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A multi-resonant thermally activated delayed
fluorescence emitter with a twisted second-
generation carbazole dendron showing suppressed
concentration quenching and its use in solution-
processed organic light-emitting diodes+}

’ '.) Check for updates ‘

Cite this: Org. Chem. Front., 2025,
12, 3279

a

Jingxiang Wang,? Yuka Yasuda,? Yongxia Ren,® Ryo Kondo,? David B. Cordes,
Hironori Kaji (2 * and Eli Zysman-Colman () *

Multi-resonant thermally activated delayed fluorescence (MR-TADF) emitters have drawn significant inter-
est for use in organic lighting-emitting diodes (OLEDs) as they typically have bright and narrowband emis-
sion. However, their rigid, planar structures result in poor solubility in organic solvents and a tendency to
aggregate. This usually results in severe aggregation-caused quenching (ACQ), which hinders in particular,
their application in solution-processed OLEDs. Herein, a solution-processable MR-TADF emitter 2,7-
tBuCzNB has been designed, synthesized and studied. The presence of eight tert-butyl groups and the
use of second-generation donor dendrons help enhance its solubility and suppress the ACQ. 2,7-
tBuCzNB exhibits narrowband green emission at 493 nm, with a full-width at half maximum of 32 nm and
a high photoluminescence quantum yield (®@p) of 93% in toluene. The &p_ values in 1-10 wt% doped
films in MCP are slightly lower but still reach up to 80%. Solution-processed OLEDs using this emitter
showed maximum external quantum efficiencies (EQE ) of 11.4 and 10.6% at 5 and 10 wt% doping con-
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Introduction

Organic lighting-emitting diodes (OLEDs) have steadily
become a dominant display technology, particularly in mobile
devices, smartwatches and televisions, due to their inherent
advantages of self-luminescence, wide viewing angle, low
energy use and the ability to fabricate flexible and transparent
devices."™ Almost all commercial OLEDs are fabricated by
vacuum deposition as this technology has been shown to
produce high-quality, high-performance devices, partly due to
the performance of materials specifically designed and syn-
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emitters for use in solution-processed OLEDs.

thesized to be compatible with vacuum thermal evaporation.
Compared to this fabrication process, solution-processed
OLEDs (SP-OLEDs), especially those based on ink-jet printing
technology, have distinct advantages, namely a much lower
production cost, a more facile fabrication process for large-
area devices, and a lower level of material waste.>®
Historically, however, SP-OLEDs have tended to show poorer
performance than vacuum-deposited OLEDs (VD-OLEDs) in
terms of their luminescence efficiency, device lifetime, and
color purity. This is in part due to sub-optimal material
performance and design.”*° Developing new materials specifi-
cally targeted for SP-OLEDs remains an outstanding academic
and industry research challenge.

Over the past decade, thermally activated delayed fluo-
rescence (TADF) emitters have been widely explored as emitters
in OLEDs, partly owing to their ability to harness all of the
singlet and triplet excitons to produce light and thus achieve
up to 100% internal quantum efficiency (IQE)."™™* A weak
overlap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
is required to achieve a small singlet-triplet energy gap (AEsy)
that is necessary to promote the required endothermic reverse
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intersystem crossing (RISC) underpinning the TADF mecha-
nism.'® This is typically achieved by the emitter adopting a
strongly twisted donor-acceptor (D-A) architecture. However,
the long-range charge transfer (LRCT) character of the emissive
excited state and the corresponding relatively large structural
relaxation upon exciton formation lead to an undesired broad-
ening of the emission envelope, which results in devices
having poor color saturation.*®

In 2016, Hatakeyama et al. reported a new type of organic
TADF material known as multi-resonant TADF (MR-TADF)
emitters.'”'® The short-range charge transfer (SRCT) character
of the emissive lowest singlet (S,) state that exists as a result of
the HOMO/LUMO separation on adjacent atoms and the rigid
structure of the molecule result in narrowband emission,
small Stokes shifts, and high photoluminescence quantum
yields (®py), all of which contribute to devices having both
high color purity and high maximum external quantum
efficiencies (EQEna,)."° However, the commonly rigid and
planar geometries of MR-TADF emitters lead to poor solubility
in organic solvents, causing them to aggregate.>>' The resul-
tant poor film-forming properties from solution and severe
aggregation-caused quenching (ACQ) are detrimental to their
performance in SP-OLEDs.%??

