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Deep-red (DR)/near-infrared (NIR) emitters have extensive applications in bioimaging and flexible opto-
electronics. However, it is challenging to design efficient DR/NIR emitters with high photoluminescence
quantum yields (PLQYs), especially in the solid state, due to the energy gap law. A common strategy to
develop new acceptors is to construct donor—acceptor luminogens with fine-tuned molecular
structures. Nevertheless, new acceptors that are suitable for constructing highly efficient DR/NIR
emitters are still rare. Herein, by utilizing cyano-substituted dithiafulvalene fused benzothiadiazole
(BSMCN) as the acceptor and triphenylamine derivatives as donors, three BSMCN-based molecules,
respectively, named 2TB, 2MTB, and 2MOTB, are rationally designed and efficiently synthesized. All three
compounds exhibit aggregation-induced emission properties with their emission wavelengths extending
from the DR to NIR region. Moreover, when applied in solution-processed non-doped devices, 2TB
exhibits a high external quantum efficiency of 4.9% at a wavelength of 664 nm, demonstrating the great
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Introduction

The development of highly efficient organic deep-red/near-
infrared (650-900 nm) fluorescent emitters is significant due
to their extensive applications in bioimaging and flexible
optoelectronics,"”” but also a challenging task due to the limit
of the energy-gap law.®'° Indeed, with the decrease of the band
gap (corresponding to long emission wavelengths), the quench-
ing factors like vibrational coupling, twisted intramolecular
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potential of BSMCN-based DR/NIR AlEgens in developing non-doped OLEDs.

charge transfer, and conical intersection are more likely to
occur, which boost the non-radiative decay channels and
quench the emission."*

Construction of donor-acceptor (D-A) structures is the most
commonly used strategy to generate DR/NIR luminogens
because the band gap of the D-A compounds could be greatly
narrowed in comparison with both the D and A moieties due to
the reorganization of the orbitals of D and A.'>'? There are
abundant donor moieties to choose, such as aromatic amines,
thiophene derivatives, fulvene, etc. However, acceptors with the
strong electron-withdrawing capability are still limited. The com-
monly used benzothiadiazole (BT), pyridal[2,1,3]thiadiazole (PT),
and benzobis(thiadiazole) (BBT) either show a weak electron-
withdrawing ability or are difficult to prepare or purify, which
inspire the development of new acceptors.’*™® Recently, cyano-
substituted dithiafulvalene fused benzothiadiazole (BSMCN) has
been demonstrated as a promising acceptor for constructing new
D-A semiconductors for bioimaging and organic light-emitting
diode (OLED) applications.**** As the acceptor contains both
electron-rich sulfur and electron-withdrawing cyano groups and
the benzothiadiazole moiety, its sulfur-rich property benefits the
charge transport of semiconductors. Meanwhile, fusion with
the electron-withdrawing group could effectively suppress the
quenching effect of sulfur atoms to fluorescence, enabling the
construction of highly efficient long wavelength emitters.”
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However, luminogens based on BSMCN have not been well devel-
oped, and are worth further exploration.

DR/NIR OLEDs possess huge advantages for application in
night-vision devices, information-secured displays, and light-
ing fixtures.”*>® However, in comparison with the well-
developed green and yellow light electroluminescence devices,
the performances of DR/NIR OLEDs lag behind.?"**> By employ-
ing the design principles of hybridized local and charge trans-
fer (HLCT) and thermally activated delayed fluorescence
(TADF), the limit of 25% EQE in OLED devices could be
broken.***° However, the design of efficient HLCT and TADF
characterized DR/NIR molecules is still challenging, especially
those with high PLQY. Moreover, most DR/NIR luminogens
having a D-A structure easily suffer the aggregation-caused
quenching (ACQ) effect due to the strong intermolecular n-n
stacking resulting from the intermolecular D-A interactions.*
Although doping organic emitters with host materials may
solve the ACQ problem to some extent, the doping concen-
tration needs to be precisely controlled to decrease the emis-
sion quenching and suppress the roll-off effect caused by
exciton annihilation.” Moreover, the doped film may also
suffer the drawbacks of high-cost mass production and phase
separation, resulting in performance degradation upon heating
and technological complexity because of the addition of
dopants.*>** Thus, it is highly desirable to develop luminogens
that are suitable for non-doped devices. In terms of this,
luminogens with aggregated-induced emission (AIE) character-
istics provide a much more suitable choice since they exhibit
much more enhanced emission upon aggregation.

