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Abstract: The development of robust luminescent materials plays a key role for organic light-
emitting diodes (OLEDSs). Herein, a tailor-made sky-blue delayed fluorescence luminogen
(DCPC-BP-SFAC) containing a carbonyl acceptor and spiro[acridine-9,9'-fluorene] and 9,9'-
(cyclohexane-1,1-diylbis(4,1-phenylene))bis(9H-carbazole) donors is explored, which holds
merits of excellent thermal stability, strong photoluminescence, balanced carrier transport and
horizontal dipole orientation. Owing to a charge-transfer dominated singlet state and a charge-
transfer and local-excitation hybrid triplet state, DCPC-BP-SFAC has a small energy gap be-
tween singlet and triplet as well as a large spin—orbit coupling constant, which result in a fast
reverse intersystem crossing process and thus efficient delayed fluorescence. High-performance
sky-blue OLEDs with outstanding external quantum efficiencies (7extsS) reaching 32.6% are
achieved based on DCPC-BP-SFAC, benefiting from high exciton utilization and large light-

out coupling efficiency. Moreover, using DCPC-BP-SFAC as blue emitter and host material
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simultaneously, efficient all-fluorescence out-of-phase sensitizing white OLEDs without inter-
layer are fabricated, providing high #ex:s of up to 21.6% and stable warm-white light with a high
color rendering index of 84. The outstanding electroluminescence performances demonstrate

the great potentials of DCPC-BP-SFAC in practical display and lighting devices.

1. Introduction
Organic light-emitting diodes (OLEDSs) have presented great potentials and merits in flat-panel

display and white-light illumination, and continuously increasing efforts from both academic
and industry have been devoted to improve the electroluminescence (EL) performances of the
devices to meet the requirements for widespread commercialization.[*! The external quantum
efficiency (7ext), an important parameter for evaluating OLED performance, is determined by
exciton utilization efficiency (#r), carrier balance factor (y), photoluminescence (PL) quantum
yield (®pL) and light out-coupling efficiency (r0u).[) From conventional fluorescence materials
to phosphorescence and thermally activated delayed fluorescence (TADF) materials, the theo-
retical boundary of #r has increased from 25% to 100%, achieving the full utilization of 75%
triplet excitons through intersystem crossing (ISC) or reverse intersystem crossing (RISC) pro-
cesses.®] However, the conversion between singlet and triplet excitons is a process involving
the spin flip of electron. The phosphorescence materials containing heavy metal elements can
undergo this process by heavy atom effect, but these noble metals such as iridium and platinum
are actually expensive.l*l As for purely organic TADF emitters, small singlet and triplet energy
splitting (AEst) values and large spin—orbit coupling (SOC) constants are essential for efficient
RISC process.P! Generally, small AEst values can be achieved by constructing a twisted elec-
tronic donor-acceptor (D-A) structure, and large SOC values can be acquired by different tran-
sition types of singlet and triplet states, which is favoured to the change of angular momentum.

Recently, the vigorous developments of TADF materials have brought about more and

more efficient luminescent materials with excellent EL performance.l®! Among them, a small
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portion of TADF materials can be used not only as emitters but also as host materials, providing
new perspectives for the exploration of host materials.’!l Owing to the large energy gaps of
traditional host materials, excitons generally recombine on guest materials rather than the host
materials, which may lead to serious exciton-polaron annihilation at high voltages.[® For the
host materials from TADF emitters, excitons can directly form on them, and then transfer to the
guests through Forster energy transfer (FET) and Dexter energy transfer (DET). Since these
processes involve triplet excitons, the mitigation of triplet-triplet annihilation (TTA) should be
considered in molecular design. In view of this, the TADF emitters that have excellent EL per-
formances in neat films are of high potentials for the use as host materials as well, which is
conducive to simplifying manufacturing process, broadening exciton recombination zone and
improving device repeatability.[®727c