In this report, a new MR-TADF emitter 2,7-tBuCzNB has
been developed to address these outstanding issues in the
context of SP-OLEDs (Fig. 1). The asymmetric B-N core
(named Cz-SCz), reported recently by Ni et al., has been con-
firmed to have an emissive SRCT state in both toluene and
doped films in mCP.*®> The eight tert-butyl groups in 2,7-
tBuCzNB are responsible for its good solubility in organic sol-
vents. This property coupled with the relatively high molecular
weight of 2,7-tBuCzNB (1525 g mol ") contributes to the good
film-forming ability of this compound.>**® The peripheral tert-
butyl carbazole and twisted second-generation tert-butyl carba-
zole donors help increase the intermolecular distance between
adjacent emitter molecules and suppress ACQ. As a result, 2,7-
tBuCzNB emits at an emission peak wavelength (4p;) of
500 nm (full width at half maximum, FWHM, of 44 nm) in a
5 wt% doped film in mCP. It has a high &5, of 93% in toluene,
and the @py, values in doped films are around 80% at concen-
trations ranging from 1 to 10 wt%. The SP-OLEDs using this
emitter at a doping concentration of 5 wt% in the DMIC-TRZ
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Fig. 1 Molecular design of 2,7-tBuCzNB.
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host showed an EQE,,x of 11.6%, with a low turn on voltage
(Von) of 3.4 V. The device with 10 wt% emitter showed nearly
the same performance as that with 5 wt% emitter.

Results and discussion
Synthesis

The synthesis of 2,7-tBuCzNB is shown in Fig. 2. The nitrogen
atom of 2,7-dibromo-9H-carbazole was firstly protected using
tert-butyldimethylsilyl chloride to obtain 1 in 93% yield.
Compound 1 was reacted with 3,6-di-tert-butyl-9H-carbazole
under Buchwald-Hartwig cross-coupling conditions to afford 2
in 81% yield, which was subsequently deprotected to afford 3
in 91% yield. Compound 3 was employed in a twofold SyAr
reaction with 2,6-difluorobromobenzene to afford 4 in 35%
yield. 2,7-tBuCzNB was obtained via a lithium-halogen
exchange/intramolecular borylation cyclization cascade in 12%
yield. The identity and purity of this compound were character-
ized using melting point determination, "H and '*C nuclear
magnetic resonance (NMR) spectroscopy, high-resolution mass
spectrometry (HRMS), high-performance liquid chromato-
graphy (HPLC), and elemental analysis (EA) (Fig. S1-S177). The
structure of 2,7-tBuCzNB was confirmed by single crystal X-ray
diffraction analysis (Fig. 3a, Fig. S18, and Table S2t).

Theoretical calculations

The optimized ground-state geometry and energy levels of 2,7-
tBuCzNB were calculated using Density Functional Theory
(DFT) at the PBE0/6-31G(d,p) level (Fig. 3b), starting from a
structure drawn and optimized using Chem3D.>**” The LUMO
is localized on the Cz-SCz core. The calculated LUMO level of
—1.87 eV is slightly more stabilized than that of Cz-SCz (—1.68
eV) (Fig. S191). The HOMO is distributed on the peripheral
twisted second-generation carbazole donor dendron due to its
strong electron-donating character. The calculated HOMO
energy of 2,7-tBuCzNB is —5.18 eV, which is close to that of
2GCzBP (HOMO of —5.19 eV)*® and 2GCzBPN (HOMO of —5.25
eV),”® both containing a regioisomeric second-generation car-
bazole donor dendron. The different regiochemistry of the
peripheral tert-carbazole groups does not have a significant
effect on the energy level. The excited-state energies were first

1. Narrow band emission
2. Increased solubility

3. Suppressed ACQ

Ap =493 nm
FWHM =32 nm
D, =93%

8y 2,7-tBuCzNB
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(a) Two views of one molecule in the structure of 2,7-tBuCzNB. Minor components of disorder and hydrogen atoms have been omitted for

clarity. (b) Calculated HOMO, LUMO and energy level diagram based on the optimized ground-state geometry and SOCME values based on the opti-
mized T, geometry in the gas phase at PBEQ/6-31G(d,p). (c) Difference density plots of S; and T; for 2,7-tBuCzNB calculated in the gas phase at the
SCS-ADC2/cc-pVDZ level (blue indicates an area of decreased electron density while yellow indicates increased electronic density between the

ground and excited states).

calculated using time-dependent DFT within the Tamm-
Dancoff approximation (TDA-DFT) at the PBE0/6-31G(d,p) level
(Fig. 3b). The S; state and the lowest triplet state (T,) energies
are 2.70/2.45 eV and the corresponding AEgr value is 0.25 eV.
Spin-orbit coupling matrix elements (SOCME) were calculated
based on the optimized T; geometry at the PBE0/6-31G(d,p) level,
with 2,7-tBuCzNB showing similar SOCME values of 0.026 and

