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Notwithstanding the huge demand in bio-imaging and optoelectronics, the construction of highly emissive
deep red/near infrared (DR/NIR) organic luminogens is still a big challenge because a narrow energy gap
generally leads to low photoluminescence quantum yield. It is even more difficult to afford DR/NIR
emitters in the solid state due to the aggregation caused quenching (ACQ) effect. In this work, we found
that the direct attachment of a tetraphenylethylene substituted arylamine to the electron accepting
2,1,3-benzothiadiazole produces DR/NIR AIE luminogens with bright emission facilely and efficiently. And
the emission wavelengths could be tuned from the red to the DR/NIR region by regulating the variety of

the substituents. The long emission wavelength and high photoluminescence quantum yield of these
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motion. Furthermore, non-doped OLEDs based on one of the AlEgens showed an EL emission at

DOI: 10.1039/cBsc01377b 684 nm with a large radiance of 5772 mW Sr~t m~2 and an impressive external quantum efficiency (EQE)
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1. Introduction

Advanced bio-imaging technology and optoelectronics have
encouraged the rapid advancement of fluorescent materials
with deep red/near-infrared (DR/NIR) emission (650-900 nm).""
Indeed, luminogens with DR/NIR emission could minimize the
photo-damage to living cells, enhance the tissue penetration
depth, and circumvent the spectral overlap with auto-
fluorescence of bio-substrates.” In terms of optoelectronic
devices, red and DR/NIR emitters are essential components for
constructing full color and NIR organic light-emitting diodes
(OLEDs). Particularly, OLEDs with NIR emission are of crucial
importance in optical communication, night-vision devices and
information-secured displays.”® However, lower energy gaps
usually lead to larger vibronic coupling between the ground and

“Department of Chemistry, Hong Kong Branch of Chinese National Engineering
Research Center for Tissue Restoration and Reconstruction, Institute of Molecular
Functional Materials, Division of Life Science and Biomedical Engineering, State Key
Laboratory of Nanoscience, The Hong Kong University of Science and Technology,
Clear Water Bay, Kowloon, Hong Kong, China. E-mail: tangbenz@ust. hk
*HKUST-Shenzhen Research Institute, No. 9 Yuexing 1st RD, South Area, Hi-tech Park,
Nanshan, Shenzhen 518057, China

‘NSFC Center for Luminescence from Molecular Aggregates, SCUT-HKUST Joint
Research Laboratory, State Key Laboratory of Luminescent Materials and Devices,
South China University of Technology, Guangzhou 510640, China. E-mail:
msdgma@scut.edu.cn

T Electronic  supplementary  information available. See DOI:
10.1039/¢8sc01377b

1 Both authors contributed equally to this work.

(EST)

6118 | Chem. Sci, 2018, 9, 6118-6125

excited states, which detrimentally increases the radiationless
decay rate of excitons and decreases the photoluminescence
quantum yield (PLQY) of the luminogens, according to the
energy gap law.* In view of this, the design and synthesis of
efficient DR/NIR emitters is still a huge challenge.

Much effort has been devoted to developing highly efficient
emitters with DR/NIR emission, including transition-metal
complexes (e.g.,, Pt**, 0s** or Ir*"), lanthanide complexes,
organic small molecules, and conjugated polymers.*” Amongst
these materials, transition-metal complexes with phosphores-
cence achieve DR/NIR luminescence easily because the energy
level of the triplet excited state is intrinsically lower than that of
the singlet excited state. Several transition-metal complexes
have exhibited emission peaks in the range of 700-900 nm and
achieved high PLQYs of 15-82% and external quantum effi-
ciencies (EQEs) of 3-24% in their OLED devices®** However,
metal complexes are commonly associated with air- and
moisture-instability, environmental toxicity and high cost. On
the other hand, metal-free organic luminogens are arousing
great research interest because they possess advantages of
molecular diversity, low cost, and tunable energy gaps as well as
the capability of mass production.>** Additionally, by taking
advantage of the excited state with both local excitation and
charge transfer (CT) features and regulating the orbital sepa-
ration between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), new
principles of hybridized local and charge transfer (HLCT) and
thermally activated delayed fluorescence (TADF) have been

This journal is © The Royal Society of Chemistry 2018
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proposed to break through the limit of 25% EQE in OLED
devices.>* However, it is worth noting that for both HLCT and
TADF characterized molecules, their design is still complex
especially for the ones with DR/NIR emission as well as high
PLQY. Furthermore, most of the organic luminogens with
relatively planar structures suffer from aggregation-caused
quenching (ACQ)° due to their strong intermolecular -
stacking resulting from the dipole-dipole/electrostatic interac-
tions.' This ACQ effect further intensifies the challenge of the
molecular design of DR/NIR solid emitters.

Organic molecules aggregate naturally when they are fabri-
cated as thin film devices. For conventional planar luminogens,
aggregation is detrimental to light emission as a result of the
ACQ effect. Because of this, organic emitters are typically used
as dopants in OLED devices with precise control of the doping
concentration to decrease the ACQ effect and suppress the
serious efficiency roll-off caused by exciton annihilation at high
current density.”*> The doping strategy can partially address
the problem of declined electroluminescence (EL) efficiency,
but new problems emerge such as high cost of mass production,
performance degradation by phase separation upon heating
and complexity of technology due to addition of dopants. Thus,
it is highly desirable to develop non-doped emitting systems.

