac), (c) TPA-BN, and (d) TPA-BN: 8 wt%
Ir(ppy)z(acac) under thermal annealing at 40 °C for 48 h, and (e) normalized
luminance of as a function of operating time for the green PnOLEDs using the
two hosts.

Conclusions

In summary, two representative hybrid compounds with distinct
chemical linkages, TPA-BN and TPA-L-BN, were synthesized to
evaluate their potential as hosts for both phosphorescent and
TADF OLEDs. The systematical characterization of their thermal,
morphological, electrochemical, photophysical, charge transport-
ing, and electroluminescent properties revealed that the non-
conjugated hybrid TPA-L-BN with a flexible aliphatic spacer could
serve as a universal host material for highly efficient and stable
phosphorescent and TADF OLEDs. With a high Er value, suitable
frontier molecular orbital levels, bipolar charge carrier transport-
ing capability, and excellent morphological stability, TPA-L-BN was
utilized for hosting deep blue to red emitters in a simple and
unified device structure. The monochrome phosphorescent and
TADF OLEDs hosted by TPA-L-BN revealed high efficiencies
and low roll-offs with various colors from DMAC-DPS, FIr6,
FIrpic, Ir(ppy).(acac), PO-01, and Ir(MDQ),(acac). In addition,
the single-host WOLEDs achieved both high efficiencies and
stable white emission by adopting not only all phosphorescent

This journal is © The Royal Society of Chemistry 2019
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but also TADF/phosphorescent hybrid EMLs. The three primary
color WOLED showed an improved CRI of 83 which was indepen-
dent of the driving voltage in the range of 5 to 11 V. Moreover,
the operational lifetime of the TPA-L-BN hosted device was
considerably enhanced compared to that of the device based on
TPA-BN. Altogether, the introduction of the flexible linkage has
been demonstrated to be an effective approach to construct
universal host materials for highly efficient and stable phos-
phorescent and TADF OLEDs.
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