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Robust luminescent small molecules with
aggregation-induced delayed fluorescence for
efficient solution-processed OLEDs
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Purely organic luminescent materials with thermally activated delayed fluorescence have the merits of
high exciton utilization and thus excellent electroluminescence (EL) efficiency in OLEDs. However, these
devices, particularly solution-processed doped OLEDs, usually encounter the troublesome problem of
severe efficiency roll-off at high voltages. Herein, two new organic small molecules consisting of
electron-withdrawing benzoyl and electron-donating 9-hexylcarbazole and phenoxazine (or 9,9-dimethyl-
9,10-dihydroacridine) moieties are designed and synthesized. The crystal and electronic structures,
thermal stabilities, electrochemical behaviors and photophysical properties are thoroughly investigated.
Whereas these materials are weak emitters in solution, they can fluoresce strongly in spin-coated neat
films with greatly enhanced delayed fluorescence, namely they possess interesting aggregation-induced
delayed fluorescence (AIDF). Solution-processed nondoped OLEDs are fabricated by using these materials
as light-emitting layers, which provide high EL efficiencies of up to 9.02%. Efficient doped OLEDs with
varied doping concentrations (10, 30 and 50 wt%) in a 4,4'-bis(carbazol-9-yl)biphenyl (CBP) host are also
obtained by a spin-coating technique, offering higher EL efficiencies of up to 12.1%. More importantly,
both solution-processed nondoped and doped OLEDs exhibit an extremely small efficiency roll-off
(down to 0.08% at 1000 cd m~2 luminance), demonstrating the greatly advanced efficiency stability.
These results clearly prove that luminescent materials with AIDF properties are promising candidates for
the fabrication of high-performance solution-processed OLEDs.
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purely organic materials with thermally activated delayed
fluorescence (TADF) have the merits of high exciton utilization
and low cost."”* They usually have small singlet-triplet energy

Introduction

As a promising display and lighting technique, organic light-

emitting diodes (OLEDs) have drawn intense interest from
academia and industry. To realize massive commercialization,
highly efficient and low-cost light-emitting materials are of
crucial importance. However, most luminescent materials are
unable to function efficiently in OLEDs because of aggregation-
caused emission quenching and exciton annihilation. For example,
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splitting (AEgsr), and the up-conversion of non-radiative triplet
excitons (75%) to radiative singlet ones is promoted via a
reverse intersystem crossing (RISC) process under thermal
activation, theoretically endowing electroluminescence (EL)
devices with 100% internal quantum efficiency.>* Due to the
long lifetimes of triplet excited states, conventional TADF
emitters have to be dispersed within appropriate hosts to
suppress concentration-caused exciton annihilation. However,
at high voltages, this doping technique becomes invalid because
of the too high exciton density for most OLEDs based on TADF
emitters. Eventually, the EL efficiency decreases dramatically due
to serious bimolecular quenching processes, such as triplet—
triplet annihilation (TTA) and singlet-triplet annihilation
(STA).” To solve this problem, we recently developed a series of
novel luminogenic molecules with aggregation-induced delayed
fluorescence (AIDF).>” They are free of aggregation-caused
quenching and can fully harness both singlet and triplet excitons
in nondoped OLEDs without serious high-concentration exciton
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annihilation at high luminance, demonstrating great potential
for the fabrication of high-performance OLEDs with advanced
EL efficiencies and stabilities.®”™

In comparison with vacuum deposition, solution-processed
film preparation techniques, including spin-coating, inkjet
printing, roll to roll processing, etc., are more feasible to
manufacture large-area OLEDs with less material waste and
reduced cost.® Moreover, flexible substrates and better control
of the doping process can be facilely adopted. Currently, the
majority of light-emitting materials used in solution-processed
OLEDs are luminescent polymers, including the emerging
TADF polymers,”' because of their good film-forming ability.
However, the low reproducibility, metal catalyst residue, and
structural defects of luminescent polymers will undermine
their EL performance. In contrast, small molecules have the
merits of clearly defined structures, easy purification and better
photoluminescence (PL) efficiencies. Besides fluorescent and
phosphorescent small molecules,"'* there is a considerable
interest focused on the development of solution-processable
small molecules with TADF properties.'>'* Although inspiring
achievements have been made, their OLEDs fabricated by
solution-process techniques still often encounter the trouble-
some problem of sharp efficiency loss at high voltages, just like
most vacuum-deposited TADF emitters. To address this issue,
in this contribution, we designed and synthesized two new small
molecules possessing AIDF, with long alkyl chains to increase
their film-forming ability during the solution-processing
technique. They emit bright green and yellow light with evident
delayed fluorescence in spin-coated films. The solution-
processed nondoped and doped OLEDs are fabricated using
both small molecules, which provide high EL efficiencies and
an extremely small efficiency roll-off.

