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Judicious Heteroatom Doping Produces High-Performance
Deep-Blue/Near-UV Multiresonant Thermally Activated

Delayed Fluorescence OLEDs

Subeesh Madayanad Suresh, Le Zhang, Tomas Matulaitis, David Hall, Changfeng Si,
Gaetano Ricci, Alexandra M. Z. Slawin, Stuart Warriner, David Beljonne, Yoann Olivier,

Ifor D. W. Samuel,* and Eli Zysman-Colman*

Two multiresonant thermally activated delayed fluorescence (MR-TADF)
emitters are presented and it is shown how further borylation of a deep-blue
MR-TADF emitter, DIDOBNA-N, both blueshifts and narrows the emission
producing a new near-UV MR-TADF emitter, MesB-DIDOBNA-N, are shown.
DIDOBNA-N emits bright blue light (®,, = 444 nm, FWHM = 64 nm, ®, =
81%, T4 = 23 ms, 1.5 wt% in TSPO1). The deep-blue organic light-emitting
diode (OLED) based on this twisted MR-TADF compound shows a very high
maximum external quantum efficiency (EQE,, ) of 15.3% for a device with
CIE, of 0.073. The fused planar MR-TADF emitter, MesB-DIDOBNA-N shows
efficient and narrowband near-UV emission (Ap. = 402 nm, FWHM = 19 nm,
@, =74.7%, T4 = 133 ms, 1.5 wt% in TSPO1). The best OLED with
MesB-DIDOBNA-N, doped in a co-host, shows the highest efficiency reported
for a near-UV OLED at 16.2%. With a CIE, coordinate of 0.049, this device
also shows the bluest EL reported for a MR-TADF OLED to date.

1. Introduction

Organic light-emitting diodes (OLEDs) are rapidly becoming the
preferred display technology for a range of consumer electronics,

from smartwatches, mobile phones, and
laptops to large-screen televisions and dis-
plays used in the automotive industry.!!
Ultrahigh-definition displays must meet
ever more stringent industry color stan-
dards, the most recent of which being Rec
2020, which are defined according to the
Commission International de I'Eclairage
(CIE) 1931 as (0.131, 0.046), (0.17, 0.797)
and (0.708, 0.292) for blue, green and
red, respectively.?] Presently commercial
vacuum-deposited OLEDs rely on phos-
phorescent complexes as emitter materials
for the red and green sub-pixels and or-
ganic fluorescent materials for the blue sub-
pixel. Significant research has been devoted
to developing sustainable organic emitters
that operate at comparable efficiencies to
phosphorescent complexes and so can re-
place noble-metal-based emitters for red
and green OLEDs, and for blue OLEDs can lead to much higher
efficient devices.}] Organic compounds that exhibit thermally ac-
tivated delayed fluorescence (TADF) have the most potential to
act as replacement emitters in OLEDs as this class of material
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Figure 1. a) Chemical structures of previously reported near-UV MR-TADF emitters, b) a-3BNMes and NOBNacene, c) D-A TADF emitters with CIE,
< 0.1 with a DOBNA acceptor fragment, and d) chemical structures of the emitters presented in this work.

can harvest 100% of the electrically generated excitons and con-
vert these to light emission.[*l Though TADF OLEDs now show
comparable efficiencies to phosphorescent OLEDs for each of
the red, green, and blue devices, the typically employed donor—
acceptor (D-A) design results in emission from a charge-transfer
(CT) state that is broad and unstructured, leading to poor chro-
maticity in the device. A subclass of TADF emitters, multireso-
nant TADF (MR-TADF), however, shows great promise to address
the issue of color purity. MR-TADF emitters show very narrow-
band emission (full-width half maximum (FWHM) < 40 nm),5!
which is due to their very rigid polycyclic aromatic structure and
their short-range charge transfer (SRCT) excited state.l®! Their
use in OLEDs would obviate the need for the use of color filters,
leading to more energy-efficient devices.