In 2001, Tang and co-workers reported a phenomenon of
aggregation-induced emission (AIE),"” which is exactly the
opposite of the ACQ effect. AIE luminogens (AIEgens) generally
exhibit weak/no luminescence in dilute solutions but emit
intensely in the aggregated state. The efficient solid-state
emission of AlEgens has been proved to be an effective
approach to combat the ACQ effect and exciton annihilation of
EL devices; thus, AIEgens are suitable for non-doped OLEDs."*
Thanks to the efforts of scientists, many AlEgens with high
PLQY have been prepared and applied for OLED fabrication. So
far, most of them have emitted efficiently in the short
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wavelength region (=630 nm) while the ones with strong DR/
NIR emission are still rare.*** Construction of donor (D)-
acceptor (A) type m-conjugated structures is one of the most
effective strategies to generate DR/NIR luminogens since the
HOMO and LUMO energy levels and the energy gap can be finely
tuned by selecting different D and A moieties."*° Nevertheless,
the relatively twisted D-A structure of AIEgens makes it easier to
access the non-radiative decay pathway by twisted intra-
molecular charge transfer (TICT) and molecular motion.**
Therefore, to achieve AIEgens with bright DR/NIR emission, it is
favorable to rationally tune the intramolecular charge transfer
(ICT) strength of D-A structures while suppressing the molec-
ular motion as much as possible.

2,1,3-Benzothiadiazole (BT) is a widely used building block
to construct fluorescent compounds due to its m-extended
structure and electron withdrawing properties.*® In our previous
work, BT was used as a bridge to connect two tetraphenyl-
ethylene (TPE)-substituted diphenylamine moieties. The
resulting AlEgen (TTB) exhibited an emission wavelength of
617 nm with a high PLQY of 49% (Scheme 1).** Despite its high
PLQY and wide applications in blood vascular imaging, long-
term cell tracing and OLED devices, the synthesis and purifi-
cation of TTB and its derivatives are tough and the corre-
sponding emission wavelengths are rather short.* ' In this
work, we observed that the direct attachment of TPE substituted
aniline and naphthylamine (ATPE and NATPE) to BT by the
Buchwald-Hartwig cross coupling reaction produced novel
AlEgens of BT-2ATPE and BT-2NATPE with much longer
absorption and emission wavelengths as well as comparable
solid-state PLQYs (44% and 30%) to TTB, despite their short-
ened conjugation length. The underlying mechanism was
investigated. These PLQY values are comparable with those of
the latest developed high-performance DR/NIR emitters
(Scheme 1).2¢-%35-4% Furthermore, the Buchwald-Hartwig cross-
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Scheme 1 The design of BT-2ATPE and summary of the state-of-the-art NIR emitters.
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coupling reaction can generate both mono- and di-substituted
products with high yields by changing the ratio of reactants,
enabling facile access to a series of symmetrical and asym-
metrical AIEgens with tunable emissions in the red and NIR
regions. Based on the bright and NIR emission of BT-2ATPE and
BT-2NATPE, their non-doped NIR OLED devices were fabricated
to evaluate their electroluminescence performance. Particu-
larly, BT-2ATPE exhibited an EL wavelength of 684 nm with
a high radiance of 5772 mW Sr ' m 2 and an EQE of 1.73%,
indicating the great potential of these AlEgens for non-doped
NIR OLEDs.

2. Results and discussion

2.1. Synthesis and photophysical properties

The molecular design is shown in Scheme 1. As mentioned, our
group previously reported on TTB, which showed a high PLQY
of 49% but a rather short emission wavelength of 617 nm as well
as tedious synthesis and purification. On the other hand, Yang
et al. reported that the di-substitution of the BT moiety with
diphenylamine can generate a longer emission wavelength of
648 nm than that of TTB despite its ACQ characteristic.” Mataka
and coworkers also demonstrated that the m-spacer length in
between the donor and the acceptor is inversely proportional to
their emission wavelength.”* We thus wondered whether we
could simplify the molecular structure of TTB by direct attach-
ment of ATPE or NATPE to afford molecules with a small size
but longer emission wavelength and high PLQY.

The synthetic routes for the target compounds are presented
in Scheme 2. The synthesis started from the coupling of 4,7-
dibromobenzo[c][1,2,5]thiadiazole (BT-2Br) with N-phenyl-4-
(1,2,2-triphenylvinyl)aniline (ATPE) or N-(4-(1,2,2-triphenylvinyl)-
phenyl)naphthalen-1-amine (NATPE).* At first, the commonly
used Buchwald-Hartwig conditions employing Pd(OAc), and P(t-
Bu); as the catalyst and ligand, respectively, were implemented,
which unfortunately resulted in low yield. This could possibly be
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due to the steric hindrance of the bulky ATPE or NATPE
hampering the reactivity. After preliminary screening, the
coupling was implemented by employing Pd,(dba); and RuPhos
as the catalyst and ligand, respectively, since this combination
was demonstrated to be more suitable for both aromatic and
aliphatic secondary amine substrates.'® The reaction proceeded
smoothly, affording BT-2ATPE and BT-2NATPE as purple-red
solids in high and moderate yields of 79% and 65%, respec-
tively. The side products of the reactions were the mono-
substituted products BT-ATPE-1Br/BT-NATPE-1Br, which could
be utilized to give access to asymmetrical AIEgens. The mono-
substituted products BT-ATPE-1Br/BT-NATPE-1Br could also be
efficiently prepared by changing the ratio of BT-2Br and ATPE/
NATPE to 3 : 1. Suzuki couplings of BT-ATPE-1Br/BT-NATPE-1Br
with different boronic acids were very efficient, affording asym-
metrical products BT-ATPE-Ph, BT-ATPE-Py, and BT-NATPE-BA in
high yields (99%, 88% and 96%, respectively). These asymmet-
rical products can possibly act as intermediates to construct bio-
imaging agents or other new w-functional materials. All the
compounds and intermediates were fully characterized by *
NMR, "*C NMR and high-resolution mass spectrometry with
satisfactory analysis results (Fig. S1-S217).

