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Abstract

Two compounds, 2-methyl-9,10-bis(naphthalen-2-yl)anthracene (MADN), which has a single
anthracene unit, and 10,10'-diphenyl-9,9'-bianthracene (PPBA), which has two spatially orthogonal
anthracene units, were compared and investigated in terms of photoelectric characteristics and the
reverse intersystem crossing (RISC) process in organic light emitting diodes (OLEDs). Transient
electroluminescence (EL) measurements indicated large contributions of triplet-triplet annihilation
(TTA) for MADN but almost no contribution of TTA for PPBA. Magnetic field dependence of EL
for the two anthracene compounds were also different. EL of MADN was sensitive to the magnetic
field at high current density, but PPBA showed less dependence, which indicated the absence of the
TTA process for PPBA. TD-DFT calculation revealed that PPBA has doubly degenerate lowest triplet
states (T1 and T2) with much lower energy than Si which is unfavorable to thermally activated
delayed fluorescence (TADF). Near-zero AEst between highly excited states Sm>1 and Tn>2 i
favorable to RISC at a highly excited state. Oxygen quenching of photoluminescence only for PPBA
and decreasing EL intensity with decreasing temperature only for PPBA support the existence of the
RISC path from Th>2 to Sm>1. A high external quantum efficiency of 11% in the blue OLEDs with
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PPBA was obtained, indicating that this orthogonal anthracene type molecular design for the RISC
at a highly excited state would expand material development of compounds emitting blue
fluorescence for OLEDs.

Introduction

Organic light emitting diodes (OLEDSs) have thus far been used as an efficient lighting source in
applications such as general lighting, electric signage, and displays for smartphones and televisions.
OLEDs have several advantages over other inorganic lighting sources in terms of solution
processability and flexibility. On the other hand, improvement of energy conversion efficiency from
electricity to light must be developed for lighting sources to save energy consumption.

Phosphorescent complexes that have rare heavy metals such as iridium or platinum can achieve
100% of internal quantum efficiency (IQE) by utilizing triplet excitons that are generally non-
radiative in fluorescent molecules resulting in much less efficiency than that of the phosphorescent
devices. However, fluorescent compounds for OLEDs are preferred over phosphorescent compounds
because the practical long lifetimes of phosphorescent devices, especially blue-emitting devices, are
more difficult to achieve.! Thus, improving the efficiency of fluorescent OLEDs to the level of
phosphorescent OLEDs remains a challenge.

Two approaches to convert non-emissive triplet excitons to emissive singlet excitons in fluorescent
molecules have been put forward: triplet-triplet annihilation (TTA)? 2 and thermally activated delayed
fluorescence (TADF)*’. TTA is the triplet up-conversion process from two low-energy triplet
excitons (2-T1) to one high-energy singlet exciton (S1); here, IQE is expected to increase from 25%
t0 62.5%. Delayed electroluminescence (EL) derived from the spin conversion process is a noticeable
characteristic of the TTA process. On the other hand, TADF is the reverse intersystem crossing
(RISC) process from one triplet exciton (T1) to one singlet exciton (S1), and thus 100% of IQE can
be achieved. This process is conducted by reducing the energy gap between S; and T; states (AEsT),
which is generally large due to the electron exchange energy between these two states. TADF is also
characterized by delayed fluorescence and delayed EL.

In addition to the TTA and TADF approaches, the RISC at a higher energy state, intermolecular
electron-hole pair state (i.e. hot charge transfer (CT) state)® ° or higher excited state (T >2) via the
relaxation process'®*? has been proposed. It is hard to control AEst or make it near-zero at the
intermolecular electron-hole pair state because AEst is heavily dependent on the molecular packing
of its two neighboring molecules, whose spatial positions are almost random in the amorphous state.
On the other hand, in a single molecule, making AEst near-zero at higher excited states is not
dependent on the morphology. Suppressing relaxation from T, to Ty is also important in promoting
the RISC path from T, to Sm> 1, and relaxation from Sm to S; has to be allowed if the energy level of
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Tn is close to that of Sm> 1 rather than S;. Sato et al. theoretically demonstrated that in fluorescent
aromatic molecules, symmetry of frontier orbitals influences the selection rules for the electric dipole
transition, intersystem crossing, and nonradiative vibronic (electron-vibration) transitions.!t 3
Furthermore, Sato et al. have proposed, as a novel emitting mechanism, the fluorescent via higher
triplet (FvHT) mechanism, in which a pseudo degenerate excited electronic structure plays a crucial
role in suppressing relaxation from Ty, to the lower triplet states.™

