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ABSTRACT: A novel bipolar oligomer (TPA-PO); was
prepared as a host material for efficient blue phosphorescent
organic light-emitting diodes (OLEDs). Through the C-9s of
the fluorene units, three triphenylamine units attached to
diphenylphosphine oxide are connected in series to form a
macrocyclic structure. The solution-processed phosphorescent
device based on Flrpic and (TPA-PO); achieved a maximum
current efficiency of 19.4 cd A™' and a maximum luminance of
11 500 cd m™ with a relatively low efficiency roll-off.

lue phosphorescent host materials have been intensively
studied due to their significance in the development of
high efficiency phosphorescent organic light-emitting diodes
(PhOLEDs).! In order to prevent reverse energy transfer from
the guest molecules back to the host molecules within the
emitting layer (EML) of a PhAOLED, it is favored that the triplet
energies (Ep) of host molecules be higher than those of the
guest molecules (dopants).” This becomes rather challenging
for blue phosphorescent host materials, compared with the red
and green ones. To achieve such a high Er, it is crucial to limit
the extent of the conjugated system in the host molecules,"™
which often means a relatively small molecular size. On the
other hand, bulky and steric molecules tend to form a
morphologically stable and uniform amorphous thin film,
thus extending the device operation lifetime.* Recently, thanks
to many special characteristics such as high triplet energy,
excellent solution processability as polymers, well-defined
molecular structures, ease of purification, and characterization
as small molecules, the potential of monodisperse oligomers
has been realized as a new class of host materials for solution-
processed PhOLEDs with high efficiencies.®
In addition, host materials with good carrier transporting
properties are required to increase the efficiency of PAOLEDs.
Consequently, considerable efforts have been devoted to
bipolar host materials which can transport holes and electrons
simultaneously to achieve better charge balance in the EML,
thereby improving the efficiency of PhOLEDs.” To date,
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triphenylamine (TPA) as well as carbazole has been widely
utilized as a hole transporting (HT) unit for constructing
bipolar hosts owing to their good hole transporting ability and
high Er, while the electron transporting (ET) units have many
choices."“® Among them, diphenylphosphine oxide (PO) has
been proven to be an effective functional group for electron
injection and transportation."“**” The good electron mobility
of PO-based materials endows them with a good charge balance
in the EML, and the phosphorus center can act to interrupt the
7—7 conjugation between adjacent aryl groups, affording a high
Ep greater than 2.7 ev.P

Previously, we successfully constructed some monodisperse
macrocyclic oligomers by the Friedel—Crafts reaction proce-
dure for blue electroluminescence diodes.’*'® In these
products, the linkage by the quaternary carbon atoms of the
fluorene moiety (C-9) effectively blocks the conjugation
extension of the triphenylamine (or carbazole) units, which
helps to maintain the triplet energy of TPA. In this letter, we
report another novel three-dimensional (3D) oligomer as a
bipolar host which employs TPA as an HT unit and PO as an
ET unit. In the synthesized molecule, three PO-attached TPA
units are connected in series through the sp>-hybridized C-9s of
the fluorene units to form a macrocyclic core, with three
fluorene units as pedants. Due to such a bulky and steric
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nonconjugated 3D structure with a hollow space, this bipolar
macrospirocyclic oligomer may have the advantages of (1) high
solubility, (2) reduced intermolecular interaction, (3) high
triplet energy, and (4) easy doping capability.

The synthetic route of oligomer (TPA-PO); is shown in
Scheme 1. First, 4-bromo-N-(4-bromophenyl)-N-phenyl-aniline

Scheme 1. Synthetic Route of (TPA-PO),
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(1) was treated with n-Buli at —78 °C in tetra-hydrofuran
(THF), followed by adding diphenylphosphine chloride to
yield 4-bromo-N-(4-(diphenylphosphanyl)phenyl)-N-phenyl-
aniline (2). Then, after lithium—halogen exchange of n-BuLi
with compound 2 at —78 °C in THEF, a solution of 2,7-di-tert-
butyl-9H-fluorene-9-one in THF was added, followed by
hydrogen peroxide oxidation of the resulting product to yield
the monomer TPA-PO-OH (3). Finally, the macrocyclic
oligomer was then synthesized by self-condensation of TPA-
PO-OH through a Friedel—Crafts reaction. The final Friedel—
Crafts reaction afforded a relatively high yield of 41.8% for
(TPA-PO), (4) after column chromatography purification.