In this work, a novel sky-blue luminogen (DCPC-BP-SFAC) composed by electron-do-
nors spiro[acridine-9,9'-fluorene] (SFAC) and 9,9'-(cyclohexane-1,1-diylbis(4,1-phe-
nylene))bis(9H-carbazole) (DCPC) and an electron-acceptor carbonyl (BP) is designed and
synthesized. SFAC and BP are in charge of building a twisted D-A type configuration respon-
sible for the generation of delayed fluorescence. And the presence of SFAC is also beneficial
for increasing horizontal dipole ratio (®,) of the molecule, which is an effective program to
improve 50u. 1% DCPC is employed to enhance bipolar property and balance carrier mobility.[*%
Meanwhile, the bulky functional groups of DCPC and SFAC can also increase the intermolec-
ular distance, thus weakening the interaction between adjacent luminogenic molecules and al-
leviating emission quenching in solid state. Notably, the transition characteristic of the lowest
triplet excited (T1) state involves both local-excitation (LE) and charge-transfer (CT), while the
lowest singlet excited (S1) state is dominated by the CT-type transition, which lead to a small
AEst and a large SOC at the same time. Because of these outstanding properties, DCPC-BP-
SFAC performs efficiently in sky-blue OLEDs with remarkable #ext values of up to 32.6%.

Moreover, high-performance all-fluorescence white OLEDs (WOLEDSs) are achieved using
3
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DCPC-BP-SFAC as both blue emitter and host material, providing stable warm-white light and
brilliant EL efficiencies.

2. Results and Discussion
2.1. Synthesis and Characterization
2.1.1. Synthesis

DCPC-BP-SFAC is synthesized using the Friedel-Crafts acylation and Buchwald-Hartwig
cross coupling reaction, and the detailed synthetic route is depicted in Scheme 1. The prepara-
tion procedures and characterization data of NMR and high-resolution mass spectrometry are
described in Supporting Information. DCPC-BP-SFAC is isolated with column chromatog-
raphy and further purified by sublimation before photophysical property measurement and ap-
plication in OLEDs. It has good solubility in common organic solvents such tetrahydrofuran

(THF), dichloromethane, chloroform and toluene, but is hardly soluble in water and methanol.
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Scheme 1. Synthetic route of DCPC-BP-SFAC.

2.1.2. Thermal Stability and Electrochemical Behavior

The thermal stability of DCPC-BP-SFAC is examined by thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC). As shown in Figure 1A, DCPC-BP-SFAC pos-
sesses excellent thermal and morphological stabilities. The decomposition temperature (Tq, at
5% loss of initial weight) and the glass-transition temperature (Tg) are as high as 521 and 199

°C, respectively, which are sufficient for the application in vacuum-deposited OLEDs. The
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electrochemical stability is evaluated by cyclic voltammetry (Figure 1B). DCPC-BP-SFAC

shows reversible oxidation and reduction processes, indicating its good electrochemical stabil-
ity. The initial oxidation and reduction potentials against Fc/Fc* redox couple are 0.55 and
—2.12 V, respectively. Hence, the HOMO and LUMO energy levels are estimated to be —5.35

and —2.68 eV, which are applicable for carrier injection in OLEDs.
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Figure 1. (A) TGA and DSC thermograms of DCPC-BP-SFAC. Tq is decomposition tempera-
ture, corresponding to 5% loss of initial weight. Tq is glass-transition temperature. (B) Cyclic
voltammograms of DCPC-BP-SFAC, measured in dichloromethane (HOMO energy level) and
dimethylformamide (LUMO energy level) containing 0.1 M tetra-n-butylammonium hexafluor-

ophosphate.

2.1.3 Photophysical Properties

The ultraviolet-visible absorption and photoluminescence (PL) spectra of DCPC-BP-SFAC are
measured in diluted toluene solution (10~° M). As displayed in Figure 2A, DCPC-BP-SFAC
shows an absorption maximum at 340 nm, associated with the t—n* transitions of the molecular
backbone. A broad absorption tail extending to 440 nm is recorded, which is assigned to the
intramolecular charge transfer (ICT) from SFAC donor to carbonyl acceptor. DCPC-BP-SFAC
displays a sky-blue PL peak at 473 nm with a @p value of 48% in toluene. But in polar tetra-
hydrofuran (THF) solution, the PL peak is red-shifted to 503 nm with a decreased @p. value of

7%, due to the strengthened ICT effect. By adding a small amount of poor solvent water to THF