This journal is © the Partner Organisations 2025

0.050 ecm™" for the S;-T; and S;-T, transitions, respectively. The
larger SOCME and smaller energy gaps between S; and T, indi-
cate that RISC may proceed via T, to S;.>°*

Spin-component scaling second-order algebraic diagram-
matic construction (SCS-(ADC)2/cc-pVDZ) calculations provide
more accurate predictions of the excited-state energies and
difference densities in MR-TADF compounds compared to

Org. Chem. Front,, 2025, 12, 3279-3287 | 3281
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TD-DFT methods (Fig. 3¢)."*>® The alternating difference
density patterns for both the S; and T, states are localized on
the Cz-SCz core, indicating that these states have SRCT charac-
ter. The S;/T; energies are calculated to be 2.95/2.80 eV and
the corresponding AEgr value is 0.15 eV. Both the difference
densities and the small AEg; indicate the likelihood of 2,7-
tBuCzNB being a MR-TADF emitter.

Optoelectronic properties

The HOMO and LUMO values of 2,7-tBuCzNB were extrapo-
lated from the electrochemical measurements in degassed
acetonitrile containing 0.1 M ["Bu,N]PFs as the supporting
electrolyte and Fc¢/Fc' as the internal reference (0.38 V vs.
SCE)*” (Fig. S207). The electrochemical data are summarized
in Table S3.f The cyclic voltammogram of 2,7-tBuCzNB shows
reversible oxidation and reduction waves with an oxidation
potential (E,y) of 1.04 V vs. SCE, and a reduction potential
(Erea) of —1.71 V vs. SCE, values that were obtained from the
peaks of the corresponding differential pulse voltammogram.
The corresponding HOMO and LUMO energies are —5.46 and
—2.71 eV, and the AE value is calculated to be 2.75 eV. The
HOMO energy is similar to those of most emitters containing
regioisomeric second-generation carbazole donor dendrons
(HOMOs of -5.41 and -5.40 eV for tBuCz3pTRZ and
tBuCz3mTRZ*® and —5.41 eV for tBuCz2pTRZ, tBuCz2mTRZ,
and tBuCz2m2pTRZ*°), and the LUMO energy is nearly the
same as that of Cz-SCz (LUMO of -2.74 eV),”® indicating
that oxidation occurs on the central carbazole of the second-
generation carbazole donor, while reduction occurs on the
B-N core.

The ultraviolet-visible (UV-vis) absorption and photo-
luminescence (PL) spectra of 2,7-tBuCzNB in dilute toluene are
shown in Fig. 4a. The low-energy absorption band at a peak
wavelength (A.ps) Of 465 nm (molar absorptivity, &, of 4.8 x 10*
M™' em™), similar to those of both Cz-SCz (Aups of 451 nm)>*
and DtBuCzB (4,ps of 467 nm),*® can be attributed to the SRCT
So-S; absorption transitions. 2,7-tBuCzNB emits at Ap; of

2,7-tBuCzNB | 1

FWHM: 32 nm

Normalised Emission Intensity / a.u.

©o
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Al nm
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~
(=

Fig. 4
spectra of 2,7-tBuCzNB in different solvents at 300 K. (1eyc = 340 nm).
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493 nm with a relatively narrow FWHM of 32 nm/0.16 eV. The
bathochromic shifting of the absorption and emission spectra
compared to Cz-SCz (lp; of 472 nm)> indicates that the
additional carbazole and second-generation carbazole donors
affect the electronic properties of the Cz-SCz core. The slightly
broader emission compared to that of Cz-SCz (FWHM of
28 nm)>* can be attributed to the larger degree of geometry
relaxation because of the additional donors. The @&, value of
2,7-tBuCzNB in degassed toluene is 93%. There is a very small
degree of positive solvatochromism, which indicates that the
SRCT character of the S; state is conserved across this family
of solvents (Fig. 4b).

The steady-state PL and phosphorescence spectra of 2,7-
tBuCzNB in 2-methyltetrahydrofuran (2-MeTHF) at 77 K were
measured to determine the AEgy (Fig. 5a). The singlet and
triplet energies, determined from the difference in the onset
energies of the steady-state PL and phosphorescence spectra,
are 2.59 and 2.43 eV, respectively, resulting in a AEgr of 0.16
eV, a value that is similar to the calculated value (AEsr of 0.15
eV) and that of Cz-SCz (AEsy of 0.18 eV).”® Time-resolved PL
studies in toluene revealed monoexponential decay kinetics,
with a fast prompt lifetime (z;,) of 6.6 ns (Fig. 5b). No delayed
emission was observed in toluene solution, which is due to the
magnitude of the AEgr and the competing non-radiative decay
processes to ISC/RISC cycling.*!