Since the first report of an MR-TADF compound from the
group of Hatakeyama, over two hundred separate MR-TADF ma-
terials have been identified as hosts or emitters for OLEDs, 7]
with examples of their use in high-efficiency blue, green and
red OLEDs. Near-UV emitters for OLEDs are one class where
there is a dearth of reports.[®! Potential uses of short wavelength
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OLEDs are for sensing,!! photocopying,!'%! high-density infor-
mation storage,[!!l and sterilization.['?] Most of the reported effi-
cient near-UV OLEDs (<400 nm) using purely organic emitters!®)
to date contain materials that emit from a hybridized local and
charge transfer excited state (HLCT)!"3] where triplets are har-
vested through a hot exciton channel mechanism involving re-
verse intersystem crossing (RISC) from higher lying triplet (T )
states to S,.'"*] A recent report from Tang et al. demonstrated
record-setting performance values for an hybridized local and
charge transfer (HLCT) emitter-based near-UV OLED (4y =
396 nm, EQE, ., = 10.79%, CIE (0.161, 0.031)).3*628] There are
also a small number of reports of near-UV TADF and MR-TADF
emitters and their use in OLEDs (Figure 1).l”] The first report of a
near-UV-emitting MR-TADF compound is based on a boron, oxy-
gen doped triangulene type structure reported by Hatakeyama,
22151 (4, = 398 nm, FWHM = 33 nm, AFg; = 0.18 eV, 7,
= 66 ps in 1 wt% poly(methyl methacrylate) (PMMA).['® This
compound, also known as DOBNA, was initially identified as
a potential host material due to its large band gap and high
triplet energy. In the same report, phenyl derivatives of 2a were
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employed as host materials in phosphorescent OLEDs.[!>] Other
reports have mostly documented the use of the DOBNA fragment
as a weak acceptor in D-A type near-UVI'] (4,; < 450 nm) TADF
emitters.[%] In 2015, Kwon et al. reported two deep-blue emitters
containing the DOBNA fragment as the acceptor.'® The OLED
with the acridine donor-based emitter, TDBA-Ac presented an
maximum external quantum efficiency (EQE,,,) of 21.5% and
an excellent CIE, of 0.06. Choi et al. reported devices using re-
lated tercarbazole donor-based TB-3Cz and TB-P3Cz emitters
that showed EQE,,, of 9.9% and 6.1%, respectively, with corre-
sponding CIE, values were 0.07 and 0.08, respectively, for TB-3Cz
and TB-P3Cz.19) A structurally related deep-blue emitter contain-
ing a spiroacridan donor was reported by Kim et al., TDBA-SAF-
based device achieved an EQE,,, of 28.2% and a CIE, of 0.09.%’]
Recently, Choi et al. reported two deep-blue solution-processible
emitters containing extended carbazole donor units connected to
DOBNA acceptor, BO-tCzPhICz and BO-tCzDICz. The solution-
processed OLEDs showed EQE, . of 17.8% and 14.8%, respec-
tively, and with CIE, of 0.07 and 0.062, respectively.”!! Hong et al.
reported two tri-spiral acridine donor-based blue emitters, OBOt-
SAc and tBuOBOtSAc, and their use in OLEDs.[??] Both emit-
ters showed efficient (@}, above 90%) deep-blue emission at 452
(FWHM = 50 nm) and 446 nm (FWHM = 48 nm), respectively,
for OBOtSAc and tBuOBOtSAc. Both devices achieved very high
EQE,,,, 0f 31.2% and 28.2% with CIE, of 0.092 and 0.061, respec-
tively. Tong et al. reported OLEDs using two deep-blue emitters
TDBA-PAS and TDBA-DPAC that can achieve EQE,_ . of 22.4%
and 24.6% at CIE, of 0.042 and 0.085, respectively.'’) These two
emitters each show two different conformers in the solid state
and the authors contend that one conformer acts as a host for
the other, evidenced by the improved performance in the de-
vice at high doping concentrations (<50 wt%). Su et al. reported
a disk-like emitter based on a DOBNA acceptor decorated with
three diphenylamine units, BO3N, which showed narrowband
blue emission (4p; = 424 nm, FWHM = 34 nm) with high @,
of 80% in toluene solution. The OLED with the emitter BO3N
showed an EQE,,,,, of 10.4% and CIE, value of 0.08.1**!

The DOBNA fragment has thus been shown to be a promis-
ing motif used in the construction of DA type efficient deep-blue
TADF emitters, though it is still challenging to tune the emission
wavelength further to the near-UV region (i.e., around 400 nm).
An alternative design for UV emitters was highlighted by
Lee et al. where they reported a fused indolocarbazole (tDIDCz)
derivative that presented incredibly narrowband EL (FWHM =
14 nm, Ay = 401 nm) with CIE coordinates of (0.164, 0.018) in
the device.[*l Though this compound shows the characteristic
pattern of alternating increasing and decreasing electron density
on adjacent atoms in the excited state, the AE¢; of 0.44 eV is too
large due to the very different natures of the S; and T, excited
states resulting in the absence of delayed fluorescence.l?’! The
absence of triplet harvesting in the OLED limited the EQE_ .. to
only 2.75% (Table S7, Supporting Information).

In 2020, we reported a near-UV-emitting linear ladder type
B,N-doped heptacene (Figure 1), a-3BNOH (4,, = 390 nm,
FWHM = 31 nm, AEg; = 0.31 eV in THF), that showed an
emission resulting from TADF and TTA and narrow deep-blue
emission in solution.[?’! By replacing the OH group attached to
boron with mesityl units in a-3BNOH, a redshift of the emis-
sion was observed for a-3BNMes (4, = 443 nm, FWHM =
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30 nm, THF, AEg, = 0.28 eV, 1 wt% in PMMA).28! In 2023,
we reported a deep-blue heteroatom-doped nonacene deriva-
tive, NOBNacene.[?) The OLED with this emitter showed deep-
blue electroluminescence (Ag, of 412 nm, FWHM of 41 nm)
with an EQE, .. of 11.2%. Here, we report two emitters MR-
TADF emitters, one is twisted, containing two DOBNA groups
and a bridging amine that emits in the deep blue (DIDOBNA-
N), and a second fused planar B,N,O doped heptacene com-
pound that emits in the near-UV (MesB-DIDOBNA-N). Both
compounds exhibit weak TADF due to their moderately large
AEg; 0f0.23 and 0.24 eV yet demonstrate high ®,; of 81 and 73%
for DIDOBNA-N and MesB-DIDOBNA-N, respectively in doped
films. The OLED with DIDOBNA-N showed deep-blue emission
at 444 nm (FWHM = 64 nm) corresponding to CIE coordinates
0f(0.152, 0.073) with an EQE_ . 0f 15.2%. The OLED with MesB-
DIDOBNA-N showed narrowband near-UV emission with A
of 402 nm, FWHM = 21 nm, corresponding to CIE coordinates
of (0.170, 0.049). The EQE,,. value of the 3 wt% emitter-doped
in a co-host device represents the most efficient device among
those employing purely organic near-UV emitters.”#! and rep-
resents record-breaking device performance value for a near-UV
MR-TADF OLED device reported to date.>]

