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Fluorescence

Hypsochromic Shift of Multiple-Resonance-Induced Thermally
Activated Delayed Fluorescence by Oxygen Atom Incorporation
Hiroyuki Tanaka, Susumu Oda, Gaetano Ricci, Hajime Gotoh, Keita Tabata,
Ryosuke Kawasumi, David Beljonne, Yoann Olivier, and Takuji Hatakeyama*

Abstract: Herein, we reported an ultrapure blue multiple-
resonance-induced thermally activated delayed fluorescence
(MR-TADF) material (n-DABNA-O-Me) with a high photo-
luminescence quantum yield and a large rate constant for
reverse intersystem crossing. Because of restricted p-conjuga-
tion of the HOMO rather than the LUMO induced by oxygen
atom incorporation, n-DABNA-O-Me shows a hypsochromic
shift compared to the parent MR-TADF material (n-DABNA).
An organic light-emitting diode based on this material exhibits
an emission at 465 nm, with a small full-width at half-
maximum of 23 nm and Commission Internationale de
l�Eclairage coordinates of (0.13, 0.10), and a high maximum
external quantum efficiency of 29.5%. Moreover, n-DABNA-
O-Me facilitates a drastically improved efficiency roll-off and
a device lifetime compared to n-DABNA, which demonstrates
significant potential of the oxygen atom incorporation strategy.

Recently, thermally activated delayed fluorescence (TADF)
materials[1] have garnered significant attention as efficient
emitters for application in organic light-emitting diodes
(OLEDs).[2] This can be attributed to their expected internal
quantum efficiency (IQE) of 100 % without employing pre-
cious metals. In such systems, a small singlet–triplet energy
gap (DEST) is necessary to facilitate upconversion from the
non-radiative lowest triplet excited state (T1) to the radiative
lowest singlet excited state (S1) through reverse intersystem
crossing (RISC). The most common strategy to attain a small
DEST involves the separation of the highest occupied molec-
ular orbital (HOMO) and lowest occupied molecular orbital
(LUMO) through the introduction of donor and acceptor

groups.[3] However, donor-acceptor (D-A) type TADF mate-
rials display large Stokes shifts and broadened emission
spectra owing to structural relaxation in the excited states.
The typical full widths at half-maxima (FWHMs) are above
70 nm, which hampers the practical applications of TADF
materials in OLED displays.

We previously reported an alternative strategy to separate
HOMO and LUMO, aimed at overcoming the aforemen-
tioned shortcomings. The reported strategy was based on the
multiple resonance (MR) effect of boron and nitrogen atoms.
For the first time, this strategy was employed to develop
DABNA-1 as a pure-blue TADF emitter.[4] In the molecule,
the LUMOs and HOMOs are localized on the ortho and para
positions of the boron and nitrogen atoms, respectively. The
MR-based HOMO/LUMO separation resulted in a low DEST

of < 0.20 eV; furthermore, a high photoluminescence quan-
tum yield (PLQY) and narrowband emission with an FWHM
of < 30 nm was obtained. This was attributed to the sup-
pressed vibronic coupling between the S0 and S1 states.[5]

Owing to the favorable properties of DABNA-1, a number
of MR-TADF materials,[6,7] were developed by introducing
a ring-fused structure[8] or appropriate substituents.[9] How-
ever, these materials exhibited a relatively small RISC rate
constant (kRISC; ca. 104 s�1), which can lead to efficiency roll-
off at high luminance intensities. Moreover, all the modifica-
tions are accompanied by a bathochromic shift due to the
extension of the p-conjugation, and deep blue emission
cannot be realized. Recently, we developed a new MR-TADF
n-DABNA[10] with a fully resonating extended p-skeleton
(Figure 1). Because of the CT delocalization,[11] n-DABNA
exhibited a significantly higher kRISC (2.0 � 105 s�1) and
realized an OLED exhibiting an excellent external quantum
efficiency (EQE) with a minimum efficiency roll-off (34.4 %/
32.8%/26.0% at 15/100/1000 cd m�2, respectively). Further-
more, the alternating localization of the HOMO–LUMO
suppressed the vibronic coupling between the S0 and S1 states
to exhibit an unprecedented sharp electroluminescence (EL)
emission with an FWHM of 18 nm. However, the emission
maximum of n-DABNA was 469 nm, which was slightly red-
shifted from that of DABNA-1 (459 nm) because of the p-
extension. As a result, the Commission Internationale de
l�Eclairage (CIE) coordinates (0.12, 0.11) were deviated from
the requirements defined by the National Television System
Committee (0.14, 0.08). Herein, we propose a novel MR-
TADF material (n-DABNA-O) possessing an oxygen atom
instead of a nitrogen atom (Figure 1). Because of its lower
atomic orbital energy, the oxygen atom restricts p-conjuga-
tion of the HOMO rather than the LUMO. This leads to
a larger deviation in the HOMO energy level (�0.16 eV) than
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the LUMO energy level (�0.13 eV). As a result, n-DABNA-
O exhibits a larger HOMO–LUMO gap and is consequently
expected to display a deeper blue emission than n-DABNA.

