15446 Wiley Online Library

Angewandte

Zuschriften

Light-Emitting Diodes

Deutsche Ausgabe: DOI: 10.1002/ange.201508270
Internationale Ausgabe: DOI: 10.1002/anie.201508270

Triarylboron-Based Fluorescent Organic Light-Emitting Diodes with
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Yasujiro Murata, Chihaya Adachi, and Hironori Kaji*

Abstract: Triarylboron compounds have attracted much
attention, and found wide use as functional materials because
of their electron-accepting properties arising from the vacant p
orbitals on the boron atoms. In this study, we design and
synthesize new donor—acceptor triarylboron emitters that show
thermally activated delayed fluorescence. These emitters dis-
play sky-blue to green emission and high photoluminescence
quantum yields of 87-100 % in host matrices. Organic light-
emitting diodes using these emitting molecules as dopants
exhibit high external quantum efficiencies of 14.0-22.8 %,
which originate from efficient up-conversion from triplet to
singlet states and subsequent efficient radiative decay from
singlet to ground states.

-rriarylboron (TAB) compounds have a vacant p-orbital on
the central boron atom so they possess attractive electron-
accepting properties. Donor-acceptor (D-A) systems with
a TAB acceptor and amine-based donor groups have received
considerable interest because of their strong intramolecular
charge transfer (ICT) properties.'> The ICT character of
TAB-based D-A compounds strongly influences their photo-
physical and photochemical properties,'! and makes them
useful for non-linear optics,”) anion sensing,”! hydrogen
activation and storage,!! and optoelectronics.”

However, a limited number of TAB D-A compounds have
been used as emitters in organic light-emitting diodes
(OLEDs) because the external quantum efficiency (7gqg) of
such devices has been relatively low.’*"1 One origin of the low
Neor IS Spin statistics;'® conventional fluorescent materials can
convert only 25% of electrogenerated singlet excitons into
light, and the remaining 75 % of generated triplet excitons are
deactivated as heat. Considering that the light out-coupling
efficiency of OLEDs is typically 20-30%,” the theoretical
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maximum 7z of OLEDs with conventional fluorescent
emitters is limited to 5-7.5%. Thus, efficient conversion of
triplet excitons into light is needed to realize OLEDs with
high 7go.

To extract light from triplet excitons, phosphorescent
organometallic materials have been used as emitters in
OLEDs.® Phosphorescent organometallic emitters can the-
oretically convert 100 % of excitons to light because of strong
spin—orbit coupling, so they have been frequently used in
OLEDs.™ Several TAB-based organometallic phosphores-
cent emitters have been reported.’

Thermally activated delayed fluorescence (TADF) has
recently been used as a different approach to acquire light
from triplet excitons."""! TADF emitters, which often have
D-A frameworks, can convert the lowest triplet excited state
(T,) to the lowest singlet excited state (S;) through reverse
intersystem crossing (RISC) by thermal activation.!*!!]
Although early TADF-based OLEDs showed relatively low
Neor" recent TADF emitters possess outstanding perfor-
mance.'!! The number of highly efficient TADF emitters is
increasing rapidly at present, but is still small compared with
the multitude of phosphorescence emitters. In particular,
there are few reports of TAB-based TADF!' because it is still
challenging to use versatile TAB-based D-A frameworks as
TADF emitters, even though the strong m-electron accepting
ability related to the p-m* conjugation of TAB materials
should be beneficial to realize TADF.

Herein, we report TAB-based TADF emitters 1-3 com-
posed of an electron-accepting trimesitylboron analogue
(Mes;B) and three amine-based electron-donating units (Fig-
ure 1a). OLEDs using 1-3 as emitting dopants exhibit high
Neoe Of up to 22.8 %, far exceeding the theoretical limit for
normal fluorescent emitters of 5-7.5 %. Specifically, the 7rqg
of 21.6% for a sky-blue OLED containing 2 is the highest
value for a TADF-based blue OLED,™ while 22.8% is the
highest value for an OLED with a TAB emitter.

To realize efficient TADF emission, a very small energy
gap between S; and T, (AEgr) is required to promote RISC.'!
AFEgr generally decreases when the exchange interaction
between the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of a molecule
weakens.'¥! We selected the widely used Mes;B unit as an
electron-accepting segment,!' which has methyl groups at
the ortho position of C—B bonds that protect the B atoms
from oxygen and water. As the electron-donating unit, we
used phenoxazine (PXZ), bis(diphenylamino)carbazole
(2DAC), and diphenylaminocarbazole (DAC) units aiming
to minimize AEg; (Figure 1a).

Angew. Chem. 2015, 127, 15446 —15450


http://dx.doi.org/10.1002/anie.201508270
http://dx.doi.org/10.1002/ange.201508270
http://dx.doi.org/10.1002/anie.201508270

a) ) Q @
g7.3° @’N 51.5° @’ 53.0°
o £ @N%@ K@

2DAC-MessB (2)

DAC-Mes3B (3)

b) R
® 45} . é .