5
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solution, the PL peak is weakened and red-shifted to some degree, due to the enhanced ICT
effect by the increased polarity of the THF/water mixture (Figure 2B).[?1 But along with the
increase of water fraction (fw, vol%) in the mixture, the PL peak is enhanced greatly and blue-
shifted. On the other hand, the PL decay curves in THF/water mixtures show that as the increase
of fw from 0 to 99 vol%, the PL lifetime rises substantially from 43.0 ns to 1239.3 ns, accom-
panied with increasingly apparent delayed fluorescence (Figure 2C). Since DCPC-BP-SFAC is
insoluble in water, it forms nanoaggregates at a high fw, and the polarity of the nanoaggregates
is reduced in comparison with the THF/water mixture. In addition, the intramolecular motion
is restricted by the spatial constraint in nanoaggregates and thus the nonradiative decay of the
excited state is blocked. These factors result in enhanced and blue-shifted PL peak as well as

the appearance of delayed fluorescence.[®29¢12]
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Figure 2. (A) Absorption and PL spectra of DCPC-BP-SFAC in diluted toluene solution. (B)

PL spectra and (C) PL decay curves of DCPC-BP-SFAC in THF/water mixtures with different
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water fractions (fw). (D) Temperature-dependent PL decay curves of DCPC-BP-SFAC neat film,

measured under nitrogen.

The photophysical properties of DCPC-BP-SFAC in neat and doped films are further stud-
ied. Herein, 2,8-bis(diphenylphosphoryl)dibenzo[b,d]furan (PPF) is chosen as the host on ac-
count of its high triplet energy level (3.0 eV),[*®l and the doped film is fabricated at a doping
concentration of 20 wt%. The PL spectra of the neat and doped films are similar, with close PL
peaks at around 483 nm. The @p. values of the neat film and doped film are recorded as 47%
and 90%, respectively. Then, the fluorescence and phosphorescence spectra are measured at 77
K to obtain the AEst values (Figure S1). From the onsets of these spectra, the S; and T1 energy
levels are calculated to be 2.82 and 2.74 eV for the neat film, and 2.86 and 2.83 eV for the
doped film. Hence, the corresponding AEst values are 0.084 and 0.037 eV for the neat and
doped films, respectively, which are small enough for the occurrence of RISC progress from Ty
to Sy states.

The transient PL behaviors of neat and doped films of DCPC-BP-SFAC are recorded under
nitrogen atmosphere (Figure 2D and Figure S2C). The PL emissions of the neat and doped films
decay in a double exponential model consisting of a nanosecond-scale component and a micro-
second-scale one, which belong to prompt fluorescence and delayed fluorescence, respectively.
The decay of PL emission is sensitive to temperature. By raising temperature from 77 to 300 K,
the ratio of delayed component is significantly increased on account of the promoted RISC
process at high temperatures, exhibiting a typical TADF characteristic. At 300 K, the lifetimes
of delayed components of the neat and doped films are 4.5 and 6.1 ps, respectively. Based on
the photophysical data (Table S1), the corresponding transition rate constant is estimated (Table
S2).[*41 Both neat and doped films have fast RISC processes with large rate constants (krisc) of
1.2 x 108 st and 2.2 x 10° 571, respectively.

2.1.4. Horizontal Dipole Orientation
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To study the orientation of the emitting dipole of DCPC-BP-SFAC, the angle-dependent p-

polarized PL spectra of the neat and doped films are measured. As shown in Figure 3A and B,
the ®; values of the neat and doped films reach up to 83% and 85%, respectively, indicating
that DCPC-BP-SFAC tends to be anisotropic and aligned parallel to the substrate no matter in
neat or doped films. This can be ascribed to the effect of SFAC that prolongs molecular length
along the transition dipole moment (Figure 3C).[**al The horizontal orientation for the emitting

dipole of DCPC-BP-SFAC can afford high #out Values to improve the #ex: values for the OLEDs.
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Figure 3. Measured horizontal transition dipole moment ratio of (A) the neat film and (B) the
doped film of DCPC-BP-SFAC. (C) The direction of the transition dipole moment (as indicated

by the red arrow) of DCPC-BP-SFAC relative to the coordinates of the molecular structure.

