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Efficient orange organic light-emitting diodes
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Multiresonant thermally activated delayed fluorescence (MR-TADF) compounds are attractive for use in organic
light-emitting diodes as they show narrowband emission, are bright, and can harvest both singlet and triplet
excitons for the emission of light. Reflected in the paucity of examples of orange-to-red emitters, developing
MR-TADF emitters that emit beyond the green remains an outstanding materials design challenge. In this work,
we report one of the first carbonyl-based orange MR-TADF emitters, DDiKTa-A, which is based on the
dimerization of the sky-blue emitting DiKTa through a central aniline bridge. DDiKTa-A emits at ip_ of 562 nm
and has high photoluminescence quantum yield of 92% in 2 wt% doped films in mCP. DDiKTa-A exhibits
temperature dependent steady-state photoluminescence in 2-MeTHF, acting as an indirect indicator of the
polarity of the medium. The OLEDs with DDiKTa-A showed an EQE,,x of 20.3%, but with significant efficiency
roll-off (EQE;p of 13.2%). The EQE,.x was improved, and the efficiency roll-off mitigated by incorporating an
assistant dopant, 4CzIPN, within the emissive layer of the device. The hyperfluorescence device showed an
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Introduction

Multiresonant thermally activated delayed fluorescence (MR-TADF)
materials show significant potential as emitters in organic light-
emitting diodes (OLEDs) as they have the requisite narrowband
emission to produce the required saturated colors for high-
definition displays.'"™ Unlike conventional donor-acceptor (D-A)
TADF emitters, the structural rigidity inherent in most MR-TADF
emitters reduces geometric relaxation upon excitation, resulting in
a narrowband emission. The disposition of electron-rich and
electron-deficient groups within the polycyclic aromatic hydrocar-
bon skeleton produces an emissive excited state of short-range
charge-transfer (SRCT) character where there is a small exchange
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EQEax Of 24.3%, which decreased to 22.5 and 14.6% at 100 and 1000 cd m™2, respectively.

integral reflected in the moderately small singlet-triplet energy
gap, AEsr, that enables TADF.

To date, numerous MR-TADF emitters have been developed,
some of which produce OLEDs that show fantastic performance
including examples where the maximum external quantum
efficiency (EQE ) exceeds 40%.° There are now many reported
blue and green MR-TADF OLEDs including examples that
approach the B.T. 2020 industry standard for green’ ' and
blue emission.”®* However, examples of orange/red MR-TADF
OLEDs remain relatively rare due to the challenges in emitter
design to red-shift the emission of the emitters.® There are
currently two primary methods for shifting the emission to the
red: (1) Enhancing the donor and acceptor strength by con-
structing systems with electron-accepting (A) and donating
atoms (D) in A-para-A and D-para-D regiochemistry;'®™° (2)
Decorating the MR-TADF core with donor or acceptor substi-
tuents to tune the energy of the emissive core;***' note that the
use of too strong donors or acceptors results in the excited state
being of long-range charge transfer (LRCT) character, resulting
in less bright and broader emission. Dimerization of MR-TADF
emitters is a distinct strategy for realizing red-shifted emission via
extending the conjugation area. To date, there are only limited
samples that have been reported based on this latter strategy.*>>*
Our group reported the first example of a dimeric MR-TADF emitter
by connecting two DiKTa units (aka QAO or QAD)> > through a
single bond in DDiKTa (Scheme S1, ESIt).>* The photoluminescence
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(PL) was observed to red-shift from 451 nm for DiKTa to 470 nm
for DDiKTa in toluene. Yasuda and co-workers reported
another two isomeric MR-TADF dimers formed by tethering
two MR-TADF fragments with different regiochemistry, para-B-
n-B for p-CzB and para-N-n-N for m-CzB, as shown in Scheme S1
(ESIT).>® Compared to DtBuCzB (lp, = 489 nm), p-CzB and
m-CzB emit at 504 and 515 nm in toluene, representing a
modest red-shift of their PL.>® The devices with p-CzB and
m-CzB showed EQE ., of 20.2 and 23.5%, respectively. Lan and
co-workers reported another two MR-TADF dimeric emitters,
DBF-DBN and DBT-DBN (Scheme S1, ESIT).>* The OLEDs with
DBF-DBN and DBT-DBN emitted at 514 and 516 nm and
showed EQE,.x of 21.5 and 31.3%, respectively. Each of these
three reports documents a red-shifted emission of the dimeric
emitters compared to their monomeric counterparts; however,
the emission is in the green region and no example to date
demonstrates that this strategy can be used to push the emis-
sion further to the red.