The optical properties of the asymmetrical and symmetrical
products were systematically studied by UV-vis absorption and
photoluminescence (PL) spectroscopies (Fig. 1 and S22%). As
shown in Fig. S22 and Table S1,7 BT-ATPE-Ph, BT-ATPE-Py and
BT-NATPE-BA exhibited similar absorption spectra with two
absorption bands at around 350 nm and 485 nm, respectively. In
dilute THF solution, BT-ATPE-Ph, BT-ATPE-Py and BT-NATPE-BA
showed dim emission with emission maxima at 620 nm, 615 nm
and 625 nm, respectively, while in the aggregated or solid state, all
three compounds showed enhanced emission (@ solid,pr-aTPE-Ph =
19%, @F,solid,BT-ATPE-Py = 8%, (DF,solid,BT-NATPE-BA = 8%) with the
emission of BT-ATPE-Ph exhibiting a slight red-shift (Aem max =
635 nm) but those of BT-ATPE-PY (Aemmax = 660 nm) and BT-
NATPE-BA (Aem,max = 650 nm) red-shifting a lot relative to their
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Scheme 2 The synthetic route for BT-2ATPE, BT-2NATPE and other derivatives.
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Fig.1 (A and D) Absorption and PL spectra of (A) BT-2ATPE and (D) BT-2NATPE in dilute THF solutions (10 uM) and thin films. (B and E) PL spectra

of (B) BT-2ATPE and (E) BT-2NATPE in THF/H,O mixtures with different water fractions (f,,). Concentration: 10 uM; 2.,: 520 nm. (C and F) The
plots of the emission maximum and the relative emission intensity (/o) versus the composition of the aqueous mixture of (C) BT-2ATPE and (F)
BT-2NATPE. /o = PL intensity in pure THF. Inset: fluorescence photographs of BT-2ATPE and BT-2NATPE in dilute THF solutions and as powder

taken under 365 nm UV irradiation.

solutions (Fig. S22+t). The larger PL red-shift of BATPE-Py and BT-
NATPE-BA than BT-ATPE-Ph was possibly due to their improved
planarity and the stronger intermolecular interaction in the solid
state.”” The symmetrical products (BT-2ATPE and BT-2NATPE)
generally exhibited longer absorption and emission wavelengths
than the asymmetrical products (BT-ATPE-Ph, BT-ATPE-Py and
BT-NATPE-BA) due to their larger m-conjugation. As shown in
Fig. 1 and Table 1, BT-2ATPE in dilute THF solution exhibited two
absorption peaks at 346/522 nm. The absorption profile of BT-
2NATPE was almost identical to that of BT-2ATPE. The peak at
the shorter wavelength should be ascribed to a w—7t* transition,
and the longer one was associated with the ICT from the aryl-
amine segment to the BT moiety. Compared to previously

Table 1 Optical and thermal properties of BT-2ATPE and BT-2NATPE®

reported AlEgens TTB and TNB (Fig. S237), which possess similar
chemical structures to BT-2ATPE and BT-2NATPE but with two
additional phenyl rings in between the BT and amine units,* BT-
2ATPE and BT-2NATPE showed much redder absorptions
(522 nm and 520 nm) than TTB and TNB (471 nm and 470 nm).
The red-shift of the absorptions of BT-2ATPE and BT-2NATPE
should be ascribed to their stronger ICT effect as compared to
TTB and TNB because the electron donating nitrogens in TTB and
TNB had been spatially separated from the electron accepting BT
moiety by the additional phenyl rings; more phenyl ring substi-
tution would lower the electron density of the nitrogen, thus
weakening the ICT. In dilute THF solution, both BT-2ATPE and
BT-2NATPE showed bright emissions with emission peaks at

Aem (NM) d (%)
Aabs (M) Soln Film Soln Film HOMO (eV) LUMO (eV) Ta/Ty (°C)
BT-2ATPE 364, 522 666 674 32 44 —5.0 —2.88 480/135, 234
BT-2NATPE 346, 520 658 658 32 30 —=5.1 —2.81 488/163

¢ Abbreviations: A,,s = absorption maximum; A, = emission maximum; HOMO = highest occupied molecular; LUMO = lowest unoccupied

molecular orbital; T4 = temperature for 5% weight loss measured by TGA;