2.1.5. Theoretical Calculation and Analysis

The density functional theory (DFT) and time-dependent density functional theory (TDDFT)
simulations are employed to gain deep insights into the geometrical and electronic structures of
DCPC-BP-SFAC (Figure 4). According to the optimized molecular geometry in ground state
(So), the acceptor and donor segments are connected in a highly twisted conformation with a
large torsion angle of 84.7°. Similar to the configuration of So state, the S; state also adopts a
tortile configuration accompanied with a large torsion angle of 88.9° between SFAC and phenyl
bridge. On the basis of the analysis of the natural transition orbital (NTO) of S; state, the highest

occupied NTO (HONTO) and the lowest unoccupied NTO (LUNTO) are separated sufficiently
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with the HONTO mainly focusing on the acridine segment of SFAC, and the LUNTO distrib-

uting on carbonyl core, phenyl bridge and part of carbazole group nearby the carbonyl. Such
kind of NTO distribution reveals a charge-transfer (CT) characteristic, which benefits from the
tortile configuration of Sy state. It is worth noticing that the transition of Ty state is not an ab-
solute CT or local-excitation (LE) but a mixture of CT and LE. The LUNTO distribution of T
state is identical to that of S; state, but the HONTO distribution of T; state, which expands from
SFAC donor to carbonyl acceptor with 52.28% located on the acceptor and 47.78% situated at
donor, is much wider than that of S; state (Figure 4B). Meanwhile, the orbital overlap ratio is
only 56% and the centroid distance between HONTO and LUNTO reaches 3.02 A. Therefore,
according to the electronic diagram and quantitative values, the transition of T; state is ration-
alized to be a hybrid characteristic of LE and CT. Particularly, for the HONTO, the orbital
distributed on carbonyl acceptor exhibits a n-type feature, differing from that of the LUNTO

(m*-type), while the rest of the orbital has a n-type feature (Figure 4C). Hence, the transition

characteristic of Ty state combines the LE (n, n*) and CT (=, *) together.
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Figure 4. (A) Calculated HOMO and LUMO energy levels of the ground state, the energy level
of Sy and T; states and the SOC value between S; and T states. (B) The distribution ratio and
overlap ratio of the highest occupied natural transition orbital (HONTQO) and the lowest unoc-
cupied natural transition orbital (LUNTO) of Ty state. The red, green and blue fragments of the
molecule correspond to parts 1, 2 and 3, respectively. (C) The optimized geometrical structures
and the natural transition orbital (NTO) analysis of S; and T states. The encircled and enlarged

parts indicate the feature of the n orbital.

According to the first-order perturbation theory:*%!

Krisc ¢ |<51|F|soc|T1>|ZeXp [_iETST] (1)
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where (S;|Hsoc|T1) is the SOC matrix element between Sy and T states, and AEst is the en-
ergy gap between S; and T; states. As for TADF emitters, small AEst and large SOC matrix
element values are essential for fast RISC process. When it comes to AEst values, the common
understanding is that the AEst is equal to twice the exchange energy, which is related to the
overlap of transition orbitals. The smaller the overlap is, the smaller the exchange energy ob-
tains. Meanwhile, on the basis of El-Sayed rule, the transition between LE-state and CT-state
or between (wr, 7*) and (n, ©*) is permitted and possesses a relatively lager SOC value, which
is ascribed to the change of orbital angular momentum between these two states. Theoretically,
with the S; state dominated by CT transition and the T state governed by both LE and CT
transitions, DCPC-BP-SFAC can have a much smaller AEstthan the molecule with CT-type S;
state and LE-type T, state, which always has a large SOC but a large AEst. And DCPC-BP-
SFAC also obtains a larger SOC value than the molecule with CT-type S: state and CT-type T
state, which usually has a small AEst but a small SOC as well. The AEst and SOC values of
DCPC-BP-SFAC are calculated to be 0.07 eV and 0.79 cm™, leading to fast RISC process,
which is in good agreement with the experimental results.

2.2. Electroluminescence

2.2.1. Sky-Blue OLEDs Based on DCPC-BP-SFAC

The EL performance of DCPC-BP-SFAC is firstly evaluated in nondoped OLED (B1) with a
configuration of ITO/HATCN (5 nm)/TAPC (50 nm)/TCTA (5 nm)/mCP (5 nm)/DCPC-BP-
SFAC (20 nm)/PPF (5 nm)/TmPyPB (30 nm)/LiF (1 nm)/Al, where hexaazatriphenylenehexa-
cabonitrile (HATCN) serves as hole injection layer, 1,1-bis[(di-4-tolylamino)phenyl]cyclohex-
ane (TAPC) works as hole-transporting layer, tris[4-(carbazol-9-yl)phenyllamine (TCTA)
functions as hole buffer layer, 1,3-bis(carbazol-9-yl)benzene (mCP) and PPF serve as exciton
blocking layer, and 1,3,5-tri(m-pyrid-3-yl-phenyl)benzene (TmPyPB) behaviors as electron

transport layer (Figure 5A). The nondoped device B1 has a low turn-on voltage of 2.7 V and