In this work, by utilizing BSMCN as the acceptor and tripheny-
lamine derivatives as donors, three BSMCN-based molecules
named 2TB, 2MTB, and 2MOTB were designed and efficiently
synthesized. All three molecules exhibited typical aggregation-
induced emission (AIE) properties with the emission maximum
ranging from 691 nm to 749 nm and high PLQY in the solid state.
In particular, 2TB exhibited a high PLQY of 33.4%. Based on the
superior PL properties of these luminogens, we further prepared
non-doped electroluminescent (EL) devices based on them. Among
them, the EL device based on 2TB exhibited a quite high EQE of
4.9% at a wavelength of 664 nm, and those based on 2MTB also
exhibited a high EQE of 3.6% at a wavelength of 690 nm. These
results indicate that BSMCN-based DR/NIR emitters are promising
candidates for high-performance non-doped OLED devices.

Results and discussion

Synthesis and characterization

The synthetic routes for 2TB, 2MTB, and 2MOTB are presented
in Scheme 1, while the targeting molecules could be efficiently
obtained in two steps with high yields. Firstly, the intermedi-
ates M1, M2, and M3 could be obtained by Suzuki coupling
of 4,7-dibromo-5,6-difluorobenzo|c][1,2,5]thiadiazole and boronic
acid of TPA derivatives with yields of 83%, 77% and 84%, respec-
tively. Then, SxAr reactions between sodium 2,2-dicyanoethene-1,1-
bis(thiolate) and intermediates M1, M2, and M3 in the presence of
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Scheme 1 The synthetic routes for 2TB, 2MTB, and 2MOTB.

2TB, R=H, Yield: 81%
2MTB, R = CHj, Yield: 52%
2MOTB, R = OCHj, Yield: 58%

tetrabutylammonium bromide (TBAB) afforded the targeting mole-
cules of 2TB, 2MTB, and 2MOTB with yields of 81%, 52%, and
58%, respectively. All the targeting compounds and intermediates
were fully characterized by "H NMR, **C NMR, and high-resolution
mass spectroscopy (HRMS) (Fig. S1-S12, ESIY).

