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Abstract: Ultraviolet (UV) organic emitters that can open up
applications for future organic light-emitting diodes (OLEDs) are of
great value but rarely developed. Here, we report a high-quality UV
emitter with hybridized local and charge-transfer (HLCT) excited
state and its application in UV OLEDs. The UV emitter, 2BuCz-
CNCz, shows the features of low-lying locally-excited (LE) emissive
state and high-lying reverse intersystem crossing (hRISC) process,
which helps to balance the color purity and exciton utilization of UV
OLED. Consequently, the OLED based on 2BuCz-CNCz exhibits not
only a desired narrowband UV electroluminescent (EL) at 396 nm
with satisfactory color purity (CIE, y = 0.161, 0.031), but also a
record-high maximum external quantum efficiency (EQE) of 10.79%
with small efficiency roll-off. The state-of-the-art device performance
can inspire the design of UV emitters, and pave a way for the further
development of high performance UV OLEDs.

Over the last three decades, substantial progress has been
made in the development of RGB organic emitters, which makes
organic light-emitting diodes (OLEDs) one of the most advanced
flat-panel display and solid-state lighting technologies.™
Nowadays, extending the emission wavelengths of organic
emitters to open up new application scenarios for future OLEDs
is receiving immense research interest.’! For instance, OLEDs
with ultraviolet (UV) emission (below 400 nm) can find uses in
excitation lighting sources,®! high-density information storage,!
and  chemical/biological sensors.Pl Nevertheless, the
electroluminescent (EL) performances of UV OLEDs are still
unsatisfactory, and most reported external quantum efficiencies
(EQEs) are less than 5%.1228] Therefore, developing high-quality
UV organic emitters is extremely urgent yet challenging.

Besides the high requirements for limited rm-conjugation,
suitable rigidity and. coplanarity,[! the intrinsic wide band-gap of
UV emitters usually cause a large carrier-injection barrier and
thus reduced carrier combination in OLEDs.?28 A common
solution to improve the carrier-injection ability is to construct
donor—acceptor (D-A)-type organic emitters.®! Especially, D—-A-

type emitters featuring the charge-transfer (CT) state can
facilitate the harness of nonradiative triplet excitons via reverse
intersystem crossing (RISC),% such as the thermally activated
delayed fluorescence (TADF) emitters,'411 which is another key
to achieving high-performance OLEDs. Howerver, the CT effect
can also lead to a bathochromic shift and inferior color purity,
making the emission deviate from the UV region. Until recently,
the first UV OLED example based on TADF emitter was
reported,®! reaching the current record maximum EQE of 9.3%,
which greatly thrived this research field. Likewise, the broadband
UV emission from its low-lying CT-emissive state has a large
visible-light component (wavelength region above 400 nm),
therefore giving rise to a relatively large CIE y coordinate of
0.065. In addition, the device also suffered serious efficiency
roll-off at high current densities. Therefore, the design of efficient
UV emitters needs further exploration.

D-A-type emitters with a hybridized locally-excited (LE) and
CT (HLCT) excited state,*"*?l in which the CT component
promotes the RISC process from the higher-lying triplet states
(hRISC), while the low-lying LE-emissive state guarantees the
short-wavelength emission, is expected to circumvent the
conflict between exciton utilization and color purity in UV
emitters. Our previous works reported a long-short axis
molecular design for the modulation of LE and CT component in
excited state.l'® The strategy concept is illustrated in Figure 1a.
The chromophores are connected with small torsion angles to
form a LE-emissive long-axis skeleton of the molecule; whereas
the electron-withdrawing group is selected as the short-axis
skeleton to construct a twisted D—A structure with the long-axis
skeleton, and thus introduce the desired CT component. Based
on this, we successfully designed a HLCT-type UV emitter,
namely 2BuCz-CNCz (Figure 1b). In 2BuCz-CNCz, the
chromophores 9-phenyl-9H-carbazole are connected in a “head-
shoulder-head” pattern to gain the long-short axis skeleton, and
the cyano group endows the short-axis skeleton with electron-
withdrawing  ability. =~ Meanwhile, the branched tert-
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Figure 1. a) lllustration of long-short axis design strategy. b) Chemical structure of 2BuCz-CNCz. c¢) Optimized So and S: geometries, and d) HOMO/LUMO

distributions of 2BuCz-CNCz.