2. Results and Discussion

MesB-DIDOBNA-N was obtained in three steps from com-
pound 1 (Figure 2). DOBNA-Br, a key intermediate, was ob-
tained through a sequence of SyAr and electrophilic borylation
in good yield; the borylation reaction proceeded in 73% yield.
DIDOBNA-N was obtained in 57% yield following a Buchwald—
Hartwig cross-coupling reaction of two equivalents of DOBNA-
Br with 2,4-dimethylaniline. DIDOBNA-N was then subjected
to electrophilic borylation with BBr; and quenching with Mes-
MgBr to afford MesB-DIDOBNA-N in 74% yield. The identity
and purity of the synthesized molecules were established from a
combination of 'H and *C NMR spectroscopy, high-resolution
mass spectrometry (HRMS), elemental analysis (EA), and gel
permeation chromatography (GPC) (Figures S1-S15, Supporting
Information)

Single crystals of DOBNA-Br were obtained directly from the
reaction mixture. DIDOBNA-N crystals were obtained following
temperature-gradient sublimation, and MesB-DIDOBNA-N were
obtained by slow diffusion of hexane into a saturated solution of
the emitter in THF. Their structures are shown in Figure 2b-d.
No intermolecular hydrogen bonding or z—z stacking interac-
tions were observed for DIDOBNA-N and MesB-DIDOBNA-N.
In MesB-DIDOBNA-N, the B—C, ., bond is longer (1.587(3) A)
than the B—C bonds within the DOBNA fragment (1.536(3) and
1.540(3) A), a structural feature previously observed in other com-
pounds containing a mesitylated borane.l*!] This emitter has a
planar structure and the two aryl moieties attached to the B and
N positioned are oriented approximately orthogonal to the acene
core. DIDOBNA-N adopts a twisted structure in the crystal.

We then undertook a computational study to understand the
ground and excited state properties of both emitters (Figure 3).
Ground state calculations were carried out using density func-
tional theory (DFT) at the PBE0/6-31G(d,p) level in the gas phase.
The DFT calculations predict a 0.12 eV increase in the band gap
from DIDOBNA-N to MesB-DIDOBNA-N, despite the apparent

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85UB017 SUOWIWOD BAIERID 3|deot|dde au Ag pausenoh a8 sajoie O ‘88N JO S3|NJ 10} AR1G1T 8UIUO /8|1 UO (SUORIPUOD-PUR-SURYLLID" A3 | IMAfelq 1 [oul U0/, SARY) SUORIPUOD pUe SWe L 83 835 *[£202/60/6T] U0 ARIqIT 8ullUO AB|IM ‘B9 L Aq L6600£202 BWPR/Z00T OT/I0P/W0D A8 | M AReiq 18U UO//SdNY WOy papeo|umoq ‘€€ ‘€202 ‘S60rTZST



ADVANCED
SORNCF NS AKTERTALS

www.advancedsciencenews.com www.advmat.de

(a) lBuLl BBr;, 0 1, 3-dimethyl aniline, (i) BBr3, 1,2,4-TCB, 180 °C, 12 h

NEtPr,, Br b, (dba), Sphos, (ii) MesMgBr, 1 M in THF o N 0
-78-130°C, 16h PhMe, 80 °C, 2 h. 0-70°C, 12h.
— — — B B B
64% /@/ 57% /@/ \@\ 74% /@/
Q ﬂj@

1 DOBNA-Br DIDOBNA-N MesB-DIDOBNA-N

DOBNA-Br DIDOBNA-N MesB-DIDOBNA-N
Figure 2. a) Synthesis of target emitters. b—d) ORTEP diagram of compounds, and their side views for Br-DOBNA (b), DIDOBNA-N (c), and MesB-
DIDOBNA-N (d). Thermal ellipsoids are displayed at the 50% probability level.
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Figure 3. a) HOMO and LUMO electron density distribution and orbital energies of DIDOBNA-N and MesB-DIDOBNA-N calculated at PBE0/6-31G(d,p)
in the gas phase, isovalue = 0.02; b) difference density plots and energies for the two lowest lying singlet and triplet excited states for DIDOBNA-N and
MesB-DIDOBNA-N calculated at SCS-CC2/cc-pVDZ in the gas phase (isovalue = 0.007). Blue color represents an area of decreased electron density,
and yellow represents an increased electron density between the ground and excited states. f denotes the oscillator strength for the transition to the
excited singlet state.
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Figure 4. a) Cyclic and differential pulse voltammograms measured in degassed DCM with 0.1 m ["Bu,N]PF; as the supporting electrolyte and Fc*/Fc
as the internal reference (0.46 V vs SCE).[3%] Scan rate = 50 mV s~'. b) Solution-state absorption and steady-state emission spectra at 300 K measured

in THF. A = 365 nm.