This journal is © The Royal Society of Chemistry 2018
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666 nm and 658 nm, respectively, which are much redder than
the emissions of TTB (616 nm) and TNB (613 nm). This indicates
that direct attachment of the electron donor to the electron
acceptor is a more efficient approach to extend both absorption
and emission, due to the more effective ICT effect. From solution
to thin film, strong PL signals of BT-2ATPE and BT-2NATPE were
maintained with the emission maximum of BT-2ATPE slightly
shifted to 674 nm while that of BT-2NATPE having no shift (658
nm). The slight changes in the emission properties of BT-2ATPE
and BT-2NATPE from solution to thin film imply that the
molecular deformation of BT-2ATPE and BT-2NATPE in the
excited state is inactive, possibly due to the good electron conju-
gation and the large steric hindrance between the arylamine and
the BT unit, which limit the rotors from free rotation or vibra-
tion.” Consequently, the non-radiative decay pathway of the
exciton deactivation was greatly suppressed and thus BT-2ATPE
and BT-2NATPE fluoresced brightly. The AIE properties of BT-
2ATPE and BT-2NATPE were investigated by studying their light
emitting behaviors in THF/water mixtures with different water
fractions (fi). Upon adding water into the THF solutions of BT-
2ATPE and BT-2NATPE, their PL intensities gradually decreased
at first (f,,: 0-40%) but started to increase when the f,, exceeded
50% (Fig. 1). Meanwhile, the emission maxima changed within
a magnitude of 10 nm. This PL profile of BT-2ATPE and BT-
2NATPE indicates that they exhibit both AIE and TICT
features.' To further evaluate their TICT effect, we recorded their
absorption and emission spectra in different solvents. As shown
in Fig. 2, BT-2ATPE and BT-2NATPE shared similar absorption
profiles and their absorption maxima changed only a little with
the variation of solvent polarity. In sharp contrast, their lumi-
nescence behaviors changed more obviously. In nonpolar cyclo-
hexane (Cy), BT-2ATPE and BT-2NATPE showed strong red
emissions with emission wavelengths of 631 nm and 624 nm,
respectively. Their emission colors shifted to deep red in polar
solvent (THF), showing emission maxima of 666 nm and 658 nm.
In solvents with strong polarity such as DMSO, their emission
maxima changed slightly (680 nm and 658 nm) but their lumi-
nescence became very dim. Their photophysical responses to
solvent polarity unambiguously demonstrated the TICT charac-
teristics of BT-2ATPE and BT-2NATPE. The Lippert-Mataga
equation has been commonly used to study the relationship
between the Stokes shift and the solvent polarity parameter (Af) to
evaluate the strength of the TICT effect.”*'* From the plot of the
Lippert-Mataga equation (Fig. S2471), BT-2ATPE and BT-2NATPE
exhibited relatively small slopes of 5510 cm™ ' and 5854 cm ™,
respectively, in comparison with their analogue TTB (9807 cm ™)
and other typical compounds with strong TICT properties.>***
Plots of the Stokes shift against the solvent polarity scale E(30),
another method that correlates the Stokes shift and solvent
polarity, also showed the same correlation (Fig. S24t).** The
change of dipole moments from the ground state to the excited
state can also characterize the TICT effect; we thus took TNB and
BT-2NATPE as an example and calculated and compared the
change of their dipole moments in the ground state and excited
state. TNB showed dipole moments of 1.51 D and 1.05 D in the
ground state and excited state, respectively, while BT-2NATPE
exhibited dipole moments of 3.22 D and 2.69 D in the ground

6122 | Chem. Sci., 2018, 9, 6118-6125
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Fig. 2 (A and C) Absorption and (B and D) PL spectra of (A and B) BT-
2ATPE and (C and D) BT-2NATPE in solvents with different polarities.
Concentration: 10 uM. The absorption maximum of each solution was
chosen as its excitation wavelength.

state and excited state, respectively. The dipole moment change
was calculated using the formula of Ay = (|u* — u|)/u. The results
indicate that TNB exhibits a dipole moment change of 0.30 D,
which is larger than that of BT-2NATPE (0.16 D); therefore, BT-
2NATPE shows a relatively weaker TICT effect. The phenom-
enon of BT-2ATPE and BT-2NATPE possessing a weaker TICT
effect in spite of the more efficient ICT possibly originated from
their good intramolecular D-A conjugation and the inactive
intramolecular deformation which rigidify the molecular
conformation. In the absence of the phenyl ring spacers, the TPE
moieties of BT-2ATPE and BT-2NATPE are situated closer to the
BT core, which should impose stronger steric hindrance, thus
restricting the free rotation of the C-N bond between the D and A
units, resulting in a weaker TICT effect. Furthermore, the PLQYs
of BT-2ATPE and BT-2NATPE in solution and thin film were
determined using an integrating sphere. In dilute THF solutions,
both BT-2ATPE and BT-2NATPE exhibited a PLQY of 32%. More
importantly, the PLQYs of BT-2ATPE and BT-2NATPE in thin films
were as high as 44% and 30%, respectively, inspiring us to explore
their application in OLED devices.

2.2. Theoretical calculation, and electrochemical and
thermal properties

To further interpret the photophysical properties of BT-2ATPE
and BT-2NATPE at the molecular level, density functional
theory (DFT) calculation was carried out using the Gaussian 09
suite of programs. The nonlocal density functional of B3LYP
with 6-31G(d,p) basis sets was used for the calculation. The
optimized molecular geometries shown in Fig. S25f demon-
strated that both BT-2ATPE and BT-2NATPE possess twisted

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc01377b

Open Access Article. Published on 25 June 2018. Downloaded on 11/21/2025 12:12:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

configurations with similar torsion angles of 33.44-54.62°
between the BT unit and the phenyl rings of the adjacent aryl-
amines. These twisted conformations of the two compounds
were derived from the intrinsic twisting structure of the TPE
segments and the large steric hindrance between the BT unit
and the phenyl rings of the adjacent arylamine. Such bulky
conformations and crowded structures of the two molecules not
only prohibit close intermolecular packing but also forbid
intramolecular motion, both of which contribute to the bright
solid emission.*® Fig. 3 shows the frontier orbital distribution of
the two molecules. For both molecules, the electron cloud of the
HOMOs is distributed along the central BT moiety and the
arylamine segments, indicating good intramolecular conjuga-
tion. Meanwhile, the LUMOs were mainly dominated by the
orbitals from the BT core and the nitrogen atom, suggesting an
intramolecular charge transfer (ICT) from the arylamine
segments to the BT unit. The twisted configurations and the
electron density difference are in well accordance with their
TICT characteristic. The HOMO and LUMO energy levels of BT-
2ATPE estimated using DFT were —4.70 eV and —2.26 €V,
respectively, which were comparable with that of BT-2NATPE
(HOMO = —4.71 eV and LUMO = —2.25 eV). The smaller
band gap of BT-2ATPE (2.44 eV) than BT-2NATPE (2.46 eV) was
consistent with the experimental data.