Here, we report the emitter DDiKTa-A, a compound that
contains two DiKTa units bridged by a central aniline (Fig. 1).
Using this design based on a synergy between a compound
containing para-N-n-N conjugation and two emissive lumino-
phores leads to a strong red-shift of the emission from blue
(/pr, = 453 nm) for DiKTa* to yellow (4p;, = 551 nm) for DDiKTa-A
in toluene solution. The emission of DDiKTa-A shows a signifi-
cant temperature sensitivity in 2-MeTHF, reflected in a color
change from 566 to 638 nm across a temperature range from 123
to 298 K. In 2 wt% doped films in 1,3-bis(N-carbazolyl)benzene
(mCP), DDiKTa-A emits at 562 nm, has a high photolumines-
cence quantum yield, ®@p;, of 92%, and a delayed lifetime, 74, of
279 ps. The OLEDs with DDiKTa-A showed an EQE,,,, of 20.3%
at Agy, of 573 nm but with a severe efficiency roll-off (EQE;, of
13.2%). To tackle the observed efficiency roll-off, hyperfluores-
cence (HF) devices incorporating 4CzIPN as the assistant

DiKTa

ApL= 463 nm, ©p = 75%, AE5; =0.20 eV
in 3.5 wt% mCP film
AgL = 465 nm; EQE,,, = 14.7%,
EQE pg0 = 3.3% ( OLED)
Adv. Optical. Mater., 2020, 8, 1901627
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dopant were fabricated and showed much improved perfor-
mance, with an enhanced EQE,,., of 24.3% and a reduced
efficiency roll-off with EQE,, of 22.5% and EQE o, of 14.6% at
g, of 574 nm.

Results and discussion

DDiKTa-A was obtained in one step from DiKTa-Br** via a two-fold
palladium-catalysed Buchwald-Hartwig cross-coupling reaction
with 4-tert-butylaniline (Scheme S1, ESIT). DDiKTa-A was purified
by column chromatography and then by gradient-temperature
vacuum sublimation. The identity and purity of DDiKTa-A was
assessed using a combination of 'H & *C nuclear magnetic
resonance spectroscopy, high-resolution mass spectrometry, melt-
ing point determination, high-pressure liquid chromatography
and elemental analysis (Fig. S1-S5, ESIY).

The optoelectronic properties of DDiKTa-A were firstly mod-
elled using a combination of density functional theory (DFT)
and wavefunction-based methods as the latter have been pre-
viously shown to accurately predict the excited state energies of
MR-TADF compounds, including the structurally related
DiDOBNA-N.">?° The geometry in the ground state and the
HOMO/LUMO levels were calculated at the PBE0/6-31G(d,p)
level. As shown in Fig. 2a, the LUMO is mostly localized on
the DiKTa moieties, while the HOMO is delocalized across the
whole molecule. Compared to the HOMO/LUMO levels of
DiKTa (—6.20/—2.23 eV)’" and DDiKTa (—6.04/—2.34) the
HOMO of DDiKTa-A is significantly destabilized while the
LUMO is effectively unchanged (—5.39/—2.24 eV). The resulting
energy gap (AE) of 3.15 eV is smaller than those of DiKTa
(3.97 eV) and DDiKTa (3.70 eV).>> As a result of the amine, there
is considerable conformational flexibility in DDiKTa-A,
reflected in the differences in geometry between the ground

Ko 038

Bu
DDiKTa-A

ApL= 562 nm, Op = 92%, AEg;=0.16 eV
in 2 wt% mCP film
AgL =572 nm; EQE,,,, = 20.3%,
EQE g = 3.9% (OLED)
AgL =574 nm; EQE,,, = 24.3%,
EQE o = 14.6% (HF-OLED)