Results and discussion

Synthesis

The synthesis of target compounds CC6-DBP-PXZ and CCé6-
DBP-DMAC is simple and efficient. As shown in Scheme 1,
9-hexylcarbazole (1) prepared by a literature method underwent
Friedel-Crafts acylation reaction with compound 2 to yield
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intermediate 3. The treatment of 3 with phenoxazine (PXZ, 4a)
and 9,9-dimethyl-9,10-dihydroacridine (DMAC, 4b) furnished
CC6-DBP-PXZ and CC6-DBP-PXZ, respectively. The molecular
structures were well characterized by NMR and high-resolution
mass spectra. Owing to the presence of hexyl groups, both
compounds have good solubility in common organic solvents,
such as chlorobenzene, toluene, chloroform, dichloromethane,
tetrahydrofuran (THF), and so forth, but are hardly soluble in
water because of their hydrophobic nature.

Single crystal structure

Single crystals of CC6-DBP-PXZ were obtained from a methanol-
dichloromethane mixture by slow solvent evaporation. The
crystal structure of CC6-DBP-PXZ shows a twisted conforma-
tion, in which the electron-donating PXZ units are connected
with phenyl rings at the 9-positions in an almost vertical
manner (Fig. 1). The torsion angles between them are as large
as 81.1° and 89.3°. Such a twisted conformation is favor-
able for the separation of frontier orbitals and thus a small
AEgr of the molecule. Generally, CC6-DBP-PXZ molecules are
packed in a loose pattern because of the twisted conformation.
But, one of the peripherical PXZ units in CC6-DBP-PXZ can
align nearly parallel and face-to-face to a neighouring PXZ with
an inter-ring distance of 3.320 A, indicative of a n-r stacking
interaction. There are also multiple weak intermolecular inter-
actions, such as C-H-- -t hydrogen bonds (2.755 and 2.858 A),
formed amongst CC6-DBP-PXZ molecules. These interactions can
help to restrict intramolecular motions and rigidify molecular
structures."

Thermal stabilities

The thermal stability of both compounds was evaluated by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) under nitrogen. CC6-BP-PXZ and CC6-BP-
DMAC show high decomposition temperatures of 475 and
438 °C, and high glass-transition temperatures of 114.3 and
120.4 °C, respectively (Fig. S1, ESIf). The excellent thermal
and morphological stabilities of both compounds meet the
requirements of solution-proceeded OLEDs, and benefit device
performance.
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Scheme 1 Synthetic routes of CC6-DBP-PXZ and CC6-DBP-DMAC. DCM = dichloromethane; DMF = N,N-dimethylformamide.
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Fig.1 Crystal structure of CC6-DBP-PXZ with thermal ellipsoids set
at 50% probability. Molecular packing of CC6-DBP-PXZ in the crystal
with indicated distances (A) of n—n stacking interactions and C—H---n
hydrogen bonds.

Photophysical behaviours

In dilute THF solutions, CC6-DBP-PXZ and CC6-DBP-DMAC
show absorption maxima at ~335 and ~ 343 nm, respectively,
which are associated with the n-r* transition of the molecules.
Meanwhile, weak absorption tails extending to ~445 nm are
observed (Fig. 2A), owing to the twisted intramolecular charge
transfer (TICT) from the electronic donating-accepting (D-A)
structure. This absorption tail of CC6-DBP-PXZ is relatively
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Fig. 2 (A) Absorption spectra in THF solutions (10> M) and (B) PL spectra
in neat films and doped films in the CBP matrix (30 wt%) of CC6-DBP-PXZ
and CC6-DBP-DMAC. PL spectra of (C) CC6-DBP-PXZ and (D) CC6-DBP-
DMAC in THF—water mixtures with different water fractions (f,,). Insets in
(C) and (D): photos of compounds in THF—water mixtures (f,, = 0 and 99%),
taken under the illumination of a UV lamp (365 nm).
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stronger than that of CC6-DBP-DMAC because of the stronger
electron-donating ability of PXZ than DMAC. CC6-DBP-PXZ and
CC6-DBP-DMAC emit weakly at 582 and 525 nm, with a low
fluorescence quantum yield (®x) of 4.1% and 11.7%, respectively.
However, in neat films, they show strong blue-shifted emissions
at 547 and 510 nm, respectively (Fig. 2B). The blue-shifted
emissions from THF solutions to neat films are attributed to
the decreased polarity of the environment, in which a single
fluorogenic molecule experiences a weakened TICT effect. The
&y values of CC6-DBP-PXZ and CC6-DBP-DMAC are greatly
increased to 38.3% and 59.5%, respectively, indicating that
both compounds behave better in solid form than in solution
as light-emitting materials. To further confirm this, the emission
behaviors of both compounds in THF-water mixtures were
measured. It can be seen that their aggregates formed in
the mixtures with high water fractions show blue-shifted and
stronger emissions relative to those in THF solutions (Fig. 2C
and D). This finding is in good agreement with the emission
properties in their neat films. The enhanced emissions of the
aggregates and neat films are attributed to the restriction of
intramolecular motions, and thus the blocking of nonradiative
decay of the excited state."®