exc

increase in conjugation length. Both DIDOBNA-N and MesB-
DIDOBNA-N display similar electron density distribution pat-
terns for their LUMOs, with a pattern that is reminiscent of the
DOBNA moiety!*®! (Figure S16, Supporting Information). How-
ever, DIDOBNA-N and MesB-DIDOBNA-N show distinct elec-
tron density distribution patterns for their HOMOs. The electron
density of the HOMO in DIDOBNA-N is reminiscent of tripheny-
lamine, a good electron donor, while the electron density of the
HOMO in MesB-DIDOBNA-N is localized on the DOBNA units,
similar to the DOBNA core,’! and with a nodal plane passing
through the central nitrogen and boron atoms of the molecule.
Excited state calculations were performed using wave-function-
based methods using the spin-component scaling second-order
approximate coupled-cluster (SCS-CC2) in tandem with the cc-
pVDZ basis set, which we have previously shown to be a suf-
ficient level of theory to accurately predict AEg; in MR-TADF
emitters.’?) The S, energy of DIDOBNA-N of 3.67 eV is slightly
higher than that of MesB-DIDOBNA-N at 3.63 eV. Despite their
similar S, energies, the oscillator strengths (f) for the S-S,
transition are starkly different at 0.63 and 0.05 for DIDOBNA-
N and MesB-DIDOBNA-N, respectively. The much-attenuated f
in MesB-DIDOBNA-N is likely the result of the higher symme-
try of this compound (Figure S17, Supporting Information). No-
tably, a similar change in the properties of the singlet excited
state was predicted for DABNA-1 compared to its more symmet-
ric fused derivative TABNA.[*?] Identical T, energies of 3.47 eV
were predicted for DIDOBNA-N and MesB-DIDOBNA-N, result-
ing in AEg; of 0.20 and 0.16 eV, respectively. An intermediate
triplet state was predicted to exist in both compounds, which is
acknowledged to facilitate RISC via spin-vibronic coupling in D—
A TADF emitters.3233] Difference density plots of the S, S,, T},
and T, states are shown in Figure 2b. Both compounds show
excited states with the typical alternating pattern of increasing
and decreasing electron density of MR-TADF compounds that is
characteristic of an excited state possessing SRCT character. The
magnitude of the CT character of the excited state was quanti-
fied using two separate metrics: 1) the distance of charge transfer
(Dcr), and 2) the amount of charge transferred (gcr). These two
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metrics reveal that there is a greater CT character in the excited
states of DIDOBNA-N compared to that of MesB-DIDOBNA-
N (Tables S1-S3, Supporting Information) despite their similar
difference density patterns. The magnitude of the CT character
of DIDOBNA-N is still modest compared to conventional D-A
TADF emitters, with D¢, reported to be 1.1 A here while typ-
ical D-A TADF emitters show D.; of >1.6 A.*l Notably, the
orbital types for the T, states of both compounds are different
from those of S; and so spin—orbit coupling is expected to be
non-negligible.

The electrochemical properties of both emitters were in-
vestigated by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) in deaerated DCM with 0.1 M tetra-n-
butylammonium hexafluorophosphate as the supporting elec-
trolyte (Figure 4a). The oxidation potential, E_,, determined from
the peak value of the first oxidation wave of the DPV curve is
1.14 and 1.39 V vs saturated calomel electrode (SCE), respec-
tively, for DIDOBNA-N and MesB-DIDOBNA-N, which trans-
late to respective HOMO levels of —5.48 and —5.73 eV. This
is in line with the DFT calculations that predict a stabilization
of the HOMO energy level of MesB-DIDOBNA-N compared to
DIDOBNA-N. For DIDOBNA-N, there was a second oxidation
peak in the DPV at 1.25 V. The reduction potential, E, 4, de-
termined from the peak value of the first reduction wave of
the DPV curve is —1.94 and —2.10 V vs SCE, respectively, for
DIDOBNA-N and MesB-DIDOBNA-N, which correspond to re-
spective LUMO levels of —2.40 and —2.24 eV. The DFT calcu-
lations corroborate the trend in LUMO levels. The LUMO en-
ergy level of DIDOBNA-N is similar to other reported deep-blue
emitters having a DOBNA fragment.['#2136] Reductions for both
emitters were broad, in the case of DIDOBNA-N a second reduc-
tion peak appeared at —2.10 V, which is likely due to the reduc-
tion of the second DOBNA unit. The electrochemical band gap
is calculated to be 3.08 and 3.49 eV, respectively, for DIDOBNA-
N and MesB-DIDOBNA-N. Moving from DIDOBNA-N to MesB-
DIDOBNA-N, the addition of the B-Mes unit resulted in a desta-
bilization of the LUMO by 0.16 eV and a stabilization of the
HOMO by 0.25 eV. The increasing bandgap from DIDOBNA-N

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85UB017 SUOWIWOD BAIERID 3|deot|dde au Ag pausenoh a8 sajoie O ‘88N JO S3|NJ 10} AR1G1T 8UIUO /8|1 UO (SUORIPUOD-PUR-SURYLLID" A3 | IMAfelq 1 [oul U0/, SARY) SUORIPUOD pUe SWe L 83 835 *[£202/60/6T] U0 ARIqIT 8ullUO AB|IM ‘B9 L Aq L6600£202 BWPR/Z00T OT/I0P/W0D A8 | M AReiq 18U UO//SdNY WOy papeo|umoq ‘€€ ‘€202 ‘S60rTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

to MesB-DIDOBNA-N is consistent with the trend predicted by
DFT.