11
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radiates sky-blue light with a peak at 494 nm and Commission Internationale de I’Eclairage
coordinates (CIEx,y) of (0.199, 0.389). The maximum luminance, current efficiency (c), power
efficiency (17p) and #ex: are 36420 cd m2, 36.8 cd A™!, 41.3 Im W ! and 15.4%, respectively. It
is noteworthy that the 7ex: still maintains at 14.9% at 100 cd m2 and 13.3% at 1000 cd m 2,
corresponding to 3.2% and 13.6% decrements in 7ex: (Figure S3), respectively. The small effi-
ciency roll-off is attributed to the fast RISC process, which alleviates the exciton concentration

quenching dominated by short-range Dexter energy transfer at high voltages.[#°]
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Figure 5. (A) Device architecture, energy diagram and functional layers for the OLEDs. (B)
Luminance—voltage—current density and (C) external quantum efficiency—luminance of doped
OLED:s. Inset in planes (C): EL spectra and photos of the doped devices with 20 wt% doping
concentration at 4 V. Electric field-dependent carrier mobility of (D) neat film and (E) doped

film of DCPC-BP-SFAC in single-carrier devices.

To further explore the EL performance of DCPC-BP-SFAC, doped OLEDs with a config-
uration of ITO/HATCN (5 nm)/TAPC (50 nm)/TCTA (5 nm)/mCP (5 nm)/x wt% DCPC-BP-
SFAC: PPF (20 nm)/PPF (5 nm)/TmPyPB (30 nm)/LiF (1 nm)/Al are fabricated (x = 15, 20 and

25 for devices B2, B3 and B4, respectively). Benefiting from the matched HOMO and LUMO
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energy levels of the function layers, the doped devices can be turned on at low voltages of ~3.0
V (Figure 5B). All the doped devices show sky-blue lights with EL peaks at around ~480 nm
(ClExy = 0.160, 0.274). The EL efficiencies change little at different concentrations, indicating
that DCPC-BP-SFAC can function efficiently at a wide range of doping concentrations (Figure
5C). The maximum zext, 7c and #p values are 29.0%, 53.3 cd At and 52.3 Im W for B2, 32.6%,
61.2 cd At and 64.1 Im W for B3 and 31.1%, 59.8 cd A~ and 62.6 Im W for B4 (Table 1,
Figure S4). Such outstanding 7ex: values (29.0%—32.6%) demonstrate that these doped OLEDs
are among the state-of-the-art sky-blue OLEDs in the literature.l**2¢:113.171 Based on the data
of ®y, reflex index and thickness of the active layers, the 5ou Values are calculated to be 34.2%
and 39.8% for the nondoped device (B1) and doped device (B3), respectively, which contribute
greatly to the outstanding 7ex: values. The efficiency roll-offs of the doped devices are some-
what higher than that of the nondoped device in spite of the close krisc values between neat and
doped films. Concerning the dominating electron-transporting nature of PPF host, the unbal-
ance of carrier mobility of the doped films might be accountable for the reduced #ext at high

voltages.

Table 1. EL performance of devices B1, B2, B3 and B4.?

pe- Von ne [cqu’l] Max/@ 102 ne [Im_Z\N*l] Max/@ltzg) ﬂex[_[j/()] Max/@lOO_(Z:d Lmax_2 CIE (x) AeL
vice [\ cd m%/@1000 cd m cd m™%/@1000 cd m m~%/@1000 cd m [cd m™] [nm]
Bl 2.7 36.8/35.9/31.9 41.3/38.4/29.0 15.4/14.9/13.3 36420 (0.199, 0.389) 494
B2 3.1 53.3/46.8/34.9 52.3/40.3/23.8 29.0/25.5/18.9 16630 (0.160, 0.266) 480
B3 3.0 61.2/50.3/38.8 64.1/44.0/27.3 32.6/26.8/20.7 19520 (0.160, 0.274) 482
B4 3.0 59.8/51.8/41.0 62.6/46.7/29.3 31.1/27.0/21.3 22350 (0.162, 0.284) 484

dAbbreviations: Von = turn-on voltage at 1 cd m; yea/nclye = external quantum effi-
ciency/current efficiency/power efficiency; Lmax = maximum luminance; CIE = Commission

Internationale de I’Eclairage coordinates at 1000 cd m=2; 1. = EL peak at 5 V.