The purity and structure of the oligomer were confirmed by
MS and NMR spectroscopy. After the Friedel—Crafts reaction,
the characteristic peak of the C-9 of the fluorene units moves
from 83.7 to 64.7 ppm in *C NMR spectra, which is due to the
disappearance of the electron-withdrawing hydroxyl group and
formation of a quaternary carbon center (see the Supporting
Information). In addition, the typical triplet peaks of the para-
proton on TPA in TPA-PO-OH disappear after the reaction, as
can be seen in the 'H NMR spectra. Furthermore, the
symmetrical double—double peaks of ortho- and meta-protons
on the TPA unit in the 'H NMR spectrum of the oligomer also
indicate the symmetric nature of the molecule (see Supporting
Information). These results suggest the bond formation
between the para-carbon atom of the TPA unit and the C-9
of the fluorene unit after the reaction, which is consistent with
what we predicted. Finally, the product was analyzed by
MALDI-TOF MS. A single peak at m/z 2159.2S in the mass
spectrum corresponds to the macrocyclic trimer (calculated m/
z2158.00). All of these results show that the desired compound
was obtained with high purity.

The thermal properties of (TPA-PO), were investigated by
differential scanning calorimetry (DSC) and thermal gravi-
metric analysis (TGA), with results shown in Figure 1. The
TGA curve demonstrates the excellent thermal stability of
(TPA-PO),, with 5% weight loss at a temperature over 450 °C.
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Figure 1. TGA and DSC curves of oligomer (TPA-PO);.

Additionally, only an endothermic peak at 247 °C correspond-
ing to glass transition is observed on its DSC curve from S0 to
300 °C, indicating that a stable amorphous structure at
temperatures below 247 °C can be expected in spin-coated
(TPA-PO); films. These results reveal the excellent thermal
properties of (TPA-PO);. Atomic force mircoscopy (AFM) was
employed to investigate the morphology of the solution-
processed (TPA-PO); doped with 15 wt % Flrpic film and
(TPA-PO); film at an annealing temperature of 120 °C for 2 h
under a nitrogen atmosphere on the ITO substrate. The AFM
images reveal that the morphologies are quite smooth and
homogeneous with a small root-square roughness of 0.39 and
0.38 nm, respectively. This demonstrates that (TPA-PO); with
a hollow space structure has a good film-forming property and
easy doping capability.

Figure 2a shows the UV—vis absorption, photoluminescence
(PL) spectra in toluene, and PL spectrum in the thin film of
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Figure 2. (a) UV—vis absorption and PL spectra in toluene; PL
spectrum in thin film; and phosphorescence spectrum of oligomer
(TPA-PO); in 2-MeTHF glass matrix at 77 K. (b) Cyclic
voltammogram (five successive scans) of oligomer (TPA-PO); vs
Ag/AgCl.

(TPA-PO), at room temperature. The maximum absorption
and PL peaks are located at 317, 393, and 419 nm, respectively.
The phosphorescence (PH) spectrum measured in a 2-
methyltetrahydrofuran (2-MeTHF) matrix at 77 K is also
depicted in Figure 2. The Ey of (TPA-PO); is determined to be
2.81 eV from the highest-energy vibronic sub-band of the
phosphorescence spectrum, and it is sufficiently high enough to
confine the triplet excitons of Flrpic efficiently. The quantum
yield of (TPA-PO); was measured to be 0.56 in dilute
dichloromethane solution using 9,10-diphenylanthrecene as the
fluorescence standard (¢; = 0.90 in cyclohexane).

Cyclic voltammetry was performed to investigate the
electrochemical properties of (TPA-PO);, and the cyclic
voltammogram (five successive scans for the p-doping process)
is shown in Figure 2b. The HOMO energy level determined
from the onset of oxidation potential is —5.30 eV for (TPA-
PO); (relative to vacuum energy level), and the LUMO energy
level deduced from HOMO and the photophysical data
(absorption onset) is estimated to be —1.92 eV. Noticeably,
upon repeated scanning, (TPA-PO), exhibits reversible
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oxidation behavior, which proves that (TPA-PO), is a
macrocylic trimer rather than a linear trimer, and the
electrochemically active sites of TPA can be effectively blocked
with a macrocylic structure, therebzf endowing (TPA-PO); with
excellent electrochemical stability.”™

To gain insight into the electronic structure of the oligomer,
density functional theory (DFT) calculations with the B3LYP
and 6-31G(d,p) basis set were performed using the Gaussian 09
package (see the Supporting Information for details). The
optimized geometry of (TPA-PO); shown in Figure 3 suggests
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Figure 3. Optimized geometry and HOMO-LUMO spatial
distributions of oligomer (TPA-PO)s.