The photophysical properties were studied by measurements
of absorption and photoluminescence (PL), PL quantum yield
(®py), and time-resolved PL in 10~° m THF. Figure 4b shows
the absorption and PL properties of DIDOBNA-N and MesB-
DIDOBNA-N and these together with other photophysical data
are collated in Table 1. There is excellent agreement between
the experimental and simulated absorption spectra (Table S4 and
Figure S17, Supporting Information). Intense absorption bands
were noted for DIDOBNA-N and MesB-DIDOBNA-N around
250 nm, reflected in the molar absorptivity (€) values of 92 x 10°
and 61 x 10° M~! cm™, respectively. An intense band at 340 nm
(e =79 x 10> Mm~! cm™!) was observed for MesB-DIDOBNA-N,
which has been assigned to a SRCT state as calculations predict
a similar alternating increasing/decreasing electron density pat-
ternto S, (Figure S17, Supporting Information). For DIDOBNA-
N there is an intense band at 384 nm (e = 66 X 10° m~! cm™),
a feature also observed in the absorption spectra of other sys-
tems containing DOBNA fragments.['8203¢2] The lowest energy
absorption band in DIDOBNA-N is redshifted compared to that
in MesB-DIDOBNA-N, which aligns with the predicted SCS-CC2
calculations (vide supra). The intensity at the lowest energy ab-
sorption band is higher for DIDOBNA-N than MesB-DIDOBNA-
N. This is qualitatively consistent with the predicted higher oscil-
lator strength of the S; and S, states of DIDOBNA-N compared
to those of MesB-DIDOBNA-N, where the oscillator strength is
weak (<0.1) for S;.

The PL spectra in solution at room temperature reveal deep-
blue and near-UV emission (Figure 4b) for DIDOBNA-N and
MesB-DIDOBNA-N, respectively. DIDOBNA-N shows an un-
structured emission peaking at A, = 426 nm and a moder-
ate FWHM of 43 nm (0.29 eV). MesB-DIDOBNA-N emits in
the near-UV at A, = 399 nm, with a very small FWHM of
23 nm (0.17 eV); and a low energy shoulder at 417 nm. This
emission is narrower than that reported for DOBNA (4, =
398 nm, FWHM = 34 nm in DCM, Figure 1).["*] We simulated the
vibronically-resolved emission spectrum (see Figure S18, Sup-
porting Information) within the displaced undistorted harmonic
oscillator model within the Thermal Vibration Correlation Func-
tional formalism as implemented in MOMAP/2021A,3%! consid-
ering vibrational modes computed at the PBE0/6-31G(d,p) level
for MesB-DIDOBNA-N in THF (see Supporting Information for
further information on the methodology). We observed that it
is composed of one main band and a lower energy side band
shifted by ~0.18 eV from the main band corresponding to the
417 nm shoulder of the experimental emission spectrum. The
main band is essentially broadened by a 65 cm™! twisting mode
distorting the molecular core from its planarity (see Figure S18b,
Supporting Information) while the side band arises from a 1389
cm~! asymmetric stretching mode (see Figure S18b, Supporting
Information) responsible for the localization of the difference
density of the S, optimized state on one side of the molecule
(see Figure S19b, Supporting Information). The redshifted emis-
sion of DIDOBNA-N compared to MesB-DIDOBNA-N was pre-
dicted by SCS-CC2 calculations performed on top of the S;-
optimized geometry obtained at the TDA-PBE0/6-31G(d,p) level
of theory considering THF as the solvent, to align with the ex-
perimental conditions (TableS5, Supporting Information). The
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Stokes shifts of DIDOBNA-N and MesB-DIDOBNA-N are 42
and 11 nm, respectively, reflecting the small reorganization en-
ergies in the excited states of these two compounds, especially
for MesB-DIDOBNA-N. We investigated the nature of the excited
states by measuring the emission in solvents of varying polarity
(Table S6 and Figure S20, Supporting Information). In low po-
larity solvents from toluene to DCM, both MesB-DIDOBNA-N
and DIDOBNA-N undergo a modest redshift of 6 and 18 nm, re-
spectively. The larger bathochromic shift in the latter reflects the
greater CT content of DIDOBNA-N. This suggests both emitters
have SRCT S, states, in line with their calculated difference den-
sity plots (vide supra). Despite its SRCT excited state the FWHM
of DIDOBNA-N is unusually large compared to other MR-TADF
emitters, with its broadness assigned to the wider range of avail-
able conformers, this has been reported previously for some flex-
ible MR-TADF emitters.[*)] A much more significant redshifting
and broadening of the emission is observed in the high-polarity
solvents DMF and DMSO (Table S6 and Figure S20, Support-
ing Information). This is due to the stabilization of a previously
higher-lying CT state below the SRCT state, which now domi-
nates the emission. This behavior, along with the observed dual
SRCT and CT emission, have been observed in other MR-TADF
emitters.*!! The singlet-triplet energy gaps (AEgy), determined
from the difference in energy of the onsets of the prompt fluo-
rescence and phosphorescence spectra at 77 K in 2Me-THF glass
(Figure S21, Supporting Information) are 0.22 and 0.24 eV, re-
spectively, for DIDOBNA-N and MesB-DIDOBNA-N, values in
line with the predicted ones (Figure 3b). DIDOBNA-N and MesB-
DIDOBNA-N possess similar triplet energy levels of 2.86 and
2.93 eV, respectively. The @}, in degassed dilute THF solutions
is 73% and 33% for DIDOBNA-N and MesB-DIDOBNA-N, re-
spectively. The @, values decrease to 61% and 26%, respec-
tively, upon exposure to air. Both emitters showed a small de-
crease in @, upon exposure to air that can be attributed to sin-
glet quenching[*?! as there was no delayed emission detected in
the transient PL measurements (Figure S22, Supporting Infor-
mation). The measured k, in degassed THF solutions are 2.38
and 1.40 x 108 s~ for DIDOBNA-N and MesB-DIDOBNA-N, re-
spectively. Using the optimized S, in THF, the calculated k, val-
ues from SCS-CC2 are consistent with this trend (Table S5, Sup-
porting Information).