The transient PL decay spectrum shows that CC6-DBP-PXZ
has a short lifetime of 2.0 ns, and the delayed fluorescence is
hardly observed in solution (Table S1, ESIt). CC6-DBP-DMAC
shows a longer lifetime of 60.7 ns, and the lifetimes of prompt
fluorescence and delayed fluorescence are 19.7 ns and 217.2 ns,
with ratios of 79% and 21%, respectively. In comparison with
CC6-DBP-PXZ, the delayed fluorescence of CC6-DBP-DMAC is
more obvious, which is probably due to the relatively more
rigid structure of DMAC than that of PXZ. The neat films of
CC6-DBP-PXZ and CC6-DBP-DMAC show much longer mean
lifetimes of 0.24 and 1.29 ps, with prompt fluorescence lifetimes
of 22.9 and 25.7 ns and apparent delayed fluorescence lifetimes
of 1.2 and 2.9 ps, respectively (Table 1 and Table S2, ESIt). These
results indicate that the delayed fluorescence of both compounds
is more likely to occur in films than in solutions (Fig. 3A and B),
clearly demonstrating the AIDF nature.>'” The AEgy values of the
neat films of CC6-DBP-PXZ and CC6-DBP-DMAC were measured
to be 0.02 and 0.04 eV, respectively, from their fluorescence and
phosphorescence spectra (Fig. S2, ESIt). These values are small
enough for the occurrence of RISC and thus delayed fluorescence
at room temperature. To further validate the delayed fluores-
cence, the temperature dependence of the transient PL decay
spectra was investigated. As shown in Fig. 3C and D, the lifetime
of delayed fluorescence is elongated and the ratio of the delayed
component increased with the increase of temperature. This
is the distinctive character of delayed fluorescence because
the high temperature can promote the RISC process. These
results demonstrate that both compounds have more efficient
emissions with enhanced delayed fluorescence in neat films
than in solutions. But, for CC6-DBP-DMAC, the changes of
the transient PL decay curves are somewhat complicated below
300 K, which is probably due to the presence of phosphores-
cence, namely the coexistence of phosphorescence, delayed
fluorescence and prompt fluorescence.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Photophysical properties of CC6-DBP-PXZ and CC6-DBP-DMAC
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Soln“ Neat film® Doped film*

}vabs )vem ¢Fd )vem ¢Fd Tprompte Tdelayede AESTf j'em ¢Fd Tprompte Tdelayede AESTf

(nm)  (nm) (%)  (nm) (%)  (ns) (ns) (eV) (nm) (%) (ns) (ns) (eV)
CC6-DBP-PXZ 335 582 4.1 547 38.3 22.9 1.2 0.02 531 59.0 24.5 1.6 0.07
CC6-DBP-DMAC 343 525 11.7 510 59.5 25.7 2.9 0.04 500 69.1 29.4 6.4 0.05

“ In THF solution (10~° M) at room temperature. ° Spin-coated on a quartz substrate. ¢ Spin-coated doped film in CBP at a concentration of
30 wt%. ¢ Absolute fluorescence quantum yield determined by a calibrated integrating sphere under nitrogen at room temperature. ¢ PL lifetimes
of prompt (tprompt) and delayed (tgeiayea) decay components evaluated at 300 K under vacuum. / Estimated from the high-energy onsets of

fluorescence and phosphorescence spectra at 77 K.
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Fig. 3 Transient PL decay spectra of CC6-DBP-PXZ and CC6-DBP-DMAC
(A) in THF solutions (10> M) and (B) in neat films, measured at 300 K under
nitrogen. Temperature dependent transient PL decay spectra of (C) CC6-
DBP-PXZ and (D) CC6-DBP-DMAC in neat films under nitrogen.

Theoretical calculations

DFT/TDDEFT calculation was conducted to investigate the mole-
cular orbital amplitude plots and energy levels of the highest
occupied molecular orbitals (HOMOs) and the lowest unoccu-
pied molecular orbitals (LUMOSs) of both compounds. As shown
in Fig. 4, the HOMO of CC6-DBP-PXZ is mainly located on one
of the electron-donating PXZ units, while the LUMOs are on
the electron-withdrawing benzoyl as well as electron-donating
carbazole units. A similar phenomenon is observed for CC6-
DBP-DMAC. Clearly, the distributions of HOMOs and LUMOs
are well separated in both compounds, which is favorable
to achieve a small AEg;y as well as the occurrence of the
TICT process. Indeed, the calculated AEsy values are 0.026
and 0.262 eV for CC6-DBP-PXZ and CC6-DBP-DMAC, respec-
tively, which are theoretically small enough for RISC and
delayed fluorescence. On the other hand, the calculated energy
gap between the HOMO and LUMO of CC6-DBP-PXZ is smaller
than that of CC6-DBP-DMAC, which is consistent with the
red-shifted experimental absorption and emission spectra of
CC6-DBP-PXZ relative to CC6-DBP-DMAC.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Optimized molecular structures and frontier orbital amplitude
plots of CC6-DBP-PXZ and CC6-DBP-DMAC, calculated by the M06-2X
hybrid functional at the basis set level of 6-31G*. Hexyl was replaced with
methyl for easy processing.