Photophysical properties and theoretical calculations

The optical properties of the target molecules were investigated
and are shown in Fig. 1 and Table S1 (ESIf). The three
molecules showed similar UV-vis absorption spectra with three
peaks at around 330, 390, and 480 nm, respectively. The two
peaks at shorter wavelengths were ascribed to the locally
excited (LE) transition, while the longer one was associated
with the intramolecular charge transfer (ICT) absorption from
the TPA segments to the BSMCN moiety (Fig. 1a).** Further-
more, the absorption of LE and CT states was well consistent
with the D-A structure.*>*® All three molecules showed bright
emission in the solid state with emission maximums at 691,
702, and 749 nm, respectively, demonstrating that BSMCN is a
good acceptor to afford DR/NIR emitters (Fig. 1b).*” With the
enhancement of the electron donating ability (H < CH; <
OCH3;), the emission showed a trend of redshift, suggesting
enhanced intramolecular charge transfer. Besides, the solvato-
chromic effect investigation indicated that, with the solvent
polarity increase, the emission intensity of 2TB and 2MTB
gradually decreased and their emission wavelengths exhibited
obvious redshift, suggesting that both 2TB and 2MTB display
twisted intramolecular charge transfer (TICT) (Fig. $13, ESIT),*®
while for 2MOTB no emission was observed in polar solvents
due to its too strong TICT effect.*® The TICT effect matches well
with the PL properties of the three molecules since the TICT
effect is responsible for both the long wavelength emission and
low PLQY. The relatively weak emission in common organic
solvents like THF and strong emission in the solid state suggest
the AIE activity of the three molecules. We thus investigated the
AIE behavior of the three molecules. As shown in Fig. 1c, the PL
intensity of 2TB in THF solution exhibits maximum emission at
677 nm. With increasing the water fraction (f,,) in the THF
solution of 2TB from 0% to 50%, the emissions were gradually
quenched due to the TICT effect. Further increasing the f, from
60% to 90%, the emission was greatly enhanced (Fig. 1d). 2MTB
exhibited similar AIE behavior to 2TB (Fig. S14, ESIf).
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Fig. 1 The optical spectra of 2TB, 2MTB, and 2MOTB. (a) UV-vis spectra of 2TB (blue), 2MTB (black), and 2MOTB (red) in THF. (b) PL spectra of 2TB (blue),
2MTB (black), and 2MOTB (red) films. (c) PL intensity of 2TB in THF/water mixtures; f,, (vol %) is the volume fraction of water; concentration = 10 uM. (d)
Plot of the aa g of 2TB versus different f,,, where aae = I/lo, with /g being the PL intensity in pure THF. (e) Calculated HOMOs and LUMOs of 2TB, 2MTB and

2MOTB in the ground state by DFT at the B3LYP/6-31g(d,p) level.

Interestingly, unlike the solid-state emission showing a redshift
from the emission in solution, the emission wavelengths of
aggregates (in the THF/water mixture, and the fraction of water
is 90%) of 2TB (661 nm) and 2MTB (680 nm) exhibited blue-
shifts compared to the solution (Table S1, ESIT). The blueshift
of the emission wavelength of aggregates from that of solution
suggested that the aggregation-induced rigidification prohib-
ited the excited state conformation relaxation and thus caused
the blueshift,”® while in the solid state, stronger intermolecular
interactions might form which resulted in further energy level
splitting and redshift of the emission. There is still no obvious
emission for aggregates of 2MOTB, which should be ascribed to
the too strong TICT effect. As for 2MOTB, the THF solution is
non-emissive with a PLQY of only 0.2%, while the solid exhib-
ited a PLQY of 4.5%, demonstrating AIE activity. In addition,
the transient lifetimes of 2TB, 2MTB, and 2MOTB in the solid
state are within the nanosecond scale, indicating these materi-
als lack TADF properties (Fig. S15, ESIf). The PLQYs of the
three compounds are summarized in Table S1 (ESIT). Further-
more, the PLQYs of the three compounds were measured as
23.3%, 6.3%, and 0.2% for 2TB, 2MTB, and 2MOTB in THF,
respectively, while the PLQYs of the films of the three com-
pounds were measured as 33.4%, 11.9%, and 4.5%, respec-
tively, which further support the AIE activity of the three
compounds.

To better understand the optical behaviour of the three
compounds, density functional theory (DFT) calculations were

carried out at the B3LYP/6-31g(d,p) level (Fig. 1e).>* In general,
for the three molecules, the electron cloud density distribution
of the highest occupied molecular orbitals (HOMOs) was
located across the whole molecular backbone, suggesting the
good conjugation of the D and A moieties, while the electron
cloud density distribution of the lowest occupied molecular
orbitals (LUMOs) was mainly located on the central acceptor
moiety. The HOMO and LUMO electron density distributions
matched well with the charge transfer properties of the three
molecules. Moreover, the energy gaps of the three molecules
were calculated as 2.258 eV, 2.161 eV, and 2.051 eV for 2TB,
2MTB and 2MOTB, respectively, which were also consistent
with the gradually enhanced TICT effect. In addition, based on
the optimized structures, the natural transition orbitals (NTO)
of 2TB and 2MTB were calculated at the wB97X-D3 level using
the def2-TZVP basis set which revealed that the holes were
delocalized on the TPA units and BSMCN cores, while the
particles were mainly localized on the central acceptor units
(Fig. S17, ESIT).”" Therefore, the transition of 2TB and 2MTB
exhibited a hybrid LE and CT transition, which to some extent
reduced the TICT effect and is in accordance with their obvious
emission in THF solution.