This work

Fig. 1 Chemical structures, photophysical and device properties of DiKTa and DDiKTa-A.
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(a) Distributions of the frontier molecular orbitals (isovalue: 0.02) of DDiKTa-A, calculated in the gas phase at the PBE0O/6-31G(d,p) level; (b)
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difference density plots (isovalue: 0.001) of S;/S; and T,/T, excited states (calculated in the gas phase at the SCS-ADC(2)/cc-pVDZ level) for DDiKTa-A.

f is the oscillator strength.

and singlet excited state (RMSD value of 0.2757, Fig. S6, ESIT),
which will likely lead to a broad emission similar to that
observed for DIDOBNA-N." The energies of the low-lying sing-
let and triplet excited states were calculated at the SCS-ADC(2)/
ce-pVDZ level (Fig. S2b, ESTT).**** The difference density plots
reveal the expected alternating pattern of increasing and
decreasing electron density in the excited states as compared
to the ground state, reflective of states of SRCT character. The
plots also show that the electron density is delocalized across
both DiKTa moieties and the bridging nitrogen atom. The
distribution pattern for the S,/T, is similar to that of the
S,/T; states but does not involve as significantly the bridging
aniline. The S; energy level is 3.08 eV, which is stabilized
compared to that of DDiKTa of 3.39 eV and DiKTa of 3.46 eV,
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indicating that the emission should be lower in energy. The
calculated AEgr of 0.22 eV is smaller than the predicted value of
0.27 eV for both DiKTa and DDiKTa. The SOC matrix element
(SOCME) between S; and T; at the T,-optimized geometry
(Fig. S7, ESIY) was calculated to be 0.49 cm ™" while that from
T, to S; was 0.44 cm™ ' (Fig. S8, ESI¥).

The electrochemical properties were investigated using cyc-
lic voltammetry (CV) and differential pulse voltammetry (DPV)
in dichloromethane (Fig. S10, ESIt). The CV of DDiKTa-A shows
reversible oxidation and reduction waves. The oxidation (Ey)
and reduction potentials (E;.q), determined from the respective
peaks in the DPV, are 0.98 and —1.32 eV versus a saturated
calomel electrode (SCE). The corresponding HOMO and LUMO
levels are calculated to be —5.32 and —3.02 eV. The HOMO is
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(a) Absorption and steady-state photoluminescence (SS PL) spectra in toluene at RT, dexc = 340 nm. (Inset: photo of DDiKTa-A in toluene and

irradiated with a UV torch, Jexc = 365 nm.) (b) The SS PL and phosphorescence spectra (1-10 ms in 2-MeTHF glass at 77 K), Zexc = 340 nm.
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destabilized while the LUMO is of similar energy to those of
DiKTa (—6.12 €V/—3.00 eV),*® reflecting the predictions
from DFT.

The UV-vis absorption spectrum of DDiKTa-A in dilute toluene
solution (10~> M) at room temperature is shown in Fig. 3a. There are
three identifiable absorption bands with peaks of 323, 397 and
473 nm, which generally match with the simulated absorption
spectra (Fig. S9, ESIt). The two intense, higher energy bands
(e of 3.0 x 10" and 1.6 x 10* M " em ™", respectively) are associated,
respectively, with m-m* transitions across the DiKTa backbone
(Vabs = 334 nm, & = 3.5 x 10° M ' cm™')* and the whole skeleton,
based on an analysis of the TDA-DFT calculations (Fig. S9, ESIt). The
absorption band at 474 nm (¢ = 1.2 x 10* M~' em ™) is associated
with the characteristic SRCT state and is both red-shifted and weaker
compared to the SRCT band of DiKTa (/s = 435 nm with ¢ = 2.1 X
10* M™' em™ "), likely implicating that this state in DDiKTa-A
contains an admixture of SRCT and LRCT character.”® The steady-
state photoluminescence (PL) spectrum in toluene of DDiKTa-A is
broad, having a peak at Ap;, of 551 nm and a FWHM of 76 nm. This
emission is significantly red-shifted and broader compared to
that of DDiKTa (dp, = 470 nm, FWHM = 47 nm), of DiKTa
(Ap. = 453 nm, FWHM = 27 nm), and of DiDOBNA-N
(/pL = 426 nm, FWHM = 43 nm).>>**> The broader emission is
attributed to combination of an emissive excited state possessing an
admixture of SRCT and LRCT character and a conformationally
flexible structure. Distinct from that observed for these three
compounds, there is a more significant positive solvatochromism

(a)

123K 143K 163K

-

oL |
gw'

1833 K 203 K

CERUNUNEL
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(Fig. S11, ESIt) that is consistent with of an emissive excited
state that possesses mixed SRCT and LRCT character.