Electrochemical properties

The electrochemical behaviors of CC6-BP-PXZ and CC6-BP-
DMAC were investigated by cyclic voltammetry (CV). Cyclic
voltammograms were measured in a solution of tetra-n-
butylammonium hexafluorophosphate (Buy,NPFs, 0.1 M) in
acetonitrile. A three-electrode system (Ag/Ag’, platinum wire
and glassy carbon electrodes as reference, counter and working
electrodes, respectively) was used at a scan rate of 100 mV s~ ' in
the measurement. As illustrated in Fig. 5, both compounds
exhibit reversible oxidation and reduction processes, indicative
of good electrochemical stability. The oxidation peaks of
CC6-BP-PXZ and CC6-BP-DMAC are located at 0.80 and
0.62 V, respectively, and the reduction peaks are at —2.18 and
—2.19 V, respectively. The HOMO energy levels of CC6-BP-PXZ
and CC6-BP-DMAC were calculated to be —5.24 and —5.04 eV,
respectively, from the onset oxidation potentials, and the
LUMO energy levels were found to be —2.70 and —2.71 eV,
respectively, from the onset reduction potentials (HOMO =
—[Eox + 4.8] €V, and LUMO = —[E,. + 4.8] eV, where E,, and
E. represent onset oxidation and reduction potentials relative
to Fc/Fc', respectively).

Electroluminescence

Based on the excellent PL properties of CC6-DBP-PXZ and CC6-DBP-
DMAC, we further evaluated their EL performances in solution-
processed OLEDs. The nondoped OLEDs with a configuration of
ITO/PEDOT:PSS (50 nm)/PVK (30 nm)/emitter/TmPyPB (40 nm)/LiF
(1 nm)/Al (Device 1A: emitter = CC6-DBP-DMAC (65 nm);
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Fig. 5 Cyclic voltammograms of CC6-DBP-PXZ and CC6-DBP-DMAC
measured in acetonitrile containing 0.1 M tetra-n-butylammonium hexa-
fluorophosphate. Scan rate: 100 mV s~

Device 1B: emitter = CC6-DBP-DMAC (60 nm); Device 1C:
emitter = CC6-DBP-PXZ (40 nm); Device 1D: emitter = CCé6-
DBP-PXZ (60 nm)) were fabricated, in which poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and LiF
were used as hole- and electron-injecting layers, respectively;
poly(9-vinylcarbazole) (PVK) and 1,3,5-tri(m-pyrid-3-yl-phenyl)-
benzene (TmPyPB) were selected for the hole- and electron-
transporting layers, respectively. The neat films of CC6-DBP-PXZ
and CC6-DBP-DMAC prepared by spin-coating served as the
light-emitting layers. The key EL data of the nondoped devices
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are summarized in Table 2, and the characteristic curves are
displayed in Fig. 6. CC6-DBP-DMAC-based Devices 1A and 1B
show turn-on voltages of 4.2 V, and radiate green light at 507 nm
(CIE,, = 0.272, 0.503) and 505 nm (CIE,, = 0.265, 0.501),
respectively. The maximum luminance (L), current efficiency
(c,max); power efficiency (pmax) and external quantum effi-
ciency (Hex,max) Of Device 1B are 14366 cd m 2, 25.08 cd A1,
11.25 Im W' and 9.02%, respectively. Device 1A shows similar
EL performances to Device 1B. CC6-DBP-PXZ-based Devices 1C
and 1D can be turned on at a lower voltage of 2.9 V, and they
exhibit intense yellow light at 568 nm (CIE,, = 0.454, 0.523) and
566 nm (CIE,, = 0.459, 0.518) with a higher L, of 30644 and
30626 cd m™?, respectively. High 7c maxs 71p,max a0d Hext,max values
of 22.23 c¢d A", 16.11 Im W' and 7.73%, respectively, are
achieved in Device 1C. The performance of Device 1D is
also similar to that of Device 1C, even if the thickness of CC6-
DBP-PXZ was changed greatly. According to the photophysical
parameters, the exciton utilization of these nondoped OLEDs
approached nearly 100% (Table S3, ESIt). Impressively, these
nondoped OLEDs show superior efficiency stability, with
negligible efficiency roll-off at the luminance of 1000 cd m™>.
Even at 5000 cd m~” luminance, the current efficiency roll-off is
still very small (2.8-9.6%), which is much better than those of
most solution-processed OLEDs based on TADF emitters.****
To investigate the potential of both compounds in doped
OLEDs, we selected 4,4’-bis(carbazol-9-yl)biphenyl (CBP) as a

Table 2 EL performances of nondoped OLEDs based on CC6-DBP-PXZ and CC6-DBP-DMAC?