The synthesis of n-DABNA-O is summarized in Figure 2.
We aimed to construct the core skeleton via one-shot
borylation;[7,10] therefore, methyl and chlorine groups were
introduced to suppress the undesired borylation reactions.
Precursor 1 was synthesized in four steps from commercially
available starting materials (Supporting Information,
Scheme S1). The one-shot double borylation of 1 was carried
out with a stoichiometric amount of BI3

[7, 12] at 90 8C to obtain
a 51 % yield of intermediate 2. In the presence of a catalytic

amount of bis(di-tert-butyl(3-methyl-2-butenyl)phosphine)di-
chloro palladium (NECO-296), cross-coupling reaction with
bis(3,5-dimethylphenyl)amine took place at 130 8C to result in
a 59% yield of n-DABNA-O-Me. These processes are
scalable and suitable for structural modification by introduc-
ing various substituents to adjust the photophysical properties
for a variety of applications.

The photophysical properties of n-DABNA-O-Me in the
form of a thin film (1 wt% doped in polymethyl methacrylate
(PMMA)) are presented in Figure 3. The ultraviolet (UV)-
visible absorption spectrum revealed a strong absorption
band corresponding to the HOMO–LUMO transition, with
a maximum at 449 nm (Figure 3a). The fluorescence spec-
trum at 300 K revealed a strong and sharp deep-blue emission
band at 464 nm (Figure 3a), which is blue-shifted by 5 nm
from that of n-DABNA.[10] The Stokes shift and FWHM were
exceedingly small (15 and 24 nm, respectively), indicating that
the non-bonding HOMO and LUMO minimize the vibronic
coupling between the S1-S0 transition and stretching/scissor-
ing vibrations. To determine DEST, we recorded the emission
spectra of the n-DABNA-O-Me film at 77 K with and without
delay (Figure 3b). At a delay of 25 ms, the emission maximum
was red-shifted by 22 nm (i.e., from 466 to 488 nm), which was
attributed to phosphorescence. Based on the emission max-
imum of each spectrum, DEST was estimated to be 29 meV

Figure 1. a) Design of MR-TADF materials by the oxygen atom incor-
poration. b) Kohn–Sham frontier orbitals of n-DABNA and n-DABNA-O
calculated at the B3LYP/6–311+ G(d,p) level of theory. and the
oscillator strength (f) and S0-S1 transition energy (DE, l) at the
ADC(2)/def2-SVP//B3LYP/6–311 +G(d,p) level of theory.

Figure 2. Synthesis of n-DABNA-O-Me.

Figure 3. Photophysical properties of n-DABNA-O-Me in PMMA (1 wt%-doped film). a) Absorption (blue) and fluorescence (red) spectra at 300 K.
b) Fluorescence spectra at 77 K with (green)/without (red) a delay time of 25 ms. c) Transient decay spectrum at 300 K and its associated
photophysical properties. The red curve represents the single exponential fit of the data with a background of 5. FF (FTADF) and tF (tTADF):
quantum yield and lifetime of fluorescent (TADF) components, respectively; kF, kIC, kISC, and kRISC: rate constants of fluorescence, internal
conversion, intersystem crossing, and reverse intersystem crossing, respectively. d) Transient decay spectra at 77 (green), 100 (magenta), 150
(purple), 200 (blue), 250 (orange), and 300 K (red). e) Arrhenius plot of kRISC and kISC vs. 1/T.
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from onset (119 meV from peak top), larger than that of n-
DABNA (18 meV).[14] This trend is in excellent agreement
with the DEST computed by the second-order algebraic
diagrammatic construction (ADC(2)) method, which
amounts to 42 meV and 55 meV for n-DABNA and n-
DABNA-O-Me, respectively.[14] In addition, the transient
spectrum of the film was measured to evaluate the TADF
properties (Figure 3c). Based on the quantum yields (FF =

0.72 and FTADF = 0.18) and lifetimes (tF = 5.1 ns and tTADF =

7.7 ms) of the fluorescence (prompt) and TADF (delayed)
components, the rate constants for fluorescence (kF), internal
conversion (kIC), intersystem crossing (kISC), and reverse
intersystem (kRISC) were calculated to be 1.4 � 108, 1.6 � 107,
4.0 � 107, and 1.6 � 105 s�1, respectively, using a method pro-
vided in the literature.[13] Notably, n-DABNA-O-Me exhib-
ited a kRISC value that was comparable to that of n-DABNA
(2.0 � 105 s�1). The increase in DEST of n-DABNA-O-Me with
respect to n-DABNA comes along with an increase in spin-
orbit coupling (SOC), as computed from TD-DFT calcula-
tions within the Tamm-Dancoff approximation using the
PBE0 functional and the double zeta polarized basis set[14]