In this study, we compared 2-methyl-9,10-bis(naphthalen-2-yl)anthracene (MADN), a compound
having a single anthracene unit, and 10,10'-diphenyl-9,9'-bianthracene (PPBA), a compound having
two spatially orthogonal anthracene units, in terms of photoelectric characteristics and the RISC
process in OLED devices. Chemical structures of the compounds are shown in Fig. 1a. The OLEDs
with PPBA having two spatially orthogonal anthracenes as a non-doped emitter showed an absence
of delayed electroluminescence, while the OLEDs with MADN having a single anthracene unit
exhibited a large delayed electroluminescence component derived from reproduced singlet excitons
through the TTA process. Magnetic field dependence of the devices with MADN was negative due
to suppression of the TTA process, whereas the devices with PPBA showed small positive
dependence on the magnetic field, also supporting the absence of the TTA process. TD-DFT
calculation revealed that isolated PPBA has doubly degenerate lowest triplet states (T1 and T2) with
much lower energy than S: in the Franck-Condon state, and near-zero AEst between highly excited
states Sm>1 and Tn>2. Small vibronic coupling constants between T and T+ support the forbidden
transition from Tn to T1,2. Oxygen quenching of PL only for PPBA, and decreasing EL intensity with
decreasing temperature only for PPBA, support the existence of the RISC path from Tn>2 10 Sm>1,
which is neither the TTA nor TADF processes involving the Ti» state. This is consistent with
calculations of TD-DFT, which suggest a FvHT mechanism with negative AEst between Ts and S.

Results and discussion

The molecular structure of PPBA was determined by single-crystal X-ray analysis (Fig. 1b). The two
covalently linked anthracene groups at the 9,9’-positions are spatially orthogonal to each other. UV-
vis spectra of the compounds are shown in Fig. S1. PPBA shows three absorption peaks derived from
vibronic structures at the same position as the peaks of MADN, suggesting that the So-S; transition
of PPBA is based on a localized single anthracene unit. On the other hand, the two compounds showed
different PL spectra in solution (Fig. 1c). As reported in a previous study on 9,9-bianthryl*1® PPBA
comprising a 9,9-bianthryl structure showed red-shifted PL spectra in polar solvents, demonstrating
the formation of intramolecular CT excited state in the solution, while PL of MADN was not
dependent on the polarity of the solvent, but rather ascribed to localized emission from the anthracene

unit.
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The PL lifetime of the neat films and the 1wt%-doped films N,N'-dicarbazolyl-4,4'-biphenyl (CBP)
was measured (Fig. S2 and Table S1). Both the compounds showed only nano second order prompt
decay without the micro second order delayed component characterized as the emission of TADF
compounds. The PL of the MADN-doped films showed single exponential transience with a lifetime
of 4.4 ns. On the other hand, PPBA showed double exponential decay and consisted of the
components with a lifetime of 3.5 ns and another component with a lifetime of 9.6 ns, supporting the
notion that emission of PPBA in CBP partially includes CT-like features. The transient PL of the neat
films was close to instrument response function, and the lifetime was around 1 ns.