3

1 3 3 3 oy > 0.{}; S

K o 5 ? 3

aAa :"o :‘ “? e 0.9 ,‘§ 5%
[- X 39%,. 5 > >

1

SR T

Figure 1. a) Molecular structures of triarylboron emitters. Torsion

angles between donor and acceptor units, a, are also shown. b) Calcu-

lated HOMO and LUMO distributions of 1-3. Surface isovalue: +0.03
—32
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We performed the geometry optimization of 1-3 at the
PBE0/6-31G(d) level using density functional theory (DFT)
implemented in the Gaussian09 program package.™ The
optimized structures of 1-3 show that 1 has a larger torsion
angle (a) between the donor unit and adjacent phenyl ring
than 2 and 3 because of steric repulsion arising from the H
atoms at the 1,9-positions of PXZ and those on the
neighboring phenyl ring (Table 1). The HOMO and LUMO

Table 1: Calculated and experimental properties of 1-3.

Compound Calculation Experiment!®!
ol fu AEGE A0 2,0 @9
[’] [meV] [nm] [nm] [%]
1 87.3 0.0002 8 399 509 44
2 51.5 0.0995 21 387 495 84
3 53.0 0.0838 19 375 477 91

[a] Measured in O,-free toluene (1x107°m) at r.t. [b] Torsion angle
between the donor unit and adjacent phenyl ring. [c] Oscillator strength.
[d] Calculated energy gap between S, and T,. [e] UV/Vis absorption
maximum wavelength. [f] PL emission maximum wavelength. [g] Pho-
toluminescence quantum yield (PLQY).

of 1-3 are mainly distributed on the electron-donating units
and electron-accepting Mes;B unit, respectively, indicating
efficient separation of HOMO and LUMO (Figure 1b). The
overlap of the HOMO and LUMO of 1 is smaller than those
of 2 and 3. The difference of HOMO-LUMO overlap, which
is closely related to a, affects AEgrand the oscillator strength
() of 1-3;1% time-dependent (TD)-DFT calculations'” at the
PBEO0/6-31G(d) level using the Gaussian09 program pack-
age!™ show that AEg; and f of 1 are smaller than those of 2
and 3 (Table 1).
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Compounds 1-3 were synthesized according to Scheme 1.
Bromo-substituted precursors 4-6 were synthesized by
copper-catalyzed Ullmann coupling of 2-bromo-5-iodo-1,3-
dimethylbenzene with corresponding amine-based donor
units. Lithiation of 4-6 in ether or cyclopentyl methyl ether
and subsequent treatment with dimesitylboron fluoride gave
1-3 in overall yields of 39-61%.
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4 R=PXZ 1:R=PXZ
5:R=2DAC 2: R =2DAC
6: R=DAC 3:R=DAC
Q Ph,N Ph,N
R= O N N$- N4~
PXzZ 2DAC DAC

Scheme 1. Preparation of triarylboron complexes 1-3. Reagents/condi-
tions: i) Cul, L-proline, DMSO, K,CO;, 110°C; ii) nBuli, dimesitylboron
fluoride, Et,O or cyclopentyl methyl ether, 0°C to r.t.

Figure 2a shows steady-state UV/Vis absorption and
photoluminescence (PL) spectra of 1-3 in toluene; photo-
physical data of 1-3 are given in Table 1. The compounds
show absorption peaks (4,,) around 380 nm, and broad
structureless PL spectra with emission peaks (4p ) in the green
to sky-blue region (Table 1). The DFT and TD-DFT calcu-
lations indicate that the absorptions of 1-3 result from ICT
transitions, owing to their spatially separated HOMO and
LUMO (Figure 1b; Supporting Information, Table S1). Their
ICT characters were supported by the absorption and PL
spectra of 1-3 in various solutions; the absorption spectra
were almost independent of solvent polarity (Supporting
Information, Figure S1), whereas the PL spectra showed large
red shifts with solvent polarity being increased (Figure S2).

Figure 2b shows PL spectra of 1-3 in host matrices. The
green emitter 1 (T, level =2.40 eV) was doped in 4,4'-di(9H-
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Figure 2. a) Normalized UV/Vis absorption (dashed lines) and PL

(solid lines) spectra of 1 (green), 2 (sky-blue), and 3 (blue) in toluene

solution (1.0x107°m). b) Normalized PL spectra of 1 (green) doped in

CBP (16 wt%), and 2 (sky-blue) and 3 (blue) doped in DPEPO

(16 wt%).
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carbazol-9-yl)-1,1"-biphenyl (CBP, T,=2.58eV). Sky-blue
emitters 2 (T; =2.51 eV) and 3 (T, =2.54 eV) were doped in
bis[2-(diphenylphosphino)phenyl]ether oxide (DPEPO, T, =
3.00 eV) to prevent back transfer of excited energy from guest
to host.™8 The PL spectra of these films only show the
fluorescence of the dopants, suggesting efficient energy
transfer from the host to the guest molecules (Figure 2b).