To avoid possible intermolecular interactions or concentration-
induced quenching, both molecules were doped into high triplet
energy (E;) hosts at a low doping concentration. Three high
triplet energy widely used phosphine-oxide-based hosts, TSPO1,
DPEPO, and PPT, were compared, among which TSPO1 showed
the best performance in terms of @, (Table S7, Supporting Infor-
mation) and device EQE that are due to its high E; (3.36 eV) and
tendency to better bipolar carrier transport than the other host
materials.[**] The @, values for 1.5 wt% doped TSPO1 films con-
taining DIDOBNA-N and MesB-DIDOBNA-N are 81% and 75%,
respectively (Table S7, Supporting Information). The @, value of
MesB-DIOBNA-N is higher in thin film than in solution, which is
likely the result of suppressed vibrations and consequently slower
nonradiative decay processes from the emitter in the rigid host
matrix. Figure 5a shows the steady-state photophysical properties
of evaporated thin films with a doping concentration of 1.5 wt%
in TSPO1. DIDOBNA-N shows a deep-blue emission at 444 nm
with FWHM of 64 nm (0.38 eV), which is redshifted and broader
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than that in dilute THF solution (4, = 426 nm and FWHM =
43 nm (0.29 eV)). The redshift and spectral broadening of the
emission are attributed to the polarization effect of the host ma-
trix on the different excited state properties.[**] By contrast, MesB-
DIDOBNA-N showed negligible changes in its steady-state PL
spectrum in the thin film (4, at 402 nm and a FWHM of only
19 nm (0.15 eV)) compared to that in solution (4, = 399 nm
and FWHM =23 nm (0.17 eV)). The observed narrowband emis-
sion spectra of DIDOBNA-N and MesB-DIDOBNA-N translate
to deep-blue and near-UV emission at CIE coordinates of (0.150,
0.063), and (0.165, 0.022), respectively, which match well the blue
CIE coordinates of BT.709 and BT.2020 standards for HDTV and
UHDTYV, that is, (0.150, 0.06), and (0.131, 0.046), respectively.
The S, /T, energies for DIDOBNA-N and MesB-DIDOBNA-N in
1.5 wt% doped TSPO1 films were determined from the onsets of
the respective prompt fluorescence and phosphorescence spec-
tra at 77 K, which are 3.12 €V/2.89 eV and 3.18 €V/2.94 €V, re-
spectively. The corresponding A Eq. values are 0.23 and 0.24 eV,
respectively, which are consistent with those determined in 2-
MeTHF.

We next acquired temperature-dependent time-resolved PL
decays of the TSPO1 doped films using multichannel scaling
(MCS). The decays, which are presented in Figure 5b,c, show
both prompt (PF) and delayed fluorescence (DF) components for
both emitters. Whereas the prompt component exhibited negli-
gible temperature dependence, the intensity of the DF decreased
significantly with decreasing temperature, behavior that is char-
acteristic of TADF compounds. The lifetimes of both PF and DF
were estimated Dy fitting the decays with a multi-exponential de-
cay fitting (for details of the fitting of the decays see Page S4,
Supporting Information). The prompt, 7,,, and delayed, 74, life-
times are 7,/7qy = 6.83 ns/13.72 ps and 5.09 ns/95.91 ps for
DIDOBNA-N and MesB-DIDOBNA-N, respectively. Both emit-
ters exhibited high radiative rates in the order of 108 s=! (Table 1);
however, RISC rates are slow at 3.14 x 10* and 9.81 x 10% s7,
respectively, for DIDOBNA-N and MesB-DIDOBNA-N; deep-
blue D-A DOBNA-containing TADF compounds have been re-
ported to show ks on average on the order of 10 g=1.[18-2445]
More generally, deep-blue MR-TADF compounds rarely show
kgisc above 10* 711461 The ks for DOBNA was reported to be
1.6 x 10* 57! in 1 wt% PMMA 1% which is just slightly faster than
that of MesB-DIDOBNA-N (9.81 x 10% s71).

2.1. Device Performance

The potential of the emitters in deep-blue and near-UV electro-
luminescent (EL) devices was next assessed. To confine the ex-
citons on the emitter, the high triplet energy material TSPO1
was selected as the host. Since TSPO1 has a dominant electron-
transport character, the recombination zone inside the emis-
sion layer (EML) is located near the interface between the
emission layer (EML) and the hole transport layer (HTL). To
avoid exciton loss into the HTL, an exciton blocking layer of
10 nm thick CzSi [(9-(4-tert-butylphenyl)-3,6-bis(triphenylsilyl)-
9H-carbazole, E; = 3.0 eV]*] was inserted between the EML
and HTL.