Non-doped OLEDs with a ITO/1,1'-bis(di-4-tolyl-aminophenyl)cyclohexane (TAPC) (40
nm)/MADN or PPBA (20 nm)/ 1,3-bis[3,5-di(pyridin-3-yl)phenyl]benzene (B3PyPB) (40 nm)/LiF
(1 nm)/Al (80 nm) structure and doped OLEDs with a ITO/TAPC(40 nm)/CBP: 1wt% MADN or
PPBA (20 nm)/B3PyPB(40 nm)/LiF(1 nm)/Al(80 nm) structure were fabricated. Current density—
voltage and luminance-voltage plots are shown in Fig. S3, and the efficiencies are summarized in
Table S2. Delayed EL was measured just after applying a forward-pulse voltage and under applying
—2 V of the reverse-pulse voltage to eliminate any trapped charges (Fig. 2). The devices with 1wt%-
doped emitting layer of MADN and PPBA showed less delayed EL indicating that the contribution
of the TTA process is small due to diluted triplet excitons in the doped film. TTA is a bimolecular
process that converts two triplet excited states to one singlet exited state and one singlet ground state;
thus, the intensity of delayed EL is considered proportional to the square of the current density. In the
device with non-doped MADN, the intensity of the delayed EL component clearly increased as
current density increased, indicating a large TTA process contribution. In contrast to MADN, the
device with non-doped PPBA showed a shorter delay of the EL component and almost no dependence
on current density. This result demonstrated the absence of the TTA process in the non-doped PPBA
device. There are two likely reasons for this; the first is that T1 excitons with 1.7-1.8 eV on the
anthracene unit are not produced through the electrical excitation and relaxation process. Another one
is the existence of a faster quenching process of T1 excitons compared to the TTA process, possibly
caused by low T1 impurity. However, the latter is less likely because the compounds were thoroughly
purified by silica gel column chromatography and train sublimation, after which no impurities were
detected by HPLC.

With MADN, external quantum efficiency (EQE) of the non-doped emitting layer (EML) device
was higher than that of the doped EML device, although the photoluminescent quantum yields
(PLQY) of the MADN neat film are lower than that of doped MADN in CBP (Fig. 3). This result
also supports the large contribution of the TTA process in the non-doped MADN device. Contrary to
MADN, the non-doped EML device with PPBA showed lower efficiency than that of the doped
device. This is attributable to lower PLQY of the PPBA neat film compared to that of doped PPBA
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in CBP and supports almost no contribution of the TTA process of PPBA. In the doped devices,
PPBA showed much higher EQE than MADN. Maximum EQE for PPBA was 11%, which is one of
the highest values ever reported for blue fluorescence OLEDs. The EQE decreased as current density
decreased. This negative current dependence also does not support the TTA process and suggests the
existence of another RISC path. We also consider that the large roll-off of the efficiency should stems
from dissociation of the excitons under high electric filed, because the higher excited states involved
in the blue emission are close to energy level of hot carriers. Suppression of the efficiency roll-off is
challenging and currently studied. Previously Hu et al reported the similar bianthracene compounds
showing highly efficient blue EL.1” Those compounds also showed less dependence of transient EL
on current density and large roll-off of EQE. Hu et al mentioned that high EQE was caused by
efficient TTA process, but now we suppose that the previously reported bianthracene compounds also
involved the same mechanism in this study.

Magnetic field dependence of EL, shown in Fig. 4, was measured to further investigate the
contribution of the TTA process, which is known to exhibit negative dependence on the magnetic
field due to Zeeman splitting of the Ti state.® ' 1% The device structure is the following:
ITO/conductive polyamine (30 nm)/NPD(35 nm)/ MADN or PPBA (20 nm)/TPBi(40 nm)/LiF(1
nm)/Al. The hole injection layer, hole transporting layer, and electron transporting layer were
changed to more stable materials compared to those of the device in the transient EL measurement in
order to reduce degradation of the devices because the magnetic field dependence measurement
requires a longer time. The device with non-doped MADN showed positive dependence on the
magnetic field in low current density due to suppression of hyper fine coupling; however, as current
density increased, the magnetic field dependence become negative due to suppression of the TTA
process, which increases EL intensity. Contrary to MADN, the device with non-doped PPBA showed
only small positive dependence on the magnetic field.

Quantum chemical calculations at the TD-DFT B3LYP/6-311+G(d,p) level of theory revealed that
PPBA has pseudo degenerate lowest triplet states (T1 and T>) that are lower in energy than S; at the
Franck-Condon state by 1.11 eV (Fig. 5). The singlet-triplet energy gap is too large for TADF. The
excitation energy of the lowest triplets is 1.75 eV, and that of the lowest singlet state is 2.85 eV. These
results suggest that the emitting mechanism observed in PPBA is not the TADF mechanism.