The photophysical properties of thin films were then inves-
tigated. 1,3-Bis(N-carbazolyl) benzene (mCP) was first used as
the host material because of its suitably high triplet energy (Ex
= 2.9 eV).”” The absolute ®p; values of 2,7-tBuCzNB at
different doping concentrations in mCP were measured under
a nitrogen atmosphere (Table S41). The 1, 5 and 10 wt% doped
films of 2,7-tBuCzNB in mCP have similar yet slightly red-
shifted PL spectra, peaking at Ap; of 496, 500 and 504 nm
(FWHM of 41, 44 and 48 nm), while the corresponding ®py,
values remain high at 80, 81 and 77% (Fig. S21t). Although
the ®pp, values are slightly lower than those in toluene, the
concentration quenching is negligible in this concentration

(b)

Hexane
Toluene
=—THF
—— DCM

-
1

o

Normalized Emission Intensity / a. u.

550
A/ nm

450 500

(a) UV-vis absorption and PL spectra of 2,7-tBuCzNB in toluene at 300 K. Inset: photo of 2,7-tBuCzNB in toluene excited at 365 nm. (b) PL
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toluene (lexec = 375 nm).

range. When increasing the doping concentrations to 20 and
50 wt%, the PL spectra broaden and further red-shift to Ap;, of
509 and 516 nm (FWHM of 52 and 65 nm), respectively, as
aggregation of the emitters becomes pronounced; the @py,
values decrease precipitously to 61 and 36%, respectively
(Fig. S217).

Having identified that the 5 wt% doped film in mCP is
optimal, we next proceeded to obtain the steady-state PL
spectra and time-resolved PL decays. This film emits at Ap;, of
500 nm and has a FWHM of 44 nm/0.21 eV (Fig. 6a). In con-
trast to the properties of the isolated molecules in dilute solu-
tion, the intermolecular interactions between host-guest and
guest-guest cannot be avoided in the film state, which leads to
a weak red-shift and broadening of the PL spectrum of the
5 wt% doped films compared to those in toluene (ip; of
493 nm, FWHM of 32 nm/0.16 eV). The AEgy value is slightly
smaller at 0.13 eV compared to that in 2-MeTHF (Fig. 6b). The
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(a) Steady-state PL and phosphorescence spectra of 2,7-tBuCzNB (le,c = 340 nm). (b) Time-resolved PL decay of 2,7-tBuCzNB in degassed

time-resolved PL decay at 300 K under vacuum reveals a
prompt fluorescence lifetime, 7, of 7.6 ns and a long delayed
lifetime, 74, of 1.2 ms (Table 1). The increase in the intensity of
delayed emission with the increase in temperature from 77 to
300 K confirms the presence of TADF (Fig. 6¢). The much
longer 74 of 2,7-tBuCzNB compared to that of Cz-SCz (4 of
425 ps)*® may be due to the much lower SOCME values (0.026
and 0.050 cm™* for $;-T; and S;-T, of 2,7-tBuCzNB compared
to 0.150 and 0.653 cm ' for S;-T, and S,-T, of Cz-SCz)
(Fig. S197), which result in a lower RISC rate constant (kgisc =
5.4 x 10* s7', Table S51). The time-resolved PL decay of the
10 wt% doped film in mCP was also measured (Fig. S221). The
similar PL spectra, ®@p;, values, and prompt and delayed life-
times of the 10 wt% doped film and the 5 wt% doped film
indicate that there is a negligible impact of changing the con-
centration of the emitter on the photophysical properties
(Table 1).
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(a) Steady-state PL spectra in the 5 wt% doped film in MCP (lgyc = 340 nm). Inset: photo of the doped film excited at 365 nm. (b) Steady-

state PL and phosphorescence spectra of the 5 wt% doped film of 2,7-tBuCzNB in mCP measured in the film at 77 K (lexc = 340 nm). (c) Variable
temperature time-resolved PL decays of the 5 wt% doped film of 2,7-tBuCzNB in mMCP (1exc = 375 nm).
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Table 1 Photophysical data of 2,7-tBuCzNB
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In PhMe Aabs/MM Jpr, (FWHM)/nm Dpr/% AEgr/eV In film Apr, (FWHM)/nm Dpr/% 7p/ns 74/ms
465 493 (32) 93 0.16 5 wt% 500 (44) 81 7.6 1.2
10 wt% 504 (48) 77 6.8 1.2