butyl groups are inserted to inhibit close molecular packing and
alleviate the concentration quenching in aggregates. As a
consequence, the doped 2BuCz-CNCz film can emit efficient UV
photoluminescence (PL) at 395nm, with a high PL quantum yield
(PLQY, ne) of 70.6 %. Moreover, owing to the contribution of
hRISC in the EL process, the UV OLED (396 nm, CIEx y = 0.161,
0.031) based on 2BuCz-CNCz furnishes an excellent maximum
EQE of 10.79% with small efficiency roll-off at high current
densities, which represents the state-of-the-art performance of
UV OLEDSs reported so far.

Density functional theory (DFT) and time-dependent DFT
(TD-DFT) simulations were performed to disclose the electronic
structure of 2BuCz-CNCz. As designed, the geometries at both
Soand S; states adopt small torsion angles (612) along the long-
axis skeleton, and a larger torsion angle (6s) between the central
carbazolyl and benzonitrile group (short-axis skeleton) is
observed (Figure 1c). The limited changes of 61> and 65 indicate
that 2BuCz-CNCz possesses good structural rigidity, which is
conducive to small Stokes shift and high radiative transition.**
The highest occupied molecular orbital (HOMO) is thoroughly
distributed on the electron-rich multiple carbazolyls as the hole-

injection groups (Figure 1d). In comparison, the lowest
unoccupied molecular orbital (LUMO) is partially delocalized to
the benzonitrile group due to its electron-withdrawing property,
reflecting an improvement in electron-injection ability.

The natural transition orbitals (NTO) simulation shows that
the “hole” and “particle” of S; state are dispersed on the long-
axis skeleton with large proportion overlap and partial spatial
separation (Figure 2a), which corresponds to a LE-dominant
HLCT characteristic. Obviously, the introduction of benzonitrile
group has little impact on the luminescence of 2BuCz-CNCz.
These results demonstrate the feasibility of our strategy for
simultaneously improving the carrier-injection ability and
maintaining short-wavelength emission. On the other hand, the
lowest T, state of 2BuCz-CNCz reveals a pure LE-featured
transition with the hole and particle completely overlapped,
whereas the high-lying T./T; states exhibit the HLCT
characteristics similar to the S; state. In this case, the high-lying
CT components could facilitate the triplet-to-singlet conversion
from To/Tz to Sp.%2d As a further proof, the energy level
diagrams of 2BuCz-CNCz with the first five singlet and triplet
states are calculated (Figure 2b). It can be seen that the energy
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Table 1. Photophysical properties of 2BuCz-CNCz.
ApL Np©
abs [nm] %] S1/T/AEs 1 S1/T1/AEsim1® To/AEsi72!®) Ta/AEsit3l®)
[nm] - - [eV] [eV] [eV] [eV]
Soln® Film[! Soln@ Film[!
352 394 410/395 87.6 35.7/70.6 3.34/2.62/0.72 3.26/2.50/0.76 3.11/0.15 3.40/-0.14

[a] Measured in toluene solution (10> M) at room temperature. [b] Measured in vacuum-deposited neat film/CzSi-hosted film (10 wt% 2BuCz-CNCz). [c] Absolute
photoluminescence quantum efficiency evaluated using a calibrated integrating sphere. [d] Estimated from the onsets of the fluorescence and phosphorescence
spectra in toluene at 77K. [e] Obtained from the result of theoretical calculations (TD-M062X/6-31G (d, p) calculation).