The optimized device structure was: indium tin ox-
ide  (ITO)/hexaazatriphenylenehexacarbonitrile ~ (HAT-CN,
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5 nm)/N,N’-di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4'-
diamine (NPB, 40 nm)/tris(4-carbazoyl-9-ylphenyl)amine (TCTA,
10 nm)/CzSi (10 nm)/MesB-DIDOBNA-N or DIDOBNA-N
‘TSPO1 (cp, 20 nm)/TSPO1 (10 nm)/1,3,5-tris(3-pyridyl-3-
phenyl)benzene (TmPyPB, 20 nm)/LiF (0.8 nm)/Al (100 nm),
where HAT-CH, NPB, TCTA, CzSi, TSPO1, TmPyPB, and LiF
are the hole-injection (HIL), HTL, electron-blocking (EBL),
exciton-blocking, hole-blocking (HBL), electron-transport (ETL),
and electron-injection layers (EIL), respectively. The device struc-
ture and energy levels of each layer are illustrated in Figure S23,

Supporting Information.

Table 2. Device performance of DIDOBNA-N and MesB-DIDOBNA-N.

We first investigated the device performance with DIDOBNA-
N as the emitter (Table 2). The OLED with ¢}, of 1.5 wt% showed
deep-blue, unstructured EL emission at 429 nm with FWHM
of 70 nm, resulting in CIE coordinates of (0.152, 0.073), close
to the NTSC standard of (0.14, 0.08), Figure 6a. The EL spec-
trum was similar to the PL spectrum in its dilute THF solu-
tion, though the FWHM became slightly broader, possibly due

to the polarity of the host. The maximum EQE (EQE
as high as 15.2%, which is the highest EQE

max) T€ached
among the re-

max

ported OLEDs based on polycyclic aromatic hydrocarbon emit-
ters with Ay < 430 nm (Figure 6d); the efficiency roll-off was

Emitter cp [Wi%] Von M Jg [nm] FWHM CIE (xy) EQE, . (EQE100d m™2) PE,c (PEvoocdm™?)
[nm] (%] fIm W]
DIDOBNA-N 15 42 429 70 (0.152, 0.073) 15.2 (3.8) 6.5 (1.05)
MesB-DIDOBNA-N 15 45 402 22 (0.165, 0.044) 9.3 (-) 11(-)
3.0 45 404 25 (0.166, 0.045) 113 () 1.8 (-)
5.0 42 405 31 (0.165, 0.055) 13.6 () 3.1 (-)
MesB-DIDOBNA-N? 3.0 4.1 402 21 (0.170, 0.049) 16.2 (3.5) 2.7 (0.35)

% Co-host device with 1:1 CzSiTSPO1. The performance of devices with other co-host ratios is summarized in Table $9, Supporting Information.
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Figure 6. OLED device data for MesB-DIDOBNA-N and DIDOBNA-N as emitters. a) EL spectrum of both emitters at 5 V. b,c) Images of operating
devices of DIDOBNA-N and MesB-DIDOBNA-N, respectively, under 5 V. d) Summary of literature-reported device efficiencies with Ag; < 430 nm and
a cross-comparison to the efficiencies reported here. e) Dependence of external quantum efficiency (EQE) and power efficiency (PE) on the luminance.

f) Current density-voltage—luminance (J-V-L) characteristics of the device.

severe and the EQE decreased to 3.8% at 100 cd m~2. Large effi-

ciency roll-off and low maximum luminance (L,,.) in deep-blue
OLEDs are not uncommon, which have been attnbuted to sig-

nificant bimolecular interactions at large current density, such as
singlet-triplet annihilation, triplet-triplet annihilation and triplet-
polaron quenching, and low luminosity function value at short
wavelength, respectively.l*®) In addition, the high triplet energy of
the emitters necessitates the use of hosts with even higher triplet
energies. This implies that the hosts employed have very large
HOMO-LUMO gaps, rendering the energy level alignment be-
tween adjacent layers difficult. In other words, it is challenging
to keep balanced bipolar carrier distribution inside the EML of
deep-blue OLEDs.

With the exact same device structure and doping concentration
of 1.5wt%, the MesB-DIDOBNA-N device showed extraordinary
EL performance (Figure 6a), with near-UV narrowband emission
at 402 nm and a FWHM of 22 nm. The nearly identical EL spec-
trum with the PL spectrum in THF solution indicates that the
device also emits from the same SRCT state. The device EQE,,,
0f 9.3% ranks the OLED amongst the highest of reported devices
with Ag; at 400 nm (Figure 6d).l7#30

Recognizing the similar issues of large efficiency roll-off and
low L. in the two devices, two approaches were adopted to

ax
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*Co-host device with 1:1 CzSi:-TSPO1.

address these facets of the near-UV MesB-DIDOBNA-N de-
vice performance. First, the doping concentration (cp) of MesB-
DIDOBNA-N was optimized from 1.5, 3.0, to 5.0 wt%. Consider-
ing the HOMO/LUMO levels of the emitter, MesB-DIDOBNA-
N (5.73 eV/2.24 eV), and the host, TSPO1 (6.79 eV/2.50 eV),
holes and electrons are mainly transported via the emitter and
the host molecules, respectively. In other words, the injected
holes are mostly trapped on the emitters, which then capture
the mobile electrons hopping via the transporting sites of the
TSPO1 host in a trap-assisted recombination mechanism. There-
fore, an increase of the emitter doping concentration should im-
prove the bipolar carrier transport, resulting in a higher probabil-
ity of electron-hole recombination. This was indeed observed in
our study. As ¢, increased from 1.5, 3.0 to 5.0 wt%, the EQE, .
increased from 9.3 to 11.3 and 13.6%, respectively (Figure Ge).
In addition, luminance at 8 V was improved from 30, 40, to
70 cd m~2, respectively (Figure 6f), though these are still less than
100 cd m~2 (Table 2).

