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The inception and harnessing of excitons are paramount for the electroluminescence performance of organic light-emitting
devices (OLEDs). Through-space charge transfer (TSCT) via intramolecular interaction has proved to be one of the most potent
techniques employed to achieve 100% internal quantum efficiency. However, molecular strategies utilized to comprehensively
enhance the electroluminescent performance of TSCT emitters regarding improving the photoluminescence quantum yield
(PLQY) and elevating the light out-coupling efficiency remain arduous. To surmount this challenge, we deliberately designed
and synthesized a proof-of-concept TSCT emitter called CzO-TRZ by incorporating an extra carbazole donor into spiro-
heterocyclic architecture. The introduction of rigid spiral fragments can immensely boost the horizontal orientation dipole ratio
and establish an extra through-bond charge transfer (TBCT) radiative decay channel. As a result, a very high PLQY of 98.7%,
fast kggc 0f 2.2x1 0°s "' and high & of 2.2 10"s ', and an ultrahigh horizontal dipolar ratio of 90% were concurrently achieved
for CzO-TRZ blended films. Furthermore, corresponding thermally activated delayed fluorescence (TADF)- and TADF-sen-
sitized fluorescence (TSF)-OLEDs based on CzO-TRZ demonstrated external quantum efficiencies (EQEs) of 33.4% and 30.3%,
respectively, highlighting its versatile applications as both an emitter and sensitized host.

organic electronics, organic light-emitting diodes, polycyclic aromatic hydrocarbons, multiple-resonance

Equipped with virtues of low power consumption, rapid re-
sponse, broad color range, wide viewing angles, and flex-
ibility, organic light-emitting diodes (OLEDs) have ascended
to the apex of cutting-edge technology in the realm of flat-
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Introduction panel displays and solid-state lighting [1-8]. A fundamental

prerequisite for efficient OLED emitters lies in their profi-
ciency in harnessing all the excitons generated under elec-
trical excitation. Through-space charge transfer (TSCT)-
based thermally activated delayed fluorescence (TADF)
emitters feature minimal overlaps of frontier molecular or-
bitals, resulting in highly efficient reverse intersystem
crossing (RISC) processes [9-11]. This allows for the almost
complete utilization of electrical excitons, leading to a sig-
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nificant increase in the electroluminescence (EL) efficiency
of OLEDs [12,13].

To create effective TSCT-TADF emitters, two electron-
rich and electron-poor @ units are needed close enough to
form spatial intramolecular noncovalent interaction within
the molecular systems [14—18]. With this conceptual me-
chanism, lots of TSCT-TADF emitters have been created. In
2020, Liao et al. [19] reported that a TSCT-type emitter, DM-
B, via a rigid linker and sky-blue OLEDs employing DM-B
achieved a peak external quantum efficiency (EQE) of
27.4%. Later that year, by rational modulation of the mole-
cular geometry and donor-acceptor (D-A) distance to restrict
the molecular conrotatory motion, as high as 30.8% EQE
with a very flat efficiency roll-off of 7% at 1,000 cd m ° was
achieved by using TSCT molecule 2tDMG as the emitter in
evaporation-processed OLEDs [20]. Although dozens of
molecules with TSCT mechanisms have been discovered,
their relatively low EL performances are evident, with EQEs
hovering at approximately 10% to 20% [21-23]. This figure
is still significantly lower than that of OLEDs utilizing
conventional TADF emitters of the through-bond charge
transfer (TBCT) type or those incorporating noble metal-
containing phosphorescent emitters. The inferior EL effi-
ciency of such emitters-based OLEDs can be attributed to
their relatively lower photoluminescence quantum effi-
ciencies (PLQEs) and radiative decay rate [24-26].

On the flip side, traditional TBCT-TADF materials, which
typically have lifetimes lasting for microseconds or even
milliseconds, are prone to aggregation concentration
quenching (ACQ) due to electron-exchange interactions
controlled by a Dexter energy transfer mechanism [27-30].
Employing a twisted molecular backbone with “inert” che-
mically isolated fragments can effectively enhance the PL
and EL performance in traditional TADF emitters, thanks to
the short-range nature of electron-exchange interactions.
However, the concentration quenching mechanism of special
TSCT-TADF emitters has yet to be explored, let alone the
molecular design strategy that restricts such concentration
quenching [31,32]. These long-standing and unresolved is-
sues hinder further improving the EL performance of TSCT-
TADF emitters. Therefore, creating TSCT-TADF emitters
that can match the efficiency of conventional TBCT-TADF
materials remains a formidable challenge, and finding
comprehensive molecular strategies to enhance EL perfor-
mance is imperative.