difference between S; and T; states (AEsit1) is as large as 0.77
eV, which makes it difficult to induce a sufficient RISC from T, to
Si. Nevertheless, a large T—T: gap (0.61 eV) and small T,/Ts—
S]_ SplitS (AESsz: 0.15 eV, AESng: -0.14 eV) can be fOUnd,
providing a new platform for the RISC process from high-lying
T./T3 to Sy, namely, hot exciton channel.'¥ According to Fermi's
golden rule, the spin-orbit coupling (SOC) is another driving
force for the occurrence of RISC.[%:18] Significantly, the values
of SOC constants between high-lying T2/Tz and S1 ((S1HsoT2),
(S1Hso0Ts)) are also larger than that of (S1HsoT1). Given that the
small Ts—T, gap supports a dynamic equilibrium of internal
conversion (IC) and reverse IC by the vibronic coupling,*” it is
rational that the triplet excitons can be converted into singlet
excitons through the hot exciton channels (T2/Ts — Sy).
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Figure 2. a) NTOs describing the transition characters of the Si, T1, T2 and T3
states in 2BuCz-CNCz. b) Energy levels of the first five singlet/triplet states
and the SOC values between singlets and triplets of 2BuCz-CNCz.

2BuCz-CNCz is facilely prepared in a high yield through the
two-steps reactions as described in Scheme S1 in the
Supporting Information, and fully characterized by *H/**C NMR
and high-resolution mass spectrometry. It shows good thermal
and morphological stabilities, as evidenced by the high
decomposition temperature (Tqy, 5% weight loss) of 502 °C and
high glass-transition temperature (T4) of 89 °C (Figure S1), which
enables the further application in vacuum evaporated OLEDs.
The electrochemical properties of 2BuCz-CNCz are investigated
by cyclic voltammetry (CV) measurement (Figure S2), and the
ionization potentials (IPcv) and electron affinities (EAcv) values
are estimated to be 5.36 and 2.30 eV, respectively.

Figure 3a shows the UV-visible absorption and PL spectrum
of 2BuCz-CNCz in dilute toluene solution (10 M). The
absorption band at 298 nm can be ascribed to the m—m*
transition of carbazolyl fragment, while the strong and broad
absorption band at 352 nm should be caused by the extended
mm-conjugation of the long-axis skeleton (Figure S3). Upon
photoexcitation, 2BuCz-CNCz exhibits a desirable UV emission
with PL maxima (Ap ) at 394 nm (Table 1). The small Stokes shift
of 42 nm and high PLQY of 87.6 % reflect the suitable molecular
rigidity and coplanarity. The solvatochromic effect is used to
analyse the excited-state property (Figure 3b and S4). As the
solvent polarity increases from n-hexane to acetonitrile, the PL
spectrum of 2BuCz-CNCz gradually broadens and redshifts from
388 to 422 nm, accompanied by the disappearance of vibronic
structures, which implies a substantial change of excited state.
Additionally, the Stokes shift (va—vi) of 2BuCz-CNCz shows two-
section linear relations with the solvent orientational polarizability
(f) (Figure 3c). According to the Lippert—Mataga equation,8! the
dipole moment () value of the S; state is estimated to be 6.1 D
in low-polarity solvents (f < 0.167) and 19.5 D in high-polarity
solvents (f 2 0.21), manifesting the LE-featured and CT-featured
radiation transition, respectively. It is noteworthy that high
PLQYs could be maintained with the increase of solvent polarity
(Table S1). Meanwhile, 2BuCz-CNCz exhibits a single-
exponential fluorescence decay in each solvent (Figure S5).
These two factors indicate that the LE and CT components in
2BuUCz-CNCz are well hybridized (HLCT state) rather than
simply mixed.

Estimated by the onsets of fluorescence and
phosphorescence spectra in frozen toluene (Figure S6), the S;
and T: energy levels of 2BuCz-CNCz are found to be 3.34 and
2.62 eV, respectively, corresponding to AEs;t1 value as large as
0.72 eV, which is in accord with the theoretical simulation results.
After fabricated into neat film, the Ap. of 2BuCz-CNCz shows a
redshift to 410 nm with a decreased PLQY of 35.7%, due to the
solid-state polarization and aggregation effect*® (Figure S7).
Nevertheless, an efficient UV emission with Ap. at 395 nm and
PLQY of 70.6% reappears by dispersing 2BuCz-CNCz into a
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Figure 3. a) UV-visible absorption and PL spectra of 2BuCz-CNCz in toluene (10™° M). b) Solvatochromic PL spectra and c) solvatochromic Lippert—-Mataga
model of 2BuCz-CNCz. d) Transient PL decay curves of 2BuCz-CNCz in neat film and doped film, respectively, recorded under a N2 atmosphere at room

temperature.