Maximum values

Values at 5000 cd m >

Device Von (V) e (cd A np IM W) ey (%) L (cd m™?) 5 (edA™") np (Im W) fexe (%) RO (%) Zgr (nm) CIE (x, y)

CC6-DBP-DMAC 1A 4.2 23.12 9.69 8.42 13067 21.04 7.59 7.67 8.9 507 (0.272, 0.503)
1B 4.2 25.08 11.25 9.02 14 366 22.65 8.83 8.15 9.6 505 (0.265, 0.501)

CC6-DBP-PXZ 1C 2.9 22.23 16.11 7.73 30644 21.20 9.84 7.36 4.8 568 (0.454, 0.523)
1D 2.9 20.32 15.27 7.24 30626 19.73 8.57 7.04 2.8 566 (0.459, 0.518)

@ Abbreviations: V,, = turn-on voltage at 1 cd m™?; 5. = current efficiency; np = power efficiency; 5.« = external quantum efficiency; RO = current
efficiency roll-off from maximum value to that at 5000 cd m™>% Ag. = electroluminescence maximum; CIE = Commission Internationale
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Table 3 EL performances of doped OLEDs based on CC6-DBP-PXZ and CC6-DBP-DMAC?

Maximum values

Values at 1000 cd m >

Device Von (V) c (cd A 11p (IM W) Hexe (%) L(cd m™2) ne(cd A™") np (Im W) #eye (%) RO (%) Agy (nm) CIE (x, y)

CC6-DBP-DMAC 2A 4.8 20.53 8.60 8.23 9068 19.42 7.90 7.78 5.5 490 (0.201, 0.426)
2B 3.7 27.07 14.73 10.03 11247 25.87 12.17 9.58 4.5 499 (0.224, 0.483)
2C 3.8 23.98 12.39 8.67 13620 23.93 11.58 8.65 0.2 503 (0.235, 0.499)

CC6-DBP-PXZ 3A 4.0 37.62 17.76 12.13 33286 37.57 15.51 12.12 0.08 524 (0.345, 0.560)
3B 3.7 31.00 16.10 10.07 36057 30.37 13.09 9.87 2.0 535 (0.383, 0.561)
3C 34 28.07 14.11 9.30 32151 27.82 13.45 9.22 0.9 540 (0.407, 0.553)

@ Abbreviations: V,, = turn-on voltage at 1 cd m™?; 5. = current efficiency; np = power efficiency; 5. = external quantum efficiency; RO = current
efficiency roll-off from maximum value to that at 1000 cd m™?; ig. = electroluminescence maximum; CIE = Commission Internationale de

I’Eclairage coordinates.

host for CC6-DBP-PXZ and CC6-DBP-DMAC to fabricate doped
films at varied concentrations of 10, 30 and 50 wt%. The
photophysical properties of the doped films at 30 wt% concen-
tration were measured as an example. The emission peaks of
CC6-DBP-PXZ and CC6-DBP-DMAC in the doped films are
located at 531 and 500 nm with high @y values of 59.0% and
69.1%, respectively. Both compounds in the doped films also
show a small AEgr and apparent delayed fluorescence (Table 1).
For example, the delayed fluorescence lifetimes of CC6-DBP-PXZ
and CC6-DBP-DCMA in CBP are 1.6 and 6.4 s, which are slightly
longer than those in the neat films, suggesting that a similar
AIDF effect can occur in doped films as well (Table S2, ESIT).

Based on these results, we also fabricated the doped devices
with a configuration of ITO/PEDOT:PSS (50 nm)/PVK
(30 nm)/emitter/TmPyPB (40 nm)/LiF (1 nm)/Al (Device 2A:
emitter = 10 wt% CC6-DBP-DMAC: CBP (50 nm); Device 2B:
emitter = 30 wt% CC6-DBP-DMAC: CBP (55 nm); Device 2C:
emitter = 50 wt% CC6-DBP-DMAC: CBP (60 nm); Device 3A:
emitter = 10 wt% CC6-DBP-PXZ: CBP (50 nm); Device 3B:
emitter = 30 wt% CC6-DBP-PXZ: CBP (55 nm); Device 3C:
emitter = 50 wt% CC6-DBP-PXZ: CBP (60 nm)). The key EL data
of the doped devices are shown in Table 3, and the character-
istic curves are displayed in Fig. 7. CC6-DBP-DMAC-based
doped devices show low turn-on voltages of 3.7-4.8 V, and
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Fig. 7 (A and D) EL spectra, (B and E) luminance-voltage—current density and (C and F) current efficiency—luminance—external quantum efficiency