Single crystal X-ray diffraction

Single crystal structures could provide a lot of information
to interpret the luminescence behavior in the aggregate state.
Through the solvent diffusion method with the DCM/n-hexane
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Fig. 2 The single crystal structures and packing modes of 2TB and 2MTB.

system (1/5, v/v) at ambient temperature, single crystals of 2TB
and 2MTB that were suitable for crystal structure analysis were
successfully obtained (Fig. 2 and SI 3.8, ESIf). Both 2TB and
2MTB exhibited twisted molecular configurations with compar-
able torsion angles between the acceptor and adjacent phenyl
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ring of the donor (47.09° and 65.27° for 2TB, 44.19° and 38.99°
for 2MTB), which not only favored the emission wavelength
redshift but also effectively avoided n—r stacking-induced emis-
sion quenching. Moreover, the packing mode of 2TB indicated
that the molecules within the 2TB crystal exhibited no strong n—
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Fig. 3 The cyclic voltammetry curves of 2TB (a), 2MTB (b), and 2MOTB (c) measured in DCM with 0.1 M BuN,4*PFs~ as the electrolyte at a scan rate of
50 mV s~ TGA curves of 2TB (d), 2MTB (e), and 2MOTB (f) under a nitrogen atmosphere at a heating rate of 20 °C min~*; DSC curves of 2TB (g), 2MTB (h)

and 2MOTB (i) under a nitrogen atmosphere at a heating rate of 20 °C min™".
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(a) Schematic of the device structure of the non-doped OLEDs. (b) Normalized electroluminescence (EL) spectra of the devices based on 2TB,

2MTB, and 2MOTB. (c) Current density—voltage characteristics. (d) power efficiency, (e) current efficiency, and (f) EQE versus current density curves of the

devices.

n stacking but multiple intermolecular C-H---m interactions
which were favorable for efficient solid-state emission. As a
comparison, 2MTB showed relatively closer packing with an
S---m distance of 3.6-3.7 A between the intermolecular acceptor
units. The relatively strong intermolecular interaction may
correlate with the lower PLQY of 2MTB.

Electrochemical and thermodynamic properties

Energy levels and thermodynamic properties are significant
parameters for device fabrication. Cyclic voltammetry (CV)
measurements were conducted to evaluate the energy level
distribution of the three compounds. As shown in Fig. 3, 2BT
exhibited two reversible oxidation waves, 2MBT exhibited one
reversible oxidation wave, and 2MOBT exhibited two oxidation
waves with poor reversibility. The first half-wave reductive
potentials were measured as 0.76 V, 0.82 V, and 0.68 V for
2BT, 2MBT, and 2MOBT, respectively. Therefore, the HOMO
energy levels of 2BT, 2MBT, and 2MOBT were calculated as
—5.10 eV, —5.16 €V, and —5.04 eV, respectively, suggesting they
were typical p-type semiconductors (Fig. 3a-c).”> By integrating
with optical band gaps, the LUMOs of 2BT, 2MBT, and 2MOBT
were calculated as —2.92 eV, —3.11 €V, and —3.06 eV. The
suitable energy levels of HOMOs and LUMOs favor both elec-
tron and hole transport. The thermodynamic properties of the
three compounds were investigated by thermogravimetric ana-
lysis (TGA) and differential scanning calorimetry (DSC). TGA
results indicated that the decomposition temperatures of all
three compounds at a 5% weight loss were over 425 °C (Fig. 3d-
f), indicating their excellent thermal stability for vacuum

evaporation. Furthermore, DSC results indicated that the three
AlEgens show no obvious phase change below 135 °C (Fig. 3g—
i), which could effectively avoid the phase change resulting in
device performance fluctuations.