Organic light-emitting diodes tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T)

Finally, we fabricated SP-OLEDs with 2,7-tBuCzNB as the
emitter. We report herein the device data using 5-(3-(4,6-diphe-
nyl-1,3,5-triazin-2-yl)phenyl)-7,7-dimethyl-5,7-dihydroindeno

[2,1-b]carbazole (DMIC-TRZ) as the host, as it afforded higher
efficiency devices (see the ESI for results of SP-OLEDs using
mCP:30 wt% OXD-7 as a mixed host, Fig. S23, and Table S67).
The device structure consisted of indium tin oxide (ITO)
(50 nm)/poly(styrenesulfonic acid)-doped poly(3,4-ethylene-
dioxythiophene) (PEDOT:PSS) (45 nm)/poly(N-vinylcarbazole)
(PVK) (15 nm)/X wt% 2,7-tBuCzNB:DMIC-TRZ (30 nm)/2,4,6-
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Fig. 7

(20 nm)/4,6-bis(3,5-di-4-pyridinylphenyl)-2-methylpyrimidine
(B4PyMPM) (35 nm)/lithium fluoride (LiF) (1 nm)/Al (100 nm).
Here, we employed PEDOT:PSS for hole injection, PVK for hole
transport and electron blocking, PO-T2T for electron transport
and hole and exciton blocking, B4PyMPM for electron trans-
port, and LiF for electron injection. ACQ is suppressed in 2,7-
tBuCzNB, allowing the fabrication of devices at relatively
higher doping concentrations than those typically used for
MR-TADF OLEDs; here, doping concentrations of 5 and
10 wt% are used. The device structure and performance are
shown in Fig. 7 and Table 2. The 5 wt% doped SP-OLEDs
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(a) Device structure, (b) electroluminescence spectra (inset: photograph of the 5 wt% device), (c) EQE-luminance curves, and (d) current

density—voltage—luminance characteristics of SP-OLEDs using 5 or 10 wt% 2,7-tBuCzNB:DMIC-TRZ as the emitting layer.
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Table 2 @&p| and device performances of 2,7-tBuCzNB in DMIC-TRZ
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Doped concentration Do, Y% EQEmax/EQE100 2/% Von SIV gz (FWHM)?/nm CIE® (x, y)
5 wt% 94 11.4/4.6 3.4 500 (41) (0.16, 0.56)
10 wt% 90 10.6/3.8 3.2 503 (42) (0.17, 0.59)

“Measured in the doped film in DMIC-TRZ. ” Maximum EQE and EQE at 100 cd m~2. ° Turn-on voltage at 1 cd m~2 ?EL peak wavelength and
FWHM. ¢ CIE coordinates at 1 mA cm ™2 for the 2,7-tBuCzNB:DMIC-TRZ devices.

exhibited pure green emission at Ag;, of 500 nm (FWHM of
41 nm) and associated CIE coordinates of (0.16, 0.56), which is
effectively identical to the PL spectra. The EQE,,, for this
device was 11.4%. The 10 wt% doped device showed almost
the same results, but with a slightly lower EQE,,,x of 10.6%,
confirming the suppression of ACQ of the emission of 2,7-
tBuCzNB. Unfortunately, despite the high &g, values, these
devices exhibited significant efficiency roll-off, with relatively
low EQE values at high luminance (EQE values of 4.6 and 3.8%
at 100 cd m™> for 5 and 10 wt% doped devices, respectively),
probably associated with the extremely slow RISC.

Conclusion

A new solution-processable MR-TADF emitter, 2,7-tBuCzNB,
has been designed and synthesized. The SCS-(ADC)2 calcu-
lations, the narrowband emission at 493 nm (FWHM of
32 nm) in toluene and the weakly positive solvatochromism all
corroborate that the emissive S; state possesses SRCT charac-
ter. The introduction of twisted second-generation tert-butyl
carbazole donor dendrons alleviates ACQ in films at doping
concentrations of 10 wt%. Solution-processed OLEDs with 2,7-
tBuCzNB as the emitter fabricated at 5 or 10 wt% doping con-
centration exhibited similar performance in terms of their nar-
rowband EL spectra peaking at around 500 nm (FWHM
around 40 nm), EQE .« of 11% and low V,,, around 3 V.
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