The symmetry of the optimized structure is D2g, and the irreducible representations (irreps) of Sq,
Sz, and Sz are Az, B1, and Bs, respectively. It should be noted that, for an electric dipole transition to
So, Bz irrep is symmetry-allowed, and Az and B are symmetry-forbidden. We performed a geometry
optimization for the B3z Sz state and obtained the B3 Sz adiabatic state with an emitting wavelength of
443 nm and an oscillator strength of 0.3181. The calculated wavelength is consistent with the
experimental observation. The singlet states lower than the Bz Sz adiabatic state are still symmetry-
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forbidden. Therefore, we assign the fluorescent state to the Bz Sz state. This indicates that the
radiative/non-radiative transitions from Sz to the lower singlet states should be suppressed. Such anti-
Kasha’s rule behavior can be explained by the multiconfigurational structure of the electronic
wavefunction as discussed in Ref. 12. We calculated the energy levels with optimization at each
higher triplet state, and found that the optimized Ts state is slightly lower than the Sz state with near-
zero AEst = -21 meV. Small offdiagonal vibronic coupling constants are expected between Ts and
the lower triplet states, which suggest the suppressed transition from Ts because of the
multiconfigurational structure of the electronic wavefunction of Ts.'3

PL quenching by oxygen, shown in Fig. 6, showed a clear difference between MADN and PPBA.
PL spectra in toluene solution after argon bubbling or oxygen bubbling for 20 min in a 10 ml
volumetric flask were measured. The PL intensity of MADN was almost not quenched by oxygen,
although PPBA exhibited large quenching by oxygen. This result suggests that the exciton at S state
on the monoanthracene MADN cannot be transferred to the T state via intersystem crossing, but the
exciton at the S; state on the orthogonal bianthracene PPBA can be transferred to T: and finally
quenched by triplet oxygen. However, the S; exciton at the local monoanthracene cannot be directly
transferred to the T state as indicated by MADN. Therefore, in PPBA, the S: exciton should be
transferred to the Ty state through the Ty > > state.

Temperature dependence of EL intensity can provide us with useful information on the energy
difference between the triplet state and the excited singlet state (Fig. 7). If reverse intersystem
crossing from the triplet state to the excited singlet state occurs endothermically, EL intensity should
decrease as temperature decreases. However, in non-doped devices, EL intensity of both MADN and
PPBA increased as temperature decreased. This is because PL intensity largely increased as
temperature decreased due to suppression of nonradiative quenching by vibrational relaxation (Fig.
S4). On the other hand, EL intensity of the doped device for PPBA decreased as temperature
decreased, while the doped device for MADN showed almost the same EL intensity to temperature.
The negative dependence of PPBA on decreasing temperature cannot be attributed to changes in the
PLQY because the CBP host of the doped film of MADN and PPBA suppressed the concentration
quenching and the PL intensity was less sensitive to temperature. In the doped films, the contribution
of TTA to RISC is small, shown by the absence of delayed EL (Fig. 2). Therefore, these results
indicate that PPBA has an RISC path other than the Ty > state to the excited singlet state.

Conclusions

Monoanthracene compound MADN and spatially orthogonal bianthracene compound PPBA showed
different photophysical and electroluminescent properties. Transient EL measurement and magnetic
field dependence of EL revealed large TTA contributions of MADN and no contribution of PPBA.
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PL quenching by oxygen and negative temperature dependence of EL only for PPBA support the
FVHT mechanism with RISC from T, -2 to Sm> 1, suggested by the TD-DFT calculation. High EQE
of 11% for PPBA in blue OLEDs demonstrate the practical effectiveness of the molecular design.
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Fig. 1 (a) Chemical structure of MADN and PPBA. (b) Molecular structure of PPBA obtained by
single-crystal X-ray analysis, depicting dihedral angle and distance between centroids of the two
anthracenes. (c) PL spectra of MADN and PPBA.
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10,10'-Diphenyl-9,9'-bianthracene (PPBA) does not generate T, excitons in OLEDs, and RISC at
higher excited state is suggested.
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