Crucially, the molecular orientation of emitting materials
should be taken into consideration since it has a significant
effect on the optical out-coupling efficiency (7,,) [33-36].
The previous document reports have revealed that the aspect
ratio of the emitter, glass-transition temperature (7,), and
molecular weight are identified as key parameters for
boosting the horizontal orientation dipole ratio [37—40].
Therefore, using a linear and planar molecular backbone, as
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well as increasing molecular weight, have become common
approaches for the realization of high horizontal orientation
for emitters [41]. Thus, strategies are needed to explore
TSCT emitters since they usually have a specific molecular
skeleton [42-44].

To deal with the dilemma, a proof-of-the-concept TSCT
emitter, 10-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-2'-
(9-phenyl-9H-carbazol-3-yl)-10H  spiro[acridine-9,9'-xan-
thene] (CzO-TRZ), via introducing an extra carbazole donor
to spiro-heterocyclic architecture, was purposefully designed
and synthesized (Figure la). Interestingly, in optimized
geometry in the ground (S,) state, the 9-phenyl-9H-carbazole
(PhCz) donor is tilted faced to the acceptor 2,4,6-triphenyl-
1,3,5-triazine (TRZ) and resulting in a unique “U” shaped
molecular architecture (Figure 1c, d). The isosurfaces and
scatter diagrams of the reduced density gradient (RDG)
clearly illustrate the successful formation of the TSCT ra-
diative decay channel (Figure 1b—d). To enhance the hor-
izontal orientation dipole ratio, we also purposefully
introduced a rigid spiral fragment and coupled it with the
TRZ unit to form an extra TBCT radiative decay channel. A
creative approach to molecule design can significantly im-
prove the horizontal orientation dipole ratio in addition to
increasing the radiative decay rate (k.). X-ray crystal-
lographic analysis unveiled an intermolecular acceptor-ac-
ceptor (A-A) m-m stacking. Instead of increasing the non-
radiative attenuation rate, such A-A-type n-n stacking serves
to rigidify the molecular backbone. In fact, simulation of the
monomer, dimer, and trimer of the CzO-TRZ crystal clearly
indicated that the inter- and intramolecular transitions
dominated the energy transfer processes, thereby preventing
long-range energy transfer. Consequently, a very high PLQY
0f 98.7%, fast kgysc 0f 2.2x10° s ' and high & of 2.2x10" s,
and an ultra-high horizontal dipolar ratio of 90% were con-
currently achieved for CzO-TRZ blended films, suggesting
tremendous potential in OLED applications. In accompany
with many advantages, the corresponding TADF- and
TADF-sensitized fluorescence (TSF)-OLEDs achieved
33.4% and 30.3% external quantum efficiencies (EQEs),
verifying their versatile applications both as emitter and
sensitized host.

2 Results and discussion

The synthetic procedures of CzO-TRZ are summarized in
Supporting Information online. The thermogravimetric
(TGA) and differential scanning calorimetry (DSC) analysis
curves indicated excellent thermal and morphological sta-
bilities (Figure S1 and Table S1, Supporting Information
online), suitable for vacuum deposition of device fabrication.
The S, state of CzO-TRZ was initially investigated by den-
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Figure 1 (a) Chemical structure of CzO-TRZ; (b—d) reduced density gradient (RDG) isosurfaces and scatter diagrams of CzO-TRZ (color online).

sity functional theory (DFT) calculation at the B3LYP/6-
31G’ level. A tilted face-to-face alignment of PhCz and TRZ
acceptor (TSCT radiative decay channel) and a crooked
spiral donor-n-TRZ acceptor (TBCT radiative decay chan-
nel) were visualized. The highest occupied molecular orbital
(HOMO) was located on the PhCz unit and the adjacent
benzene fragment, while the lowest unoccupied molecular
orbital (LUMO) was mainly on the TRZ acceptor, verifying
the formation of the TSCT transfer channel in CzO-TRZ
(Figure S2). Based on the optimized S, geometry, the RDG
analysis of CzO-TRZ was implemented (Figure 1b—d). The
isosurface is colored on a blue-green-red scale based on sign
(4,)p with a range from —0.05 to 0.05. The red region denotes
the repulsive effect. Meanwhile, the blue region represents
the strong attractive interaction. A large area of the green
region (red dashed circles) located between PhCz and TRZ
unit, illustrating relatively strong n-m interaction and narrow
spatial donor-acceptor distance (in a range of 3.2 to 3.5 A), in
favor of forming intramolecular - interactions and fa-
cilitating the electronic transition via TSCT process.