characteristics of the doped devices. Configurations: ITO/PEDOT:PSS (50 nm)/PVK (30 nm)/emitter/TmPyPB (40 nm)/LiF (1 nm)/Al; emitter = 10 wt%
CC6-DBP-DMAC: CBP (50 nm) (Device 2A); emitter = 30 wt% CC6-DBP-DMAC: CBP (55 nm) (Device 2B); emitter = 50 wt% CC6-DBP-DMAC: CBP
(60 nm) (Device 2C); emitter = 10 wt% CC6-DBP-PXZ: CBP (50 hm) (Device 3A); emitter = 30 wt% CC6-DBP-PXZ: CBP (55 nm) (Device 3B); emitter =
50 wt% CC6-DBP-PXZ: CBP (60 nm) (Device 3C).
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exhibit green light at 490-503 nm, slightly blue-shifted in
comparison with those of the nondoped devices. Device 1B
with a light-emitting layer of 30 wt% CC6-BP-DMAC doped in
the CBP host shows the best EL performance with #c max, #p,max
and Tex,max values of 27.1 cd A™", 14.7 Im W' and 10.0%,
respectively, which are comparable to those of the nondoped
devices. CC6-DBP-PXZ-based doped devices show turn-on
voltages of 3.4-4.0 V, and radiate EL emission at 524-540 nm,
which is progressively red-shifted along with the increase of
doping concentration. Device 3A shows the best EL performance
among these doped devices, with 7c,maxs Hpymax aNd ext,max
values of 37.6 cd A", 17.8 Im W™ " and 12.1%, respectively.
Furthermore, the efficiency roll-off of Device 3A is considerably
small with a value of 0.08% at the luminance of 1000 c¢d m~.
Similar EL performances can also be observed in Devices 3B
and 3C. These results indicate that both doped and nondoped
devices based on these new emitters can achieve good EL
performances with improved efficiency stability.

Since the film quality has a significant impact on the device
performance, we tested the quality and morphology of the spin-
coated films of both compounds by using atomic force micro-
scopy (AFM). The films were prepared on silicon substrates
according to the most efficient nondoped and doped devices by
the same spin-coating method as that described for device
fabrication. As illustrated in Fig. 8, the neat films of CC6-
DBP-PXZ and CC6-DBP-DMAC show a smooth surface with
small root mean square (RMS) values of 0.378 and 0.381 nm,
respectively, indicating that they can form uniform films by the
solution-processing technique. In addition, the doped films also
have good quality, with small RMS values of 0.381 for 30 wt%
CC6-DBP-DMAC:CBP and 0.390 nm for 10 wt% CC6-DBP-
DMAC:CBP, which are similar to those of their neat films.

- ‘Wt% CC6-DBP-DMAC

Fig. 8 AFM images of the neat and doped films of CC6-DBP-PXZ and
CC6-DBP-DMAC. Neat films: Si/PEDOT:PSS (50 nm)/PVK (30 nm)/CC6-
DBP-PXZ (40 nm); Si/PEDOT:PSS (50 nm)/PVK (30 nm)/CC6-DBP-DMAC
(60 nm). Doped films: Si/PEDOT:PSS (50 nm)/PVK (30 nm)/10 wt% CC6-
DBP-PXZ: CBP (50 nm); Si/PEDOT:PSS (50 nm)/PVK (30 nm)/30 wt% CC6-
DBP-DMAC: CBP (55 nm).
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Generally, solution-processed devices seriously suffer from
the exciton quenching process, resulting in a considerably low
efficiency and large efficiency roll-off. However, these new
emitters with AIDF exhibit much better EL performance. More
importantly, extremely small efficiency roll-offs are successfully
achieved, which is a clear advance over conventional TADF
emitters for solution-processed OLEDs. The high-concentration
excitons at high voltages often give rise to severe exciton
annihilation by bimolecular quenching processes (TTA, STA, etc.).
These processes generally involve short-range Dexter energy transfer
(DET) among molecules. In that case, the high-concentration exciton
annihilation can be effectively reduced by elongating the distance
between excitons. Concerning our compounds, it is considered that
the excitons are mainly located at the central carbonyl groups
because of the low energy level. Both compounds are highly twisted
and adopt a loose packing in the aggregated state, which can protect
excitons from getting close. Thus, the high-concentration exciton
annihilation by the DET process can be suppressed to a large extent,
leading to a greatly reduced efficiency roll-off.

Conclusions

In summary, two new luminescent small molecules comprising an
electron-withdrawing benzoyl and electron-donating 9-hexylcarb-
azole and PXZ (or DMAC) moiety are designed and synthesized.
They have high thermal and morphological stabilities and good
electrochemical stability. Whereas they emit weakly without evident
delayed fluorescence in the solution state, they turned out to
be strong emitters with prominent delayed fluorescence in the
aggregated state, demonstrating AIDF. In addition, they fluoresce
intensely in spin-coated neat films with notable delayed fluores-
cence, owing to the small AEsr and thus fast RISC process. As a
consequence, they can perform excellently as light-emitting layers
in solution-processed nondoped OLEDs, which exhibit a high
Hext,max Of 9.02% and negligible efficiency roll-off at the luminance
of 1000 cd m ™2 On the other hand, both compounds also behave
efficiently as dopants in a CBP host at varied doping concentrations
of 10, 30 and 50 wt%, endowing the solution-processed doped
OLEDs with a high #ex,max Of up to 12.1%. More importantly, unlike
most doped OLEDs based on TADF emitters, whose efficiency roll-
off is quite serious, these solution-processed doped OLEDs present
an extremely small efficiency roll-off of 0.08%, demonstrating their
outstanding efficiency stability. The crucial factor for achieving
high performance in devices is probably the AIDF character of the
compounds, which combines the superior features of efficient
solid-state emission, high exciton utilization and low exciton
quenching. These results indicate the great potential of small
molecules with AIDF for the fabrication of high-performance
solution-processed OLEDs.