Besides DFT calculation, the HOMO and LUMO energy levels
of the two molecules were also determined by cyclic voltam-
metry (CV) measurements according to the equations HOMO =
—4.4 — EY2/ES"S°t and LUMO = —4.4 — EX2/ES%$°t .22 As shown in
Fig. S26,1 BT-2ATPE exhibited two irreversible oxidative waves
with an onset voltage of Eoe>** = 0.60 V and reversible reductive
waves with a half-wave potential of Exd = —1.52 V, while BT-
2NATPE exhibited an irreversible reductive wave (Epg.™ =
—1.59 V) and two reversible oxidation waves with a half-wave
potential of &3 = —0.67 V and E43 = —0.99 V, respectively.
The CV results suggest that the HOMO and LUMO energy levels

-2.26eV

IAE=244eV

-4.70eV

Fig. 3 The electron density distribution of frontier orbitals and energy
levels of (A) BT-2ATPE and (B) BT-2NATPE calculated using DFT at the
B3LYP/6-31G(d,p) level. Abbreviations: LUMO = lowest unoccupied
molecular orbital; HOMO = highest occupied molecular orbital; AE =
energy gap.
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of BT-2ATPE are —5.0 eV and —2.88 eV, while those of BT-
2NATPE are —5.1 eV and —2.81 eV. Apparently, both BT-
2ATPE and BT-2NATPE are suitable for hole transporting.

Since the thermal properties of the emitting materials are
important parameters for device fabrication, we investigated
their thermal properties by thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC). The TGA results
showed that both BT-2ATPE and BT-2NATPE were thermally
stable, losing merely 5% of their weight at high temperatures of
340 °C and 369 °C, respectively (Fig. S271). The DSC thermo-
gram of BT-2ATPE showed a strong and sharp endothermic
peak at 279 °C in the first heating cycle, corresponding to its
melting point. Because the first heating process can destroy the
orderly alignment of the molecules, two additional phase
transition peaks at 135 °C and 234 °C were observed besides the
melting point in the second heating cycle (Fig. S28%). It is
noteworthy that ATEgens generally possess a twisted and flexible
molecular conformation, which endows them with poly-
morphism characteristics.®” Therefore, in most cases, only
broad and weak phase transition temperatures could be
observed during the heating cycles.®”** In this case, the strong
and sharp phase transition peak of BT-2ATPE implies its
particularly rigid structure. For BT-2NATPE, only one glass
transition temperature at about 163 °C was observed. The high
phase transition temperatures of BT-2ATPE and BT-2NATPE are
suggestive of their high morphological stability.

2.3. Device characterization

The high solid state PLQYs and good thermal and morpholog-
ical stabilities of BT-2ATPE and BT-2NATPE encouraged us to
investigate their EL properties. The non-doped EL devices
with the configuration of indium tin oxide (ITO)/1,4,5,8,9,11-
hexaazatriphenylenehexacarbonitrile (HATCN) (5 nm)/4,4’-
cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC)
(60 nm)/tris(4-carbazoyl-9-ylphenyl)amine (TCTA) (5 nm)/BT-
2ATPE or BT-2NATPE (20 nm)/Bphen (55 nm)/Liq (2 nm)/Al
were fabricated by a vapor deposition process, in which BT-
2ATPE or BT-2NATPE served as the emitter layer, HATCN
worked as the hole injection layer, TCTA was the hole trans-
porting layer, and Bphen functioned as the electron-transporting
material. The EL spectra are shown in Fig. 4 and the device
performances are summarized in Table S2.7 The EL maxima of
the non-doped devices based on BT-2ATPE and BT-2NATPE were
located at 684 nm and 682 nm, respectively, which were slightly
red-shifted from the PL maxima of their solid films (674 nm and
658 nm). The Commission Internationale de L'Eclairage (CIE)
coordinates of BT-2ATPE and BT-2NATPE were (0.692, 0.305) and
(0.688, 0.308), respectively (Fig. S29t). Both devices turned on at
a voltage of 4.2 V. Additionally, the EL spectra did not show any
changes upon increasing the driving bias voltages, demonstrating
their stability (Fig. S301). The devices of BT-2ATPE and BT-
2NATPE exhibited large radiances of 5772 mW Sr ' m™ > and
4692 mW Sr ' m 2 respectively. In addition, the device of
BT-2ATPE possessed a relatively higher EQE of 1.73% than
BT-2NATPE (1.43%). Upon increasing the current density to
10 mA cm 2, the EQE of the BT-2ATPE device decreased to 1.44%,
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Fig. 4 (A) EL spectrum of BT-2ATPE and BT-2NATPE. Inset: photos of
the devices. (B) Maximum radiance of BT-2ATPE and BT-2NATPE. (C)
Current density—voltage—luminance characteristics. (D) The plot of
external quantum efficiency against the applied current.

losing 16.7% of its maximum value, indicating a relatively low EQE
roll-off. In comparison with the several reported NIR OLEDs which
generally exhibited EQEs over 2% for their non-doped devices,>**
the EQE of BT-2ATPE and BT-2NATPE may not be so impressive
since they can only utilize the singlet excitons for emission.
However, the design of BT-2ATPE and BT-2NATPE provides the
advantages of simplicity and compatibility. We believe that with
the continuous exploration of this molecular design strategy and
by integrating it with other design strategies such as HLCT and
TADF, better DR/NIR emitting fluorophores can be facilely
afforded.