2.2.2. Carrier Transport of DCPC-BP-SFAC
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The carrier transport ability of the luminescent material plays an important role in determining
the EL performance. The ideal condition is that the hole and electron mobilities are similar, or
only slightly different, even at high voltages. Therefore, the hole and electron mobilities of the
neat and doped films of DCPC-BP-SFAC are investigated by the space-charge limited current
(SCLC) method. The hole-only devices with configurations of ITO/TAPC (10 nm)/DCPC-BP-
SFAC or 20 wt% DCPC-BP-SFAC: PPF (80 nm)/TAPC (10 nm)/Al, and electron-only devices
with configurations of ITO/TmPyPB (10 nm)/DCPC-BP-SFAC or 20 wt% DCPC-BP-SFAC:
PPF (80 nm)/TmPyPB (10 nm)/LiF (1 nm)/Al are fabricated. The thin layers of TAPC and
TmPyPB are used as buffer layers between emissive layer and the electrodes. The electric field-
dependent carrier mobility is depicted in Figure 5D and 5E, and the carrier mobility is fitted by

Mott-Gurney equation (2) and Poole-Frenkel formula (3):[:8°
_ 9 EZ 9 v? 0891y [* 2
] =S otrit— = S €&y 3 Mo exp (0.891y |- (2)

u = o exp(yVE) (3)

where the ¢ is the free-space permittivity (8.85 x 107 C V1 cm™), & stands for the relative
dielectric constant (assumed to be 3.0 for organic semiconductors), E is the electric field, L is
the thickness of the neat film and doped film, uo is the zero-field mobility, and y is the Poole-
Frenkel factor.

It is obvious that the hole mobility («n) and electron mobility (ue) of the neat film are quite
close. At an electric field of 3.6 x 10° V cm™!, the un and ze values are 3.35 x 107° and 2.65 x
107% cm? V1 s71 for the neat film, indicating the balanced bipolar carrier transport of DCPC-
BP-SFAC. However, for the doped film, the un value (6.04 x 10 cm? V! s71) is about two
orders of magnitude larger than the ue value (2.58 x 108 cm? V1 s ™), disclosing the unbalanced
carrier transport. According to the un and we values of the doped film, it can be inferred that
holes and electrons are injected into emissive layer mainly through DCPC-BP-SFAC and n-
type host PPF, respectively.l?” The conjecture can be confirmed by the turn-on voltage, which
is lower than the bandgap of PPF, but close to the energy level difference of DCPC-BP-SFAC’s
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HOMO and PPF’s LUMO. Hence, the slow electron mobility of PPF play a negative effect on

the exciton recombination at high voltages, accounting for EL efficiency decrease to some ex-

tent.[2H]

2.2.3. Out-of-Phase Sensitized WOLEDs

All-fluorescence WOLEDs have drawn much attention as they are regarded as the promising
candidates for next generation illumination.? The sensitization design strategy has been
widely studied and successfully applied in the fabrication of WOLEDs. Comparing with con-
ventional co-phase sensitizing system, out-of-phase sensitizing system can more effectively in-
hibit exciton loss caused by DET process, but still have much room for further optimization to
improve EL performance by means of adopting more efficient emitter and host materials and
device configuration engineering.[*®2%l Owing to the balanced bipolar carrier transport charac-
teristics and efficient EL performance of DCPC-BP-SFAC, it is employed as blue emitter and
host material simultaneously to fabricate WOLEDs with an out-of-phase sensitizing configura-
tion. To achieve high-quality white light with high color rendering index (CRI) values, a green
TADF emitter, 3,6-bis(9,9-dimethylacridin-10-yl)xanthen-9-one (BDMAC-XT), an orange
TADF emitter, 2,3,5,6-tetrakis(3,6-di-(tert-butyl)carbazol-9-yl)-1,4-dicyanobenzene
(4CzTPNBu), and a red conventional fluorescence emitter, 5,10,15,20-tetra-
phenylbisbenz[5,6]indeno[1,2,3-cd:1',2",3"-Im]perylene (DBP) are selected to work with sky-
blue DCP-BP-DPAC (Figure 6A). It is envisioned that efficient FET can occur between DCPC-
BP-SFAC and other emitters doped in DCPC-BP-SFAC because of the overlaps of the emission
and absorption spectra (Figure S5). The interlayer is removed to simplify the device manufac-
turing process. The removal of interlayer in this work is an important advancement in compar-
ison with the previously reported out-of-phase sensitizing configuration of WOLEDs.[*®! The
device configuration is ITO/HATCN (5 nm)/TAPC (50 nm)/1 wt% DBP: TCTA (5 nm)/2 wt%