that the 3D architecture of the molecule consists of three PO-
attached triphenylamine units connected in series through three
sp*-hybridized carbon atoms as the ring and three fluorene units
as pedants, affording a highly steric molecular structure. This
steric 3D structure is expected to effectively suppress
intermolecular interactions, aggregation, and excimer formation
in the EML, which, consequently, can enhance PhOLED
efficiency."’ The HOMO and LUMO energy levels of (TPA-
PO); were calculated to be —5.09 and —0.95 eV, respectively.
As shown in Figure 3, the HOMO and LUMO of (TPA-PO),
are quite separated, with the HOMO mainly localized on the
core triphenylamine units and LUMO predominately on
fluorene units. The separation of the HOMO and LUMO is
preferable for efficient carrier transport and the prevention of
reverse energy transfer in the EML of PhOLEDs."

The hole-only and electron-only devices with configurations
of ITO/PEDOT:PSS (15 nm)/(TPA-PO); (30 nm)/mCP (15
nm)/Ag and ITO/TPBI (15 nm)/(TPA-PO), (30 nm)/TPBI
(15 nm)/Ca (10 nm)/Ag were fabricated (see the Supporting
Information). The results reveal that the oligomer has a bipolar
property. The relatively lower hole-transporting capacity of
(TPA-PO), probably results from its highly steric config-
urations, which decreases the solid stacking density of the film,
and therefore weakens the hole-transporting property. To
evaluate the suitability of using the oligomer as a host material
for solution-processed blue PhOLEDs, we prepared the
phosphorescent device with the following device structure:
ITO/PEDOT:PSS (25 nm)/(TPA-PO);:15 wt % Flrpic (35
nm)/TPBI (35 nm)/Ca (10 nm)/Ag. The electroluminescence
(EL) spectra of the (TPA-PO);-based device over the entire
range of operating voltages are shown in Figure 4. The EL
spectra exhibit typical emissions from Flrpic with no emission
originating from the adjacent organic layers, which suggests that
triplet energy was efficiently transferred from (TPA-PO);
(host) to Flrpic (guest) resulting from the higher triplet
energy of (TPA-PO), and that PEDOT:PSS and TPBI
effectively confined the excitons within the EML. Figure 4
also displays the current density—voltage—luminance character-
istics and the current efficiency—luminance—power efficiency
curve of this PAOLED. A relatively high turn-on voltage of 6 V
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Figure 4. (a) Current density—voltage—luminance characteristics and
(b) current efficiency—luminance—power efficiency characteristics of
the blue PAOLED with configuration of ITO/PEDOT:PSS (25 nm)/
(TPA-PO);:1S wt % Flrpic (35 nm)/TPBI (35 nm)/Ca (10 nm)/Ag.
Inset: EL spectra of the device at 7, 8, 9, 10, and 11 V, respectively.

may result from the electron injection barrier at the TPBI/
emitting layer interface due to the higher-lying LUMO energy
level of —1.92 eV for (TPA-PO);. The device achieved a
maximum current efficiency of 19.4 cd A™" at 45 cd m™ with a
maximum power efficiency of 9.0 Im W'~ and a maximum
external quantum efficiency (EQE) of 8.2%. The luminance
reached 11500 cd m™ at 13.8 V. Notably, at the luminance
levels of 100 and 1000 cd m™?, the current efficiencies remain
as high as 18.7 cd A™' (8.4 Im W'~ and EQE of 8.0%) and 17.7
cd A™' (6.7 Im W' and EQE of 7.5%), respectively,
manifesting a relatively low efficiency roll-off at high driving
voltages. This efficiency compares very well to the performance
of dendritic oligomer based blue electrophosphorescent devices
fabricated by a solution procedure.”"

In conclusion, we have synthesized a novel macrospirocyclic
oligomer (TPA-PO); using a simple Friedel—Crafts reaction.
The extended molecular size with nonconjugated structure
improves the solution process ability and thermal stability,
without lowering its triplet energy and affecting its optical
properties. The solution-processed blue PhOLED based on
Flrpic and (TPA-PO); has achieved a maximum current
efficiency of 19.4 cd A™' and a maximum luminance of 11 500
cd m™* with a relatively low efficiency roll-off, demonstrating its
promise as a blue host material.
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Experimental procedures, 'H NMR, BCNMR, 3P NMR,
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