3. Conclusion

In summary, a series of AIEgens with tunable DR/NIR emissions
and varied functional groups have been facilely synthesized by
the direct coupling of a secondary arylamine donor with
a commercially available BT acceptor. In particular, BT-2ATPE
and BT-2NATPE exhibited emission maxima of 674 nm and
658 nm and achieved solid state PLQYs of 44% and 30%,
respectively. In comparison with their structural analogues TTB
and TNB, BT-2ATPE and BT-2NATPE showed much redder
absorption and emission despite their shortened m-conjugation
lengths. The longer absorptions, DR/NIR emissions and high
PLQYs of BT-2ATPE and BT-2NATPE are ascribed to their strong
ICT and rigid molecular structures. Therefore, this work
demonstrates a facile and effective strategy to afford highly
emissive DR/NIR AlEgens. BT-2ATPE and BT-2NATPE were
applied to fabricate non-doped OLED devices and their device
performances were evaluated. The BT-2ATPE device exhibited
a large radiance of 5772 mW Sr™' m™? with a high EQE of
1.73%. This study not only presented an effective way to access
DR/NIR AlEgens but also demonstrated their potential in non-
doped NIR OLED devices.

6124 | Chem. Sci., 2018, 9, 6118-6125

View Article Online

Edge Article

Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgements

W. H. L., Z. Z. and Y. C. contributed equally to this work. This
work was partially supported by the Innovation and Technology
Commission (ITC-CNERC14SC01 and ITCPD/17-9), the
National Basic Research Program of China (973 Program;
2013CB834701 and 2013CB834702), the University Grants
Committee of Hong Kong (AoE/P-03/08), the Research Grants
Council of Hong Kong (16305015, 16308016, A-HKUST605/16
and C2014-15G), the Shenzhen Science and Technology
Program (JCYJ20160509170535223), the China Postdoctoral
Science Foundation Grant (2016M602463), the Fundamental
Research Funds for the Central Universities (Grant No.
2017MS015) and the National Science Foundation for Young
Scientists (Grant No. 51703066). The authors would also like to
express their thanks to Qiguang Zang and AlEgen Biotech Co.,
Limited for their help in this project.

Notes and references

1 (a) A. Shao, Y. Xie, S. Zhu, Z. Guo, S. Zhu, ]J. Guo, P. Shi,
T. D. James, H. Tian and W.-H. Zhu, Angew. Chem., Int. Ed.,
2015, 54, 7275; (b) J. Liu, K. Li and B. Liu, Adv. Sci., 2015,
2, 1500008; (¢) M. Kang, X. Gu, R. T. K. Kwok,
C. W. T. Leung, J. W. Y. Lam, F. Li and B. Z. Tang, Chem.
Commun., 2016, 52, 5957; (d) Y. Lyu and K. Pu, Adv. Sci.,
2017, 4, 1600481; (¢) D. Wang, H. Su, R. T. K. Kwok,
G. Shan, A. C. S. Leung, M. M. S. Lee, H. H. Y. Sung,
I. D. Williams, J. W. Y. Lam and B. Z. Tang, Adv. Funct.
Mater., 2017, 27, 1704039.

2 (@) L. Yao, S. Zhang, R. Wang, W. Li, F. Shen, B. Yang and
Y. Ma, Angew. Chem., Int. Ed., 2014, 53, 2119; (b) X. Han,
Q. Bai, L. Yao, H. Liu, Y. Gao, J. Li, L. Liu, Y. Liu, X. Li,
P. Lu and B. Yang, Adv. Funct. Mater., 2015, 25, 7521; (c)
T. Liu, L. Zhu, C. Zhong, G. Xie, S. Gong, J. Fang, D. Ma
and C. Yang, Adv. Funct. Mater., 2017, 27, 1606384; (d)
J. Jiang, X.-L. Li, M. Hanif, J. Zhou, D. Hu, S.J. Su, Z. Xie,
Y. Gao, B. Yang and Y. Ma, J. Mater. Chem. C, 2017, 5, 11053.

3 (a) S. Wang, X. Yan, Z. Cheng, H. Zhang, Y. Liu and Y. Wang,
Angew. Chem., 2015, 127, 13260; (b) Y. Yuan, Y. Hu,
Y. X. Zhang, ]J. D. Lin, Y. K. Wang, Z. Q. Jiang, L. S. Liao
and S. T. Lee, Adv. Funct. Mater., 2017, 27, 1700986; (c)
C. Li, R. Duan, B. Liang, G. Han, S. Wang, K. Ye, Y. Liu,
Y. Yi and Y. Wang, Angew. Chem., 2017, 129, 11683.

4 (a) J. V. Caspar, E. M. Kober, B. P. Sullivan and T. ]. Meyer,
J. Am. Chem. Soc., 1982, 104, 630; (b) S. D. Cummings and
R. Eisenberg, J. Am. Chem. Soc., 1996, 118, 1949.