( S1 ĤSO

�
�

�
�Tn

D E

of n-DABNA: T1: 0.028 cm�1; T2: 0.051 cm�1, n-
DABNA-O-Me : T1: 0.032 cm�1; T2: 0.054 cm�1, respectively),
which give rise to the comparable kRISC values
(/ S1 ĤSO

�
�

�
�Tn

D E2
and exp(�DEST)).[15] Moreover, the

DET2-S1
of n-DABNA-O-Me computed to by the ADC(2)

method is smaller than that of n-DABNA (59 meV and
80 meV, respectively),[14] suggesting significant contribution
of T2 to the RISC process. The increase in S1 ĤSO

�
�

�
�Tn

D E

of n-
DABNA-O-Me with respect to n-DABNA is confirmed to be
due to the larger difference in the nature of the S1 and Tn

excited states[14] in line with El-Sayed rules.
The transient spectra at different temperatures (from 77

to 300 K) are shown in Figure 3d. The TADF component

decreases at lower temperatures, but remains conspicuous at
77 K. From the Arrhenius plots of kRISC vs. 1/T,[1a] the RISC
and ISC activation energies (DEa

RISC, DEa
ISC) were estimated

to be 19 and 5.2 meV, respectively, which are lower than those
of n-DABNA (DEa

RISC = 70 meV), thereby aiding the miti-
gation of the temperature dependency of device performance.
Low reorganization energies between Tn and S1 states (l = 17
and 69 meV for T1 and T2, respectively)[14] can account for the
low activation energy.[15]

To demonstrate the potential of the proposed emitter,
devices with the following structure were fabricated: indium
tin oxide (ITO, 50 nm); N,N’-di(1-naphthyl)-N,N’-diphenyl-
(1,1’-biphenyl)-4,4’-diamine (NPD, 40 nm); tris(4-carbazolyl-
9-ylphenyl)amine (TCTA, 15 nm); 1,3-bis(N-carbazolyl)ben-
zene (mCP, 15 nm); 1 wt% n-DABNA-O-Me emitter and
99 wt % DOBNA-Tol[8e, 16a] (20 nm); 3,4-di(9H-carbazol-9-
yl)benzonitril (3,4-2CzBN,[16b] 10 nm); 2,7-bis(2,2’-bipyri-
dine-5-yl)triphenylene (BPy-TP2,[16c] 20 nm); LiF (1 nm);
and Al (100 nm). The EL characteristics, ionization poten-
tials, and electron affinities of the device are shown in
Figure 4. The device exhibits a pure blue emission at 465 nm
with an FWHM of 23 nm; the corresponding CIE coordinates
are (0.13, 0.10), approaching the (0.14, 0.08) requirements
defined by the National Television System Committee.
Furthermore, the device exhibits excellent efficiencies of
29.5% at the maximum (1 cd m�2), 29.1% at 10 cd m�2, 28.8%
at 100 cdm�2, and 26.9% at 1000 cdm�2. Notably, the
efficiency roll-off of the device with n-DABNA-O-Me
(0.4%, 0.7%, and 2.6% at 10, 100, and 1000 cdm�2, respec-
tively) is lower than that with n-DABNA (8.4% at
1000 cdm�2)[10] and those observed for the recently reported
deep-blue OLEDs.[1c,e,i, 4, 7, 17] We assume that the relatively
high kRISC value (1.6 � 105 s�1) and balanced carrier injection
suppress the triplet-triplet[18] and triplet-polaron annihilation

Figure 4. OLED performance. a) Device structure, ionization potentials, and electron affinities (in eV) for each component. b) Normalized EL
spectra of the device in operation. Inset: electroluminescence of the device. c) CIE(x,y) coordinates. d) Current density (blue) and luminance
(green) vs. driving voltage. e) EQE vs. luminance. f) Current (blue) and power efficiency (green) vs. luminance.
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processes in the device. Notably, the device lifetime with n-
DABNA-O-Me is 10 times longer than that with n-DABNA
(LT50 = 314 and 31 h at 100 cdm�2, respectively),[10] which can
be ascribed to the use of 3,4-2CzBN and DOBNA-Tol instead
of TSPO1 and DOBNA-OAr, respectively. Although this is
insufficient for practical use, further improvement can be
realized through the structural modification of n-DABNA-O-
Me and the optimization of the device structure using an assist
dopant[19] or exciplex host system.[20]

In conclusion, in this study, we designed and synthesized
an ultrapure deep-blue MR-TADF emitter (n-DABNA-O-
Me) with a high quantum yield, a short TADF lifetime, and
a high kRISC value. The OLED employing the n-DABNA-O-
Me as the emitter exhibited an emission at 465 nm with an
FWHM of 23 nm, CIE coordinates of (0.13, 0.10), and
a maximum EQE of 29.5%, which is the record-setting
performance of blue TADF-OLEDs. Moreover, the device
provided considerably lower efficiency roll-off and longer
device lifetime than those with n-DABNA. The proposed
oxygen-atom-incorporation strategy for inducing the hypso-
chromic shift of the emission will pave the way for further
refinement and development of MR-TADF materials.
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