The energies of the S; and T; states were determined from
the onsets of the steady-state photoluminescence (SS PL) spec-
tra and delayed emission in 2-MeTHF glass at 77 K (Fig. 3b).
The extracted S; and T; energies are 2.34 and 2.17 eV, respec-
tively, leading to a AEsr of 0.17 eV, which is smaller than that of
DiKTa (0.20 eV), DDiKTa (0.21 €V), and DIDOBNA-N (0.22 €V).
The time-resolved PL (TR PL) decays in toluene are shown in
Fig. S12b (ESIt). The emission decays with biexponential
kinetics, with prompt lifetime, 7,, of 16.3 ns and delayed
lifetime, 74, of 41.0 pus under N,; the delayed emission was
quenched upon exposure to air (Fig. S12a, ESIt). The ®p
decreases from 44 to 36% upon exposure to air. The inferred
kinetics rate constants are summarized in Table S2 (ESIT) and
the rate constant for RISC, kgsc, is 1.63 x 10* s™'. Notably, no
delayed lifetime in toluene solution was observed for DiKTa,
DDiKTa, and DIDOBNA-N.

As shown in Fig. 4, the SS PL of DDiKTa-A exhibits a
temperature dependence in 2-MeTHF solution (123-298 K).
DDiKTa-A shows a structureless orange emission at 577 nm
at RT and when the temperature decreases to 163 K there is a
gradual red-shift of the emission to 638 nm. This phenomenon
can be attributed to the increased dielectric constant of
2-MeTHF upon cooling, which stabilizes the LRCT state of
DDiKTa-A.*>>” When the temperature is close to the glass
transition temperature of 2-MeTHF (131-142 K)*® the emission

223 K 243K 263K 298K

() I —— (c)
51 —143K 0.8
© | ——163K
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2 223K 0.6
IS 243K 500
= 263 K
= 283K
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Fig. 4

(a) Images showing samples in 2-MeTHF irradiated with a UV torch at different temperatures. (b) Temperature-dependent steady-state PL spectra

in 2-MeTHF, Zexe = 365 nm. (c) CIE diagram associated with steady-state PL spectra in (b) as a function of temperature.
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(a) Steady-state PL spectra, dexc = 340 nm (Inset: photo of 1 wt% doped film of DDiKTa-A in mCP and irradiated with a UV torch, Aexc = 365 nm.)

and (b) time-resolved PL decays (inset is the PL decay of prompt component measured by TCSPC method), under vacuum and air of 2 wt% DDiKTa-A in

mCP doped film, dexc = 375 nm.

Table 1 Photophysical data of DDiKTa-A and DiKTa in 2 wt% doped films in mCP

Emitters Dy /% Jp/mnm? FWHM/nm® S,/ev? T,/eV*® AEgr/eV 7p/ns? Ta/us® krisc/10* s71
DDiKTa-A 92 562 75 2.36 2.20 0.16 15.1 279 1.91
DiKTa®" 46 467 46 2.75 2.55 0.20>° 4.8 242 2.52

“ The Pp;, was measured using an integrating sphere under nitrogen (ley = 340 nm). 5 Obtained at 298 K, Aexe = 340 nm. € Full-width at half-
maximum. ¢ Obtained from the onset of the steady-state PL spectrum at 77 K. ¢ Obtained from the onset of the delayed emission spectrum
(1-10 ms) at 77 K (Jexe = 340 nm). S AEgy = E(S,) - E(Ty). € Measured at 300 K under vacuum, e = 379 nm.

blue-shifts, ultimately reaching 566 nm at 123 K. This shift is
attributed to the longer geometry relaxation time in frozen 2-
MeTHF.* Importantly, this observation suggests that the red-
shifted emission is a result of the sensitivity of the singlet state
to the polarity of the environment, rather than aggregation
during the cooling process.