5 (@) K. T. Ly, R. W. Chen-Cheng, H. W. Lin, Y. J. Shiau,
S. H. Liu, P. T. Chou, C. S. Tsao, Y. C. Huang and Y. Chi,
Nat. Photonics, 2017, 11, 63; (b) K. R. Graham, Y. Yang,
J. R. Sommer, A. H. Shelton, K. S. Schanze, J. Xue and
J. R. Reynolds, Chem. Mater., 2011, 23, 5305; (¢) X. Cao,
J. Miao, M. Zhu, C. Zhong, C. Yang, H. Wu, J. Qin and

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc01377b

Open Access Article. Published on 25 June 2018. Downloaded on 11/21/2025 12:12:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

Y. Cao, Chem. Mater., 2015, 27, 96; (d) T. C. Lee, J. Y. Hung,
Y. Chi, Y. M. Cheng, G. H. Lee, P. T. Chou, C. C. Chen,
C. H. Chang and C. C. Wu, Adv. Funct. Mater., 2009, 19,
2639; (¢) R. Tao, J. Qiao, G. Zhang, L. Duan, C. Chen,
L. Wang and Y. Qiu, J. Mater. Chem. C, 2013, 1, 6446; (f)
J. Xue, L. Xin, J. Hou, L. Duan, R. Wang, Y. Wei and
J- Qiao, Chem. Mater., 2017, 29, 4775.

6 S.V. Eliseevaa and J. G. Biinzli, Chem. Soc. Rev., 2010, 39, 189.

7 (@) S. Ellinger, K. R. Graham, P. Shi, R. T. Farley,
T. T. Steckler, R. N. Brookins, P. Taranekar, J. Mei,
L. A. Padilha, T. R. Ensley, H. Hu, S. Webster, D. J. Hagan,
E. W. Van Stryland, K. S. Schanze and ]. R. Reynolds,
Chem. Mater., 2011, 23, 3805; (b) J. Xue, C. Li, L. Xin,
L. Duan and J. Qiao, Chem. Sci., 2016, 7, 2888; (c) J. Liu
and B. Liu, J. Polym. Sci., Part A: Polym. Chem., 2017, 55,
519; (d) J. Yang, J. Huang, Q. Li and Z. Li, J. Mater. Chem.
C, 2016, 4, 2663; (e) J. Xue, Q. Liang, Y. Zhang, R. Zhang,
L. Duan and J. Qiao, Adv. Funct. Mater., 2017, 27, 1703283.

8 (@) X. Du, J. Qi, Z. Zhang, D. Ma and Z. Y. Wang, Chem.
Mater., 2012, 24, 2178; (b) Z. Zhao, H. Nie, C. Ge, Y. Cali,
Y. Xiong, J. Qi, W. Wu, R. T. K. Kwok, X. Gao, A. Qin,
J. W. Y. Lam and B. Z. Tang, Adv. Sci., 2017, 4, 1700005.

9 (@) Z. Zhao, H. Su, P. Zhang, Y. Cai, R. T. K. Kwok, Y. Chen,
Z. He, X. Gu, X. He, H. H. Y. Sung, I. D. Willimas,
J. W. Y. Lam, Z. Zhang and B. Z. Tang, J. Mater. Chem. B,
2017, 5, 1650; (b) F. De Nisi, A. Battisti, A. Panniello,
E. Fanizza, R. Francischello, M. Striccoli, X. Gu,
N. L. C. Leung, B. Z. Tang and A. Pucci, Mater. Chem.
Front., 2017, 1, 1406; (¢) W. Qin, K. Li, G. Feng, M. Li,
Z. Yang, B. Liu and B. Z. Tang, Adv. Funct. Mater., 2014, 24,
635; (d) L. Heng, W. Qin, S. Chen, R. Hu, J. Li, N. Zhao,
S. Wang, B. Z. Tang and L. Jiang, J. Mater. Chem., 2012, 22,
15869; (¢) W. Qin, P. Zhang, H. Li, J. W. Y. Lam, Y. Cai,
R. T. K. Kwok, J. Qian, W. Zheng and B. Z. Tang, Chem.
Sci., 2018, 9, 2705; (f) F. Ni, Z. Wu, Z. Zhu, T. Chen, K. Wu,
C. Zhong, K. An, D. Wei, D. Ma and C. Yang, J. Mater.
Chem. C, 2017, 5, 1363; (g) S. Kato, T. Matsumoto,
M. Shigeiwa, H. Gorohmaru, S. Maeda, T. Ishi-I and
S. Mataka, Chem.-Eur. J., 2006, 12, 2303.

10 (@) M. Shimizu, R. Kaki, Y. Takeda, T. Hiyama, N. Nagai,
H. Yamagishi and H. Furutani, Angew. Chem., 2012, 124,
4171; (b) Q. Li and Z. Li, Adv. Sci., 2017, 4, 1600484.

11 (a) W. Qin, J. W. Y. Lam, Z. Yang, S. Chen, G. Liang, W. Zhao,
H. S. Kwok and B. Z. Tang, Chem. Commun., 2015, 51, 7321;
(b)J. Yang, L. Li, Y. Yu, Z. Ren, Q. Peng, S. Ye, Q. Li and Z. Li,
Mater. Chem. Front., 2017, 1, 91; (¢) J. Yang, Q. Guo, Z. Ren,
X. Gao, Q. Peng, Q. Li, D. Ma and Z. Li, J. Mater. Chem. C,
2017, 5, 6185.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Chemical Science

12 (a) H. Zhao, Z. Wang, X. Cai, K. Liu, Z. He, X. Liu, Y. Cao and
S. Su, Mater. Chem. Front., 2017, 1, 2039; (b) M. Xue,
C. Huang, Y. Yuan, Y. Zhang, M. Fung and L. Liao, Chem.
Commun., 2017, 53, 263.