OLED performance

OLEDs with the targeting AIEgen as the non-doped emissive
layer were fabricated through a solution processing method
with the configuration of ITO/m-PEDOT:PSS (70 nm)/AIEgens
(40 nm)/DPEPO (10 nm)/TmPyPB (50 nm/Liq (1 nm)/Al
(100 nm). Aluminum (Al) and indium tin oxide (ITO) acted as
the cathode and anode, respectively. The modified poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (m-PEDOT:PSS)
and lithium quinolate (Lq) served as the hole injection layer and
the electron injection layer. Bis[2-(diphenylphosphino)phenyl]-
ether oxide (DPEPO) functioned as the electron transport layer
and hole blocking layer. 1,3,5-Tris(3-pyridyl-3-phenyl)benzene
(TmPyPB) served as the electron transport layer. SEM was carried
out and the images are shown in Fig. S17 (ESIt). Overall, uniform
films were observed for devices based on the three compounds,
suggesting the good film-forming properties of the three com-
pounds. The device performances are shown in Fig. 4b-f. As
shown in the normalized EL spectra (Fig. 4b), in general, the
AlEgen based devices exhibited DR to NIR emissions peaking
at 664, 690, and 734 nm, respectively. The Commission Inter-
nationale de L’Eclairage (CIE) chromaticity coordinates are (0.67,
0.32) for 2TB, (0.68, 0.31) for 2MTB, and (0.67, 0.32) for 2MOTB.
Additionally, the current density-voltage curve and current
efficiency, power efficiency, and EQE versus current density
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characteristics are plotted in Fig. 4c—f, respectively. The overall
EL performances are summarized in Table S2 (ESIT). In general,
the solution-processed non-doped device based on 2TB exhibited
the best EQE with a turn-on voltage of 4.9 V and a high EQE of
4.9% at 664 nm, which was approaching the upper limit of the
fluorescent OLEDs. The solution-processed non-doped device
based on 2MTB exhibited a decent EQE of 3.6% peaking at
690 nm.

However, it is worth noting the efficiency roll-off is obvious,
which might be ascribed to Joule heating.”*> And generally,
an obvious Joule heating effect was caused by the non-radiative
recombination and the large current density generally. There-
fore, further improving the PLQY and weakening the intermo-
lecular interactions may help to reduce the Joule heating effect.
To better understand the performance of the current molecular
system, some latest molecular systems within similar wave-
length regions and their maximum external quantum efficien-
cies (EQEmax) in non-doped pure fluorescent OLEDs were
summarized (Fig. $20, ESI}).”°° The results indicate that
BSMCN-based DR/NIR emitters are promising candidates for
solution-processed non-doped OLEDs.

Conclusions

A series of efficient DR/NIR AlEgens with BSMCN as the
electron acceptor and TPAs as electron donors were designed
and prepared. All three molecules exhibit typical AIE properties
with their emission maximums covering the DR to NIR region
in the solid state. In particular, 2TB exhibited a high PLQY of
33.4%, peaking at a wavelength of 691 nm. Based on the
superior PL properties of these luminogens in the solid state,
non-doped electroluminescent devices based on them were
evaluated through the solution-processing method. Among
them, the device based on 2TB exhibited a reasonably high
EQE of 4.9%, peaking at a wavelength of 664 nm and that based
on 2MTB also exhibited a high EQE of 3.6% at a wavelength of
690 nm. These results indicate that BSMCN-based DR/NIR
emitters are promising candidates for high-performance non-
doped OLEDs.
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