To explore the potential of DDiKTa-A as an emitter in
OLEDs, we turned our attention to assessing the photophysical
properties in mCP thin films, as this host has a suitably high
triplet energy (Er = 3 €V)*® to confine the excitons onto the
emitter (Fig. 5). We first explored the dependence of both the SS
PL and &y, of DDiKTa-A on the doping concentration in mCP
(Fig. S13, ESIT). Under N,, the ®p;, decreased from 92 to 74%
upon increasing the doping concentration from 2 to 10 wt% in
mCP, while the emission red-shifted from 562 to 588 nm,
indicating that the emitter tends to aggregate and that these
aggregates quench the emission. Therefore, using only the
2 wt% films, we next screened the properties in two other high
triplet energy hosts, PPT and DPEPO (Fig. S14, ESIT). In both
phosphine oxide-based hosts, the 2 wt% films emit at around
600 nm while the ®p;, are 69 and 50%, respectively. The
observed red-shifting of the emission from orange in mCP
(Apr. = 562 nm, FWHM = 75 nm) to red (Ap;, = 600 nm, FWHM =
102 nm) in these two hosts can be attributed to the increased
stabilization of the LRCT state with increasing host polarity.
Due to the high @5, and narrower emission in the 2 wt% doped
films in mCP, we carried out the subsequent photophysical

This journal is © The Royal Society of Chemistry 2024

studies using this film. The AEsr of DDiKTa-A in this film is
0.16 eV (Fig. S15, ESI{), which is of similar magnitude to that
measured in 2-MeTHF glass. The emission is quenched in the
presence of air, dropping from a ®py, of 92 to 80%. There is the
characteristic temperature dependence of the delayed emission
that is indicative of TADF (Fig. S16, ESIt). The TR PL decay at
RT shows multiexponential kinetics under vacuum, the average
Tp and 74 are 15.1 ns and 279 us, The kinetics rate constants for
the 2 wt% doped films in mCP are collected in Table S2 (ESIf)
and the kysc is 1.9 x 10* s™* for DDiKTa-A, which is similar
to that determined in 2 wt% doped film in mCP for DiKTa
(krisc = 2.5 x 10" s7').> A summary of the photophysical
properties of the 2 wt% doped films in mCP is provided in
Table 1.

Device characterization

Vacuum-deposited OLEDs with DDiKTa-A were firstly fabri-
cated with the device structure of: ITO/TAPC (35 nm)/TCTA
(10 nm)/CzSi (10 nm)/x wt% emitter: mCP/(20 nm)/TmPyPB
(40 nm)/LiF (1 nm)/Al (100 nm), where indium tin oxide (ITO) is
the anode, 4,4'-cyclohexylidenebis[N,N-bis(4-methylphenyl)
benzenamine] (TAPC) acts as the hole-transport layer. 9-(4-
tert-butylphenyl)-3,6-bis(triphenylsilyl)-9H-carbazole (CzSi) is
used to block excitons, 1,3,5-tri(m-pyridin-3-ylphenyl)benzene
(TmPyPB) acts as the electron-transporting material, and LiF

J. Mater. Chem. C, 2024, 12, 6177-6184 | 6181
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Fig. 6 a) Energy level diagram of materials employed in the devices. (b) Molecular structures of materials used in the devices. (c) Current density and
luminance versus voltage characteristics for the devices. (d) External quantum efficiency versus luminance curves for the devices. (e) Electrolumines-

cence spectra of the devices.

Table 2 Electroluminescence data

Emissive layer VoIV ApL/nm FWHM?/nm CIE (x, y) Linax/cd m ™2 EQE max/100/1 000" /%
DDiKTa-A/mCP 3.6 572 69 0.49, 0.50 12 390 20.3/13.2/3.9
DDiKTa-A/4CzIPN/mCP 3.5 574 75 0.48, 0.50 12 310 24.3/22.5/14.6
DiKTa/mCP*® 3.0 465 39 0.14, 0.18 10 385 14.7/8.3/3.3

“Turn on voltage, recorded at 1 cd m 2 ” Full width at halfmaximum of the electroluminescence spectrum. ®Maximum luminance.
¢ Maximum external quantum efficiency/EQE at 100 cd m~*EQE at 1000 cd m 2.

modifies the work function of the aluminum cathode. The
device stacks and chemical structures of the materials are
shown in Fig. 6b. The device performance is summarized in
Fig. 6 and Fig. S17-S21 (ESIt) and Table 2.

