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Abstract:

Limited by the energy gap law and large conjugateictures, red organic
light-emitting diodes (OLEDs) have long been cidgd for their efficiency problems.
The aggregation-induced emission (AIE) effect amal ieverse intersystem crossing
process can lead to high photoluminescent quantaldsy(PLQYs) and high exciton
utilization efficiency (EUE), two key objectivesrfobtaining efficient OLEDSs. In this
work, we chose benzothiadiazole as the acceptor gAd triphenylamine and
phenothiazine as the donors (Ds) to design anchegite a D—A-D red fluorescent
molecule, PBTPA. Results of systematic photophysio@asurements indicated
PBTPA to exhibit AIE trending, manifesting as aggton-induced enhanced

emission and the characteristics of hybridizedllaca charge transfer (HLCT) states.
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These features facilitated high solid-state lunieese efficiency and high exciton
utilization to be achieved. A non-doped device ifsdied using PBTPA displayed a
red electroluminescence peak at 656 nm, correspgndo the Commission
International de LEclairage coordinates of (0.68632), and an external quantum
efficiency of 1.62%. By calculation, the EUE readleevalue of 50%. According to
the results of theoretical calculations, the effecthot exciton channel between the
second triplet (3) and the lowest singlet {Swas responsible for the high EUE. This
EUE value is relatively good for this type