Experimental section
Synthesis and characterization

9-Hexylcarbazole (1). Potassium tert-butoxide (4.49 g, 40 mmol)
was added to a mixture of carbazole (3.34 g, 20 mmol) and
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1-bromohexane (4.21 mL, 30 mmol) in dehydrated tetrahydro-
furan (100 mL) and stirred for 12 hours at room temperature.
The reaction mixture was filtered, and the filtrate was concen-
trated and purified by column chromatography on silica gel
(dichloromethane : petroleum ether, 1:10 v/v) to afford 1 as a
white solid in 98% yield (4.93 g). "H NMR (500 MHz, CDCl;)
& (ppm): 8.11-8.08 (m, 2H), 7.48-7.43 (m, 2H), 7.40 (d, ] = 8.2 Hz,
2H), 7.25-7.20 (m, 2H), 4.29 (t, ] = 7.3 Hz, 2H), 1.91-1.83 (m, 2H),
1.43-1.35 (m, 2H), 1.35-1.25 (m, 4H), 0.89-0.83 (m, 3H).
BC NMR (125 MHz, CDCl;) § (ppm): 140.40, 125.53, 122.78,
120.31, 118.65, 108.62, 43.08, 31.59, 28.93, 26.98, 22.54, 14.01.

(9-Hexylcarbazole-3,6-diyl)bis((4-fluorophenyl)methanone) (3).
Aluminum trichloride (1.28 g, 9.6 mmol) was added into a stirred
solution of 1 (1.01 g, 4 mmol) and 4-fluorobenzoyl chloride (2)
(1.90 g, 12.0 mmol, 1.42 mL) in dehydrated dichloromethane
(50 mL) in an ice bath and left stirring for 15 min. Then, the
reaction mixture was warmed back to room temperature and
stirred for 3 h. The reaction was quenched with ice water and
hydrochloric acid (50 mL, 2:1 v/v), and extracted with dichloro-
methane several times. The combined organic layers were
washed with water twice, and then dried over anhydrous MgSO,.
After filtration and solvent evaporation under reduced pressure,
the residue was purified by column chromatography on silica gel
(dichloromethane: petroleum ether, 2:1 v/v) to afford 3 as a
white solid in 96% yield (1.90 g). "H NMR (500 MHz, CDCl,) &
(ppm): 8.56 (d, J = 1.3 Hz, 2H), 8.07-8.02 (m, 2H), 7.90-7.85
(m, 4H), 7.52 (d, J = 8.6 Hz, 2H), 7.23-7.17 (m, 4H), 4.40 (t, J =
7.3 Hz, 2H), 1.98-1.90 (m, 2H), 1.45-1.39 (m, 2H), 1.38-1.27
(m, 4H), 0.91-0.85 (m, 3H). *C NMR (125 MHz, CDCl;) ¢
(ppm): 195.02, 166.14, 164.13, 143.73, 134.78, 134.76, 132.52,
132.45, 129.52, 128.97, 123.92, 122.69, 115.55, 115.38, 109.04,
43.72, 31.50, 28.95, 26.91, 22.52, 13.99.