Considering the small decrease in @y, (from 92 to 73%) with an
increase in doping concentration from 2 to 10 wt% in spin-coated
mCP film, the emissive layers containing different doping concen-
trations of 2, 5, and 10 wt% in OLEDs were fabricated to assess how
device performance is affected by doping concentration. The device
with 5 wt% showed the best performance (Fig. S17, ESIt). The
device emitted at an electroluminescence peak maximum, Agy, of
572 nm and was comparably broader to that observed in the PL
spectrum (FWHM of 69 nm), Fig. 6e. The corresponding Commis-
sion Internationale de I'Eclairage (CIE) coordinates are (0.49, 0.50)
The device showed an EQE,, of 20.3%; however, there was a
significant efficiency roll-off, with the EQE dropping to 13.2% at
100 cd m~? (efficiency roll-off of 35%), which is attributed to the
long 74 of 279 ps of the emitter.

To address its rather inefficient exciton harvesting, we
proceeded to fabricate a hyperfluorescence device (HF device),

6182 | J Mater. Chem. C, 2024,12, 6177-6184

identifying 4CzIPN as a suitable assistant dopant. The emissive
layer of the optimized HF device consisted of a 5:10: 85 ratio for
DDiKTa-A/4CzIPN/mCP. The photophysical properties are shown
in Fig. S18-S19 (ESIT), and the spin-coated film emits at Ap;, at
577 nm, has a 1, of 32 ns and 14 of 149 pus and, importantly a ®p,
of 98%. The corresponding kgisc of this film is 5.47 x 10*s™*
(Table S2, ESIt). The HF device emitted at Ag;, of 574 nm (FWHM
of 75 nm), which is a little broader than the device with only
DDiKTa-A. The efficiency of the HF device was noticeably
improved, with an EQE,,x of 24.3% and the device showed a
significantly reduced efficiency roll-off of 7.4% and 40.0% at 100
and 1000 ¢d m~? (EQEjpo;1000 Of 22.5 and 14.6%). This CIE
coordinates of the HF device was (0.48, 0.50), representing one
of only a handful of reported carbonyl-based orange/red MR-TADF
OLEDs (Table S3 and Fig. S23, ESIt). Furthermore, it demon-
strates a commendable EQE,,, of 24.3%, comparable to the
literature device (with QAD-mTDPA) showing the highest EQE .«
of 26.3% for an orange/red carbonyl-based MR-TADF OLED,"° and
achieved the highest EQE;q, of 22.5% among carbonyl-based
orange/red MR-TADF OLEDs (Fig. S23, ESIY).

This journal is © The Royal Society of Chemistry 2024
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Conclusions

In summary, we developed a yellow/orange MR-TADF emitter,
DDiKTa-A, based on a design that bridges two DiKTa units via a
central aniline. The synergistic combination of a compound
containing para-N-n-N conjugation and two emissive lumino-
phores resulted in a significantly red-shifted emission from
blue (/py = 453 nm) for DiKTa to yellow (1p;, = 551 nm) for
DDiKTa-A in toluene solution. In 2 wt% doped films in mCP,
DDiKTa-A emits at 562 nm, with a high ®p;, of 92% and a 14 of
279 ps. Notably, in 2-MeTHF, the emission of DDiKTa-A
displayed a spectral sensitivity to temperature over 123 to
298 K, reflecting temperature-dependent changes in the
environment. The OLEDs with DDiKTa-A exhibited an EQE .
of 20.3% but that showed considerable efficiency roll-off, with
an EQE;o, of 13.2%. The device performance was markedly
improved by employing a hyperfluorescence device stack with
4CzIPN as the assistant dopant, leading to a high EQE,,, of
24.3% and a reduced efficiency roll-off with EQE;q, of 22.5%
and EQEjgy of 14.6% at Agp, of 574 nm. This emitter design,
where a central aniline bridges two MR-TADF units, provides a
straightforward approach to developing MR-TADF compounds
where the emission is significantly red-shifted to lower energy.
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