wide band-gap host material CzSi. As depicted in Figure 3d,
2BuUCz-CNCz in both neat film and doped film show short
fluorescence lifetimes without obvious delay, and the
nanosecond-scaled lifetimes are fitted to be 1.9 and 1.3 ns,
respectively. Furthermore, temperature-dependent transient PL
decay curves reveal the absence of long lifetimes (Figure S8),
which can eliminate the possibility of TADF mechanism.

To assess the potential application of 2BuCz-CNCz emitter
in UV OLED, a doped device with an optimized configuration of
ITO/1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile  (HATCN,
10 nm, hole-injecting layer)/  di-(4-(N,N-ditolyl-amino)-
phenyl)cyclohexane (TAPC, 60 nm, hole-transporting layer)/
tris(4-carbazoyl-9-ylphenyl)amine (TCTA, 5 nm, exciton blocking
layer)/CzSi: 2BuCz-CNCz (10%, 20 nm, emitting layer)/ 1,3,5-
tris-(N-phenylbenzimidazol-2-yl)benzene (TPBi, 40 nm, electron
transporting layer)/LiF (1 nm, electron-injecting layer)/Al (120
nm) is fabricated (Figure 4a and Table S2). As expected, the
device exhibits a UV EL resembling the PL behavior of the
doped film, with a peak wavelength of 396 nm (Figure 4b).
Despite the existence of visible-light components in the EL

spectrum, the device shows satisfactory color purity due to the
narrowband emission (FWHM=33nm), and the CIE coordinates
of the device are (0.161, 0.031). Significantly, the device gives a
maximum EQE up to 10.79%, which achieves the record-high
efficiency of UV OLEDs (Figure 4c). Assuming a light out-
coupling efficiency of ITO glass of 20-30%, the corresponding
exciton utilization efficiency is calculated to be 51%—-76%, which
remarkably exceeds the 25% spin statistical threshold of
traditional fluorescent OLEDs and reveals the existence of
triplet-to-singlet conversion in the EL process. More fascinatingly,
the efficiency roll-off of this device is smaller than those of most
reported UV OLEDs,? and the EQE maintains a high value of
8.47% at a current density of 10 mA cm=2and 6.8% at 100 mA
cm=2, respectively. In addition, the nondoped OLED using neat
2BuCz-CNCz film as the emitting layer is also fabricated (Figure
S9), which radiates strong violet-blue EL at 408 nm with CIE
coordinates of (0.157, 0.050). Although the PLQY of neat film is
decreased as the result of the concentration quenching, the
device can furnish a favorable EQE of 5.24%, corresponding to
a high exciton utilization efficiency of 53%—79%. Likewise, the
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Figure 4. a) Device structure and ionization potentials (IPcv) and electron affinities (EAcv) for each material. b) EL spectrum and c) external quantum efficiency—
current density curve of the 2BuCz-CNCz-based UV OLED. Inset shows the current density—voltage—luminance (J-V-L) characteristics. d) External quantum
efficiency summary of the representative UV OLEDs (EL Peak < 400 nm) and NUV OLEDs (EL Peak <410 nm). e) Transient EL decay curves of the MADN (dash
line) and 2BuCz-CNCz (solid line) based OLEDs at different voltages. f) MEL curves of the 2BuCz-CNCz-based OLEDs at different voltages.

nondoped device displays a very flat efficiency roll-off (Table
S3).To our best knowledge, this is also among the state-of-the-
art results of near UV (NUV) OLEDs with a peak wavelength
less than 410 nm. The device performances of the
representative UV and NUV OLEDs are summarized in Figure
4d and Table S4 in the Supporting Information.