((9-Hexylcarbazole-3,6-diyl)bis((4-(phenoxazin-10-yl)phenyl)-
methanone)) (CC6-DBP-PXZ). A mixture of 3 (0.99 g, 2 mmol)
and phenoxazine (4a) (1.10 g, 6 mmol) in deaerated and
dehydrated N,N-dimethylformamide (20 mL) was stirred for
15 min under argon at room temperature, and then the reac-
tion mixture was heated up to 110 °C and potassium tert-
butoxide (0.45 g, 4 mmol) was added and stirred for 12 h. After
cooling down to room temperature, the reaction was quenched
with water (20 mL) and extracted with dichloromethane several
times. The combined organic layers were washed with water
twice, and then dried over anhydrous MgSO,. After filtration
and solvent evaporation under reduced pressure, the residue
was purified by column chromatography on silica gel (dichloro-
methane: petroleum ether, 3:1 v/v) to afford an orange solid
of CC6-DBP-PXZ in 45% yield (0.74 g). "H NMR (500 MHz,
CDCl;) 6 (ppm): 8.78 (d, J = 1.4 Hz, 2H), 8.13-8.07 (m, 6H), 7.57
(d,J = 8.6 Hz, 2H), 7.53 (d, J = 8.4 Hz, 4H), 6.78-6.61 (m, 12H),
6.05 (d, J = 7.9 Hz, 4H), 4.48-4.39 (m, 2H), 2.01-1.92 (m, 2H),
1.48-1.42 (m, 2H), 1.40-1.29 (m, 4H), 0.90-0.87 (m, 3H).
3C NMR (125 MHz, CDCl;) 0 195.33, 144.03, 143.95, 142.65,
138.42, 133.83, 132.73, 130.83, 129.36, 129.29, 123.93, 123.35,
122.98, 121.79, 115.67, 113.43, 109.01, 53.43, 43.79, 31.51,
28.95, 26.93, 22.52, 13.99. HRMS (Cs¢H,3N;0,): m/z 821.3274
[M', calcd 821.3254].
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(9-Hexylcarbazole-3,6-diyl)bis((4-(9,9-dimethylacridin-10-yl)-
phenyl)methanone) (CC6-DBP-DMAC). The procedure was
analogous to that described for CC6-DBP-PXZ. A yellow solid
of CC6-DBP-DMAC was obtained in 32% yield. 'H NMR
(500 MHz, CDCl;) § (ppm): 8.83 (d, J = 1.4 Hz, 2H), 8.17-8.10
(m, 6H), 7.58 (d, J = 8.6 Hz, 2H), 7.55-7.51 (m, 4H), 7.50-7.46
(m, 4H), 7.05-7.00 (m, 4H), 7.00-6.94 (m, 4H), 6.44-6.35
(m, 4H), 4.50-4.39 (m, 2H), 2.01-1.94 (m, 2H), 1.71 (s, 12H),
1.49-1.43 (m, 2H), 1.39-1.30 (m, 4H), 0.91-0.87 (m, 3H).
3C NMR (125 MHz, CDCl;) § (ppm): 195.54, 145.00, 143.92,
140.55, 138.04, 132.62, 131.01, 130.55, 129.45, 129.39, 126.48,
125.31, 123.93, 123.01, 121.05, 114.38, 108.95, 43.78, 36.08,
31.51, 31.10, 28.96, 26.94, 22.52, 14.00. HRMS (C4,H55N;0,):
m/z 859.4166 [(M-CH3)", caled 859.4138].

X-ray crystallography

Crystal data for CC6-DBP-PXZ (CCDC 1838714): C56H,3N30,-
0.64CH,Cl,-0.36CH;0H, My, = 888.04, monoclinic, P21/c,
a = 7.1750(6), b = 18.3221(16), ¢ = 33.824(3) A, f = 91.414(2)°,
V =44452(6) A>, Z =4, D, = 1.327 g ecm >, u = 0.158 mm '
(MoKa,, A = 0.71073), F(000) = 1862, T = 173(2) K, 26ax = 25.02°
(98.8%), 24 697 measured reflections, 7776 independent reflec-
tions (Rine = 0.1029), GOF on F? = 1.036, R, = 0.1540, WR, =
0.1488 (all data), Ae 0.345 and —0.362 e A,

Device fabrication and measurement

The devices were fabricated on clean glass substrates pre-
coated with an indium tin oxide (ITO) layer (180 nm) with a
sheet resistance of 10 Q per square. The ITO surface was treated
in an ultrasonic detergent bath for 90 min, followed by soaking
in ultrasonic de-ionized water for 20 min, then drying at 120 °C
for 1 h, and UV/Ozone cleaning for 15 min before spin coating.
A PEDOT:PSS layer (50 nm) was spin-coated onto the ITO
surface at 3000 rpm, then baked at 150 °C for 15 min to remove
the residual water. Then, the substrates were moved into a
glovebox with a N, atmosphere, and a PVK layer was spin-
coated onto the PEDOT:PSS layer at 2000 and 2500 rpm (the
thickness achieved was 35 and 30 nm, respectively) from a
filtered 10 mg mL " chlorobenzene solution, followed by drying
at 120 °C for 20 min. Then, the emitting layer was spin-coated
according to the configuration requirement. Here, CC6-DBP-
DMAC and CC6-DBP-PXZ were dissolved in chlorobenzene with
a concentration of 20 mg mL™". Nondoped CC6-DBP-DMAC
or CC6-DBP-PXZ layers were spin-coated at 1500, 2000, and
3500 rpm for 45 s to get a thickness of 65, 60, and 40 nm,
respectively. Solutions of CC6-DBP-DMAC or CC6-DBP-PXZ
(10, 30 and 50 wt%) doped in CBP with an overall concentration
of 20 mg mL™" in chlorobenzene were spin-coated at 2000 rpm
for 45 s to get films with a thickness of 50, 55 and 60 nm,
respectively. Finally, an electron-transport layer TmPyPB, a LiF
layer, and an Al layer were deposited consecutively onto the
spin-coated film in a vacuum chamber at 10* Pa. The emission
area of the device was 4 x 4 mm 2, as shaped by the over-
lapping area of the anode and cathode. All the device char-
acterization steps were carried out at room temperature under
ambient laboratory conditions without encapsulation except
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the spectrum collection process. EL spectra were recorded by
an optical analyzer, FIAME-S-VIS-NIR. Current density and
luminance versus driving voltage characteristics were measured
by a Keithley 2400 and a Konica Minolta chromameter CS-200.
External quantum efficiencies were calculated by assuming that
the devices were Lambertian light sources.
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