Photoluminescence quantum yields (@p) of 1-3 in
oxygen (O,)-free toluene (1: @p =44%; 2: 84%; 3: 91%)
were larger than those of as-prepared solutions containing O,
(1: @p.=20%; 2: 51%; 3: 54%). This is because some T,
excitons transferred from S; to T, by intersystem crossing
(ISC) are quenched by dissolved O,, so T;—S; RISC is
inhibited.['%110<]

The highest @p; of 1-3 doped in host matrices (16 wt %,
CBP for 1, DPEPO for 2 and 3) were 92 %, 100 %, and 87 %,
respectively, at room temperature (Table 2).

Table 2: OLED and photophysical properties of 16 wt % guest:host films
of 1-3.

Film Neoe™ CIEP! D A @y AN

[%] % y] [hm] [nm]  [%] [meV]
1:CBP 228 022,055 502 504 92 71+6
2:DPEPO  21.6  0.18,0.43 492 487 100 58+21
3:DPEPO 140  0.17,030 483 477 87 62423

[a] Maximum external quantum efficiency. [b] CIE coordinate. [c] EL
emission maximum wavelength. [d] PL emission maximum wavelength.
[e] PLQY. [f] Energy gap between S, and T,.

Up-conversion from T, to S; was confirmed by transient
PL decay measurements of 1-3 in host matrices (Figures 3 and
S3). For 1, delayed PL decay components were observed in
both O,-free toluene and CBP (Figure 3). In contrast, 2 and 3
exhibited small amounts of delayed PL components both in
O,-free toluene and host matrices, reflecting large f values
(Table 1 and Figure S3).

AEg; values were evaluated from Arrhenius plots of rate
constants for RISC (kgsc).''! We obtained similar AEg; for
1-3 in host matrices (Table 2), which are close to that of one
of the most efficient TADF emitters, 1,2,3,5-tetrakis(carbazol-
9-yl)-4,6-dicyanobenzene (4CzIPN: AEg =83 meV)."! The
experimental errors of AEg for 2 and 3 were large because of
the small fraction of their delayed components, especially at
low temperature.

We evaluated the performance of OLEDs using 16 wt %
of 1-3 in host matrices as emitting layer (Figures 4 and S4).
Figure 4a shows device structures (for detail of device
fabrications, see the Supporting Information, Figures S5 and
S6). The electroluminescence (EL) emission peaks (Ag ) of
devices I-III were observed in the green to sky-blue region
(Figure 4b and Table 2). No other emission from host
materials or any other layers was observed for devices I-III,
suggesting that all excitons generated in the devices are
effectively confined in the emitting layers. The Commission
Internationale de L'Eclairage (CIE) coordinates of devices IT
and III (Table 2) are close to those of OLEDs using the
typical sky-blue phosphorescent emitter bis[2-(4,6-difluoro-
phenyl)pyridinato-C2,N](picolinato)iridium(TIT) (FIrpic).!"!
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© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

10°4 ____15min Ar Bubbling
] —No Ar Bubbling

g
= 107

107

L SE.

0 40 80 12 16 20 24
t/us

Figure 3. a) Transient PL decay characteristics of 1 in toluene
(1.0x107° m) at room temperature. b) Temperature dependence of
transient PL decays of 1 doped in CBP (16 wt%).

Figure 4 c reveals that the maximum #gqg of devices I, II,
and III were 22.8%, 21.6%, and 14.0%, respectively, far
higher than the theoretical limit for conventional fluorescent
emitters (5-7.5%), indicating that efficient up-conversion of
excitons from T; to S; is realized in these devices. In
particular, device I showed low efficiency roll-off (Figure 4c);
its 7gop Temains extremely large even at practical luminance
levels, with values of 19.1% at 500 cdm™ (for display
applications) and 14.2 % at 3000 cdm * (for lighting applica-
tions).

In conclusion, we synthesized TAB-based OLED emitters
1-3 that achieved both high ®;; and low AEg;. A sky-blue
OLED using 2 as an emitter exhibited a maximum #7gqg of
21.6 %, the highest value for a TADF-based blue OLED."! A
green OLED with 1 as an emitter showed #7gqr of 22.8%,
which is the highest for an OLED with a TAB emitter to date.
These high 7gog are attributed to TADF emission originating
from efficient up-conversion from T, to S,. Further modifi-
cation of D-A TAB-based TADF frameworks will provide
OLEDs with enhanced performance and full-color tuning.
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