On account of the good linear relationship between the
current density and luminance (Figure S10), the breakthrough of
the exciton utilization efficiency in both doped and nondoped
devices could be not attributed to the triplet—triplet annihilation

(TTA) process. The transient EL spectra of the 2BuCz-CNCz-
based devices together with a classic TTA-type device based on
2-methyl-9,10-bis(naphthalen-2-yl)anthracene (MADN) are also
measured and compared. As shown in Figure 4e, after removing
the electrical excitation pulse, the EL intensity of the 2BuCz-
CNCz-based both doped and nondoped devices decays much
faster than that of the MADN-based one, accompanied by less
delayed components. Meanwhile, because of the enhanced
triplet excitons quenching process at higher driving voltages, the
MADN-based devices exhibit a gradual decrease in the ratio of
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delayed component as the driving voltage increases from 6V to
8V; however, the delayed component of the 2BuCz-CNCz-based
devices shows almost no voltage dependence, indicating that
the delayed response is mainly caused by the collision
recombination of trapped charges.”® These results further
exclude the contribution of TTA mechanism in the 2BuCz-CNCz-
based devices. On the other hand, the magnetic field effect
(MFE) can be used as an effective method to discern the EL
mechanism behind OLEDs with efficient triplet exciton
utilization.”! It is noted that the magneto-EL (MEL) traces at
varied applied bias present a sharp rise at the low magnetic field
(<50 mT) and continuous saturation at the higher magnetic field
(Figure 4f), which also demonstrates that the triplet excitons
harvesting originates from the RISC rather than TTA
process.'*?2 Since the AEsit; is too large to facilitate the
thermally activated RISC process from T, to Sy, the triplet states
at higher energy level should play a key role in the triplet-to-
singlet conversion. Figure 4g illustrates the exciton relaxation
path of 2BuCz-CNCz emitter under electrical excitation. After the
injected electrons and holes recombine, the singlet and triplet
excitons are first formed in a ratio of 1:3 at high energy levels,
and then rapidly relax to the low-lying excited states. However,
the large energy gap between the higher-lying T./T; and lowest
T, can slow down the IC (T./Ts — Ti) rate according to the
energy-gap law,?® whereas the small energy splitting and
enhanced SOC between the T,/Ts and S; will promote the
hRISC process (T./Ts — $Si). As a consequence, the
nonradiative triplet excitons can be converted to S; excitons
through the fast hot exciton channels before populating into the
T, state, leading to a high exciton utilization efficiency in the EL
devices. Moreover, the triplet involved annihilation processes will
be effectively suppressed due to the reduction of the long-lived
T, excitons concentration. Therefore, a small efficiency roll-off is
observed in the 2BuCz-CNCz-based devices.

To summarize, we report a novel UV emitter 2BuCz-CNCz
realized by the proposed long-short axis molecular design. This
type of D-A structure is proved to enable combined short-
wavelength emission and improved carrier-injection ability. The
doped 2BuCz-CNCz film possesses a high-quality UV emission,
with Ap. at 395 nm and PLQY of 70.6%. Theoretical and
experimental investigations also reveal the HLCT characteristic
of 2BuCz-CNCz, which can facilitate the triplet-to-singlet
conversion via hRISC process (T2/Tz — S;). As a consequence,
the UV OLED based on 2BuCz-CNCz provides a record
maximum EQE of 10.79% and a small efficiency roll-off,
accompanied by the satisfactory color purity with the EL peak
wavelength and CIE coordinates of 396 nm and (0.161, 0.031),
respectively. The state-of-the-art performance gained in this
work demonstrates the great potential of HLCT emitters with
hRISC process, which opens a new avenue for further
developing high-performance UV OLEDs.
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Through the proposed long-short axis molecular design, a novel HLCT-type ultraviolet emitter is reported. Benefiting from the
features of the low-lying LE emissive state and high-lying reverse intersystem crossing process, the ultraviolet OLED furnishes a
record-high EQE of 10.79%, accompanied by a satisfactory color purity and a small efficiency roll-off.
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