4CzTPNBu: 30 wt% BDMAC-XT: host (5 nm)/20 wt% DCPC-BP-SFAC: PPF (8 nm)/PPF (5
15
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nm)/TmPyPB (30 nm)/LiF (1 nm)/Al, in which the host materials are DCPC-BP-SFAC, 3,3'-

di(9H-carbazol-9-yl)-1,1'-biphenyl (mCBP), TmPyPB and 2,6-di(9H-carbazol-9-yl)pyridine

(PYD-2Cz) for W1, W2, W3 and W4, respectively.
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Figure 6. (A) Device architecture, energy diagram and functional layers for the WOLEDs. (B)

The schematical illustration of energy transfer process in W1.

The obtained WOLEDs show stable EL spectra even at high luminance of 20000 c¢d m—,
indicative of the ultra-stable exciton allocation among these emitters. Among them, W1 exhibits
superior EL performance with a small turn-on voltage of only 2.5 VV and maximum EL efficien-
cies of 53.5 cd A%, 64.6 Im W-! and 21.7% (Figure 7, Figure S6). Moreover, the CRI value of
W1 reaches a peak of 72 and maintains at 70 at the luminance of 1000 cd m=2 (Table 2). For
comparison, the device performances of W2 and W3 employing p-type host mCBP and n-type

host TmPyPB, respectively, are investigated. W2 attains high EL efficiencies of 58.5 cd A,
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Table 2. EL performance of WOLEDs.?

Do Vo nclcd A7 ne [Im W] Next [%6] Lmax CRI
) Max/@1000 Max/@1000 Max/@1000 [cd CIE (x,y) Max/1000

viee: V] cd m2 cd m2 cd m2 m cd m2
w1l 25 53.5/39.4 64.6/35.4 21.7/15.3 28720 (0.350,0.466) 72/70
w2 2.7 58.5/37.0 65.7/33.2 22.4/15.0 25930 (0.257,0.419) 59/52
W3 2.6 56.4/40.4 63.2/36.3 20.3/14.8 21660 (0.319,0.480) 60/56
w4 2.7 49.8/29.3 55.8/26.3 19.5/12.0 23400 (0.297,0.424) 69/66
W5 2.6 48.1/28.1 58.1/26.5 21.6/12.2 23150 (0.465,0.462) 84/76

8 Vlon = turn-on voltage at 1 cd m2; nex/nclye = external quantum efficiency/current effi-
ciency/power efficiency; Lmax = maximum luminance; CIE = Commission Internationale de
I’Eclairage coordinates at 1000 cd m~2; CRI = color rendering index.

65.7 Im W-! and 22.4%. But the color quality is decreased, with a CRI of only 59 because of

the larger weighting at blue emissive part as shown in EL spectra. The exciton recombination
zone is concentrated at the blue-emitting layer, due to the p-type characteristic of mCBP. W3
is slightly less efficient than W2, with EL efficiencies of 56.4 cd A%, 63.2 Im W' and 20.3%,
and has a similar CRI of 60 to that of W2. The weighting of red emissive part is slightly in-
creased as depicted in Figure 7D, which is probably caused by the n-type characteristic of
TmPyPB. W4 adopting the bipolar host PYD-2Cz provides good color quality with a CRI of
69, which is comparable to that of W1, but its EL efficiencies (49.8 cd A%, 55.8 Im W-! and
19.5%) are slightly lowered. The turn-on voltage of W4 is higher than W1, mainly due to the
larger energy gap of PYD-2Cz. The larger energy gap also raises the threshold of carrier injec-
tions, which is probably responsible for the efficiency reduce of W4. In addition to the bipolar
carrier transport and the small energy gap, the good EL performance of DCPC-BP-SFAC also
ensures efficient host-guest FET and reduced annihilation of triplet excitons to a large extent.
To further confirm the balanced distribution of exciton recombination zone in W1, an ul-
trathin red DBP layer (0.05 nm) is placed at different positions of the green-orange emitting
layer of W1 without DBP dopant in TCTA, and the corresponding device configuration is pre-