The insights on understanding the intermolecular interac-
tion and stacking tendency may disclose the mysteries of the
concentration quenching mechanism of the TSCT-TADF
emitters. Therefore, single crystals were grown from a
mixture of methanol and chloroform by slow vapor-liquid
diffusion method (CCDC number: 2254430) (Figure 2 and
Figure S3, Table S2). X-ray crystallographic analysis re-
vealed a head-to-tail packing mode with a small interlayer
slide adjacent (Figure 2), suggesting a J-aggregate was
formed. The CzO-TRZ crystal shows a monoclinic system

with P-1 space group and crystal cell parameters of
a=9.0789 A, b=9.1464 A, c=30.349 A, a=82.5°, =81.6°,y
= 75.8° (Table S2). The intermolecular C-H---w and n-n
interaction coexist in the CzO-TRZ crystal. Generally, it is
believed that intermolecular n-m interaction might lead to
serious ACQ, weakening emissive properties. However, a
further high PLQY of 86.3% was revealed for CzO-TRZ
crystal. Thus, the discovery of intermolecular n-m interaction
in this molecule might benefit from rigidifying the molecular
backbone and restricting the non-radiative decay rather than
harming the emissive properties. The underlying reason
could be due to the triplet exciton diffusion mechanism,
which was induced by the DET mechanism and can be
considered a double charge transfer process. In other words,
both intermolecular m-m occurred in A-A and donor-donor
(D-D), which can significantly lengthen the long-lived triplet
exciton diffusion length. To gain a deeper understanding of
the excited-state electronic structures, the chemical struc-
tures of the monomer, dimer, and trimer of CzO-TRZ were
extracted for simulation (Figure 3), for the S;—S, transition
of the monomer, an intramolecular CT transition from the
spiral donor to the TRZ unit was visualized. For the dimer, an
additional transition from the spiral donor of one monomer to
the TRZ unit of the adjacent monomer was revealed (Figure
3). Simulation of the trimer indicated that the intermolecular
transition could hardly step over a monomer, suggesting the
inter-and intramolecular transition dominated the energy
transfer processes, which are in line with the description of
the solely intermolecular A-A n-m interaction.

The UV-vis and PL spectra measured in toluene solution
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Figure 2

(a) The monomer and (b—d) molecular packing of CzO-TRZ single crystal (color online).
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Figure 3 Natural transition orbits (NTOs) of monomer, dimer, and trimer chemical structures of CzO-TRZ calculated at M062X/6-31G” level. The
corresponding transition energies and oscillator strength (f) values of CzO-TRZ were also provided for comparison (color online).

were investigated to verify the above research results (Figure
4a and Figure S5). The absorption band around 400 nm may
arise from the combination of TSCT and TBCT transition. In
PL spectra, a broad, structureless sky-blue emission peaking
at 478 nm was recorded for CzO-TRZ (Figure 4a and Table
S1). The low-temperature fluorescence and phosphorescence
spectra have proceeded at 77 K in dilute toluene solution to
ascertain the energy levels of S; and T, states. As expected,
CzO-TRZ demonstrated a very small AEgr of 33 meV
(Figure 4a and Table S1). Time-transient PL spectrum and
PLQY value of CzO-TRZ in a doped film were conducted in
a nitrogen atmosphere to explore the PL property further
(Figure S5). Impressively, a high PLQY of up to 98.7% is
achieved for CzO-TRZ doped film. More importantly, high

k' of ~2.4x10" s " and kgg of ~3.3 x 10° s were simulta-
neously achieved for CzO-TRZ doped film (Table S3). The
values of k. and kysc are all much higher than that of the
reported TSCT-TADF molecules. On the other hand, PLQY
and horizontal dipole orientation factor are the two most
important essential parameters that determine EL perfor-
mance. Hence, to precisely assess the optical out-coupling
property and EL performance of these compounds, variable-
angle PL measurement of the 20 wt% doped film in dibenzo
[b,d]furan-2,8-diylbis(diphenylphosphine oxide) (PPF) was
measured (Figure 4b). Noticeably, the horizontal dipole ratio
of CzO-TRZ was attained 90%. Such a high horizontal di-
pole ratio can extremely enhance its EL performance.