Nevertheless, the increased doping concentration could under-
mine the color purity due to the increased likelihood of inter-
molecular interactions of the emitter molecules. With increas-
ing cp, the Ay redshifted slightly to 404 (3 wt%) and 405 nm
(5 wt%) while the FWHM increased to 25 and 31 nm, respectively.
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The spectral broadening resulted mainly from the increased
intensity of the low-energy shoulder peak at 430 nm. Despite
these undesired spectral changes with increasing ¢, the devices
nonetheless showed extraordinary color purity, with CIE coordi-
nates of (0.165, 0.044), (0.166, 0.045) and (0.166, 0.055) for the
MesB-DIDOBNA-N OLEDs with ¢, of 1.5, 3.0 and 5wt%, respec-
tively. Those values, especially the device with ¢, of 3.0 wt%, are
very close to the BT.2020 standard for the primary blue color of
UHDTYV (CIE coordinates of (0.131, 0.046)).

Second, a co-host strategy was applied to further improve the
bipolar carrier transport of the 3.0 wt% doped MesB-DIDOBNA-
N device. Due to the scarcity of the high triplet energy hosts, hole
transport CzSi and electron transport TSPO1 hosts were used
as a 1:1 mixture. No new emission peaks were observed from
the CzSi:TSPO1 co-host, implying no interaction between two
components (i.e., the co-host acts only a mixed host system). At
3.0 wt% doping of MesB-DIDOBNA-N in the 1:1 co-host, nar-
rowband near-UV PL at A, of 402 nm was observed (Table 2).
The @, of the 3.0 wt% doped films in CzSi, 1:1 CzSi:TSPO1
and TSPO1 were 66%, 73% and 73%, respectively, which were
slightly lower than the 75% of the 1.5 wt% doped film in TSPO1.
Gratifyingly, the device performance was significantly improved
(Figure 6, and Figure S24, Supporting Information). Not only was
the EQE, ,, (EQE,,) increased to 16.2% (3.5%), but L, ,, reached
200 c¢d m~2, validating the effectiveness of the co-host strategy.
In addition, the turn-on voltage (V,,) was reduced from 4.5 to
4.1V, implying a lowered injection barrier into the EML. On the
other hand, the EL properties of the co-host device were almost
unaffected with Ag; at 402 nm, FWHM of 22 nm, and CIE co-
ordinates of (0.170, 0.049). We note that the device lifetime at
100 cd m~? was short (qualitatively less than 1 h), such a short
device lifetime is a long-standing issue of blue OLEDs and is
largely attributed to the unstable high triplet energy host.[*l Nev-
ertheless, after the two-step optimization, the MesB-DIDOBNA-
N OLED has the highest EQE, ., among all the reported fluores-
cent and TADF devices with A; around 400 nm (Figure 6d, and
Table S9, Supporting Information).

3. Conclusions

Two new easy-to-access MR-TADF emitters have been synthe-
sized in good yields. DIDOBNA-N showed efficient deep-blue
emission and TADF in 1.5 wt% TSPO1 films (4, = 444 nm,
FWHM = 64 nm, ®, = 81%, 7, = 23 us). The electrolu-
minescence is blueshifted (A;; = 429 nm, FWHM = 70 nm,
CIE, = 0.073), corresponding well to the NTSC standard of
(0.14, 0.08). The OLED shows an excellent EQE__. of 15.3%,
which is the highest reported for a deep-blue emitter with a
A < 430 nm.[72130] MesB-DIDOBNA-N was obtained from
DIDOBNA-N in one step by installing a bridging mesitylated bo-
rane unit, the result of this structural change was a significantly
blueshifted and narrowed emission. This compound represents
a rare example of a non-triangulene type z-extended near-UV
MR-TADF emitter. The molecular design utilized two electron-
ically distinct acceptor boron atoms in combination with mixed
donor nitrogen, and oxygen atoms. This emitter shows narrow-
band pure near-UV emission in the 1.5 wt% TSPO1 film (4, =
402 nm, FWHM = 19 nm, ®,; = 75%, 74 = 133 ps), which trans-
lated into record-setting near-UV MR-TADF OLED EQE, 199 Of
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16.2%/3.5%, (A, =402 nm, FWHM = 21 nm, CIE, = 0.049). The
EL from the MesB-DIDOBNA-N device is the bluest of all the MR-
TADF OLEDs reported to date.l”#3% The results from our device
study are promising not only as near-UV light sources but more
importantly showcase materials design for high-performance
near-UV emitters that can be used in sensing, photochemistry,
high-density information storage, medicine, and sterilization.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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