13 J. Luo, Z. Xie, J. W. Y. Lam, L. Cheng, H. Chen, C. Qiu,
H. S. Kwok, X. Zhan, Y. Liu, D. Zhu and B. Z. Tang, Chem.
Commun., 2001, 1740.

14 (a) J. Guo, X. L. Li, H. Nie, W. Luo, S. Gan, S. Hu, R. Hu,
A. Qin, Z. Zhao, S. J. Su and B. Z. Tang, Adv. Funct. Mater.,
2017, 27, 1606458; (b) ]J. Huang, H. Nie, J. Zeng, Z. Zhuang,
S. Gan, Y. Cai, J. Guo, S. J. Su, Z. Zhao and B. Z. Tang,
Angew. Chem., Int. Ed., 2017, 56, 12971; (c) H. Tsujimoto,
D. Ha, G. Markopoulos, H. S. Chae, M. A. Baldo and
T. M. Swager, J. Am. Chem. Soc., 2017, 139, 4894; (d)
L. Zong, Y. Gong, Y. Yu, Y. Xie, G. Xie, Q. Peng, Q. Li and
Z. Li, Sci. Bull., 2018, 63, 108.

15 B. A. D. Neto, P. H. P. R. Carvalho and J. R. Correa, Acc. Chem.
Res., 2015, 48, 1560.

16 D. S. Surry and S. L. Buchwald, Chem. Sci., 2011, 2, 27.

17 Z. Zhao, S. Gao, X. Zheng, P. Zhang, W. Wu, R. T. K. Kwok,
Y. Xiong, N. L. C. Leung, Y. Chen, X. Gao, J. W. Y. Lam and
B. Z. Tang, Adv. Funct. Mater., 2018, 1705609.

18 (a) G. Chen, W. Li, T. Zhou, Q. Peng, D. Zhai, H. Li, W. Yuan,
Y. Zhang and B. Z. Tang, Adv. Mater., 2015, 27, 4496; (b)
G. Zhang, Z. Chen, M. P. Aldred, Z. Hu, T. Chen, Z. Huang,
X. Meng and M. Q. Zhu, Chem. Commun., 2014, 50, 12058;
(¢) Zz. Yang, W. Qin, N. L. C. Leung, M. Arseneault,
J. W. Y. Lam, G. Liang, H. H. Y. Sung, I. D. Williams and
B. Z. Tang, J. Mater. Chem. C, 2016, 4, 99.

19 (@) R. Hu, E. Lager, A. Aguilar-Aguilar, J. Liu, J. W. Y. Lam,
H. H. Y. Sung, I. D. Williams, Y. Zhong, K. S. Wong,
E. Peha-Cabrera and B. Z. Tang, J. Phys. Chem. C, 2009,
113, 15845; (b) Lippert-Mataga equation: v,ps — Vem =
2(Ap’/hea®)Af + constant. vups (Vem) is the wavenumber of
the absorption (fluorescence) maximum, 4 is the Planck
constant, ¢ is the light velocity, a is the radius of the
Onsager cavity, and Af = (e — 1)/(2e + 1) — (n*> — 1)/(2n® +
1), where ¢ is the dielectric constant and n the refractive
index of the solvent.

20 (@) H. Naito, K. Nishino, Y. Morisaki, K. Tanaka and
Y. Chujo, Angew. Chem., Int. Ed., 2017, 56, 254; (b)
S. S. Deshpande, H. S. Kumbhar and G. S. Shankarling,
Spectrochim. Acta, Part A, 2017, 174, 154.

21 A. A. R. Mota, J. R. Corréa, P. H. P. R. Carvalho, N. M. P. de
Sousa, H. C. B. de Oliveira, C. C. Gatto, D. A. da Silva
Dilho, A. L. de Oliveira and B. A. D. Nato, J. Org. Chem.,
2016, 81, 2958.

22 Z.Zhao, Z. Wang, Y. Hu, X. Yang, H. Li, X. Gao and D. Zhu,
J. Org. Chem., 2013, 78, 12214.

Chem. Sci,, 2018, 9, 6118-6125 | 6125


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc01377b

	Facile access to deep red/near-infrared emissive AIEgens for efficient non-doped OLEDsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01377b
	Facile access to deep red/near-infrared emissive AIEgens for efficient non-doped OLEDsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01377b
	Facile access to deep red/near-infrared emissive AIEgens for efficient non-doped OLEDsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01377b
	Facile access to deep red/near-infrared emissive AIEgens for efficient non-doped OLEDsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01377b
	Facile access to deep red/near-infrared emissive AIEgens for efficient non-doped OLEDsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01377b
	Facile access to deep red/near-infrared emissive AIEgens for efficient non-doped OLEDsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01377b

	Facile access to deep red/near-infrared emissive AIEgens for efficient non-doped OLEDsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01377b
	Facile access to deep red/near-infrared emissive AIEgens for efficient non-doped OLEDsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01377b
	Facile access to deep red/near-infrared emissive AIEgens for efficient non-doped OLEDsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01377b