To evaluate their EL performances, OLED was fabricated
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with the device architecture of ITO/HATCN (10 nm)/TAPC
(30 nm)/mCP (5 nm)/PPF: 20 wt% CzO-TRZ (30 nm)/PPF
(5§ nm)/TmPyPb (50 nm)/ LiF (1 nm)/Al (120 nm) (Figure
Sa, b). Where HATCN, TAPC, mCP, and TmPyPb served as
hole-injection, hole-transport, electron-blocking, and elec-
tron-transport materials, respectively. Especially, PPF serves
as host and hole-blocking material simultaneously. In emit-
ting layer, the optimal doping concentration is 20 wt%.
Noticeably, an as high as 33.4% EQE and power efficiency
of 104 Im W' was achieved by CzO-TRZ-based sky-blue
OLED, which is one of the highest EQEs of TSCT emitters-
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Consider that high-definition (HD) display technology
requires EL spectra with narrow full width at half-maximum
(FWHM). Thus, CzO-TRZ was also used as a sensitizer in
TSF-OLED. One multi-resonance (MR)-TADF compound
BTC-BNCz was treated as an emitter [12], and the archi-
tecture of TSF-OLED of ITO/ HAT-CN (10nm)/TAPC
(30nm)/mCP (10 nm)/ 1 wt% MR-TADF:20 wt% CzO-TRZ:
PPF (30 nm)/ PPF (10 nm)/TmPyPb (40 nm)/ LiF (1 nm)/Al
(150 nm) was fabricated (Figure 6). Greenish-blue emission
with a peak of 496 nm and narrow full width at half-max-
imum (FWHM) of 39 nm were recorded, corresponding to

based OLEDs (Figure Sc, d, Table S4). CIE coordinate of (0.17, 0.53). TSF-OLED showed sig-
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Figure 4 (a) UV-vis, room temperature PL, low-temperature PL (LTPL), and phosphorescent (LTPh) spectra in dilute toluene solution. (b) Measured p-
polarized PL intensity of 20 wt% CzO-TRZ into PPF matrix as a function of the emission angle (color online).
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Figure 5 (a) Device architecture and energy diagram for CzO-TRZ based OLED. (b) Molecular structures of the relevant materials for device fabrication.
(c) Current density-voltage-luminance curves. (d) EQE-luminance curve (inset: EL spectrum at 10 mA cmfz) (color online).
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Figure 6 (a) Molecular structure of BTC-BNCz. (b) Device architecture and energy diagram for CzO-TRZ-based TSF-OLED; (c) current density-Voltage-
Luminance curves; (d) EQE-Luminance curve (inset: EL spectrum at 10 mA cmfz); (e) measured p-polarized PL intensity of 1 wt% BTC-BNCz:20 wt%
CzO-TRZ into PPF matrix as a function of the emission angle; (f) measured p-polarized PL intensity of 1 wt% BTC-BNCz into PPF matrix as a function of

the emission angle (color online).

nificantly high efficiency with a peak EQE of 30.3%.
Moreover, the significant overlap between the PL spectrum
of CzO-TRZ and the absorption spectrum of BTC-BNCz can
lead to an efficient fluorescence resonanceenergy transfer
(FRET) process in TSF-OLED (Figure S6). Additionally, the
high EL performance of this TSF-OLED may also be at-
tributed to the synergistic effect of the horizontally-aligned
dipole orientation induced by CzO-TRZ on the transition
dipole moment of BTC-BNCz. Precisely, the state-of-the-art
EL performance of both TADF- and TSF-TADF OLEDs are
achieved based on CzO-TRZ as emitter and sensitized host,
ranking among TADF materials for achieving EQEs above
30% in both TADF- and TSF-OLEDs.

3  Conclusions

In summary, a versatile proof-of-concept emitter CzO-TRZ

was purposefully designed and synthesized that incorporates
both TSCT and TBCT transfer channels. X-ray crystal-
lographic analysis revealed that the moderate intermolecular
A-A type m-m interaction within this molecule is beneficial
for rigidifying the molecular backbone and restricting the
non-radiative decay rather than harming the emissive prop-
erties. Simulation of the trimer indicated that inter- and in-
tramolecular transitions dominated the energy transfer
processes and hindered long-range energy transfer. This led
to the concurrent achievement of very high PLQY of 98.7%,
fast kgyse 0£2.2x10° s, high & 0f 2.2x10" s, and the ultra-
high horizontal dipolar ratio of 90% for CzO-TRZ blended
films, highlighting its tremendous potential in OLED appli-
cations. Furthermore, TADF- and TSF-OLEDs achieved
33.4% and 30.3% EQEs, respectively, demonstrating their
potential for high-performance optoelectronic devices and
versatile applications as both an emitter and sensitized host.
This article provides a feasible strategy and new insights into
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boosting the EL performance of TSCT emitters with small
efficiency roll-off, paving the way for practical applications
in OLED technology and offering a multitude of advantages.
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