sented in Figure S7. The red detection layer DBP is inserted at 1, 2, 3 and 4 nm from the left of
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the orange-green emitting layer. As shown in Figure S8, the spectra are almost invariant with
the detection layer at different positions, indicating that the exciton allocation inside the green-

orange emitting layer with DCPC-BP-SFAC host is balanced even at high voltages, which con-

tributes to efficient FET process and better color quality.
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Figure 7. (A) External quantum efficiency—luminance. EL spectra of (B) W1, (C) W2, (D) W3,
(E) W4 and (F) W5 at 1000, 5000, 10000 and 20000 cd m™2.

For the white-light illumination, the higher the CRI, the better the visual experience. To
increase the CRI value, the WOLED structure is further optimized based on W1 with the con-
figuration of ITO/HATCN (5 nm)/TAPC (50 nm)/1 wt% DBP: TCTA (10 nm)/2 wt%
4CzTPNBu: 30 wt% BDAMC-XT: DCPC-BP-SFAC (3 nm)/20 wt% DCPC-BP-SFAC: PPF
(7 nm)/PPF (5 nm)/TmPyPB (30 nm)/LiF (1 nm)/Al (W5). Comparing with W1, W5 possesses
a thicker red emitting layer and a thinner green-orange emitting layer as well as a thinner sky-
blue emitting layer to adjust the proportion of each color. By this modulation, W5 radiates
warm-white light with a CRI as high as 84, which is improved apparently relative to that of W1

(CRI = 72), validating that the strategy adopted is feasible. Meanwhile, W5 also affords stable
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EL spectra and good EL performances with a low turn-on voltage of 2.6 V and maximum EL
efficiencies of 48.1 cd A%, 58.1 Im W~ and 21.6% (Table 2, Figure 7A, 7F and FigureS6).

3. Conclusion

In conclusion, a novel luminogen (DCPC-BP-SFAC) consisting of a carbonyl acceptor and
SFAC and DCPC donors is successfully designed and synthesized. DCPC-BP-SFAC enjoys
excellent thermal and electrochemical stabilities and balanced bipolar carrier transport ability.
It exhibits strong sky-blue delayed fluorescence with high @p. values of up to 90% and fast
RISC process. The small AEst and large SOC values of DCPC-BP-SFAC originating from the
S1 state dominated by CT transition and the T state governed by both LE and CT transitions
account for the efficient delayed fluorescence. Moreover, due to the presence of spiro-structured
SFAC, DCPC-BP-SFAC prefers horizontal orientation of emitting dipole, rendering a large ©y
of 85% and thus a high #out of 39.8%. High-performance sky-blue OLEDs are achieved based
on DCPC-BP-SFAC, providing outstanding maximum #ext values of up to 32.6% at an EL peak
at 482 nm. And efficient all-fluorescence WOLEDs with an out-of-phase sensitizing configu-
ration in absence of interlayers are fabricated by using DCPC-BP-SFAC as both blue emitter
and host material, radiating stable warm-white light with a high CRI of 84, and furnishing ex-
cellent EL performance of a small turn-on voltage of 2.6 V, and maximum EL efficiencies of
48.1 cd A1, 58.1 Im W and 21.6%. The superior comprehensive EL performance resulting
from fast RISC process, balanced carrier transport and preferable horizontal orientation makes
DCPC-BP-SFAC a promising candidate for OLEDs.
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A tailor-made sky-blue delayed fluorescence luminogen with strong photoluminescence, fast
reverse intersystem crossing, balanced carrier transport, horizontal dipole orientation and large
light out-coupling efficiency is explored, which furnishes outstanding external quantum effi-
ciencies of 32.6% as emitter in sky-blue OLEDs and 21.7% as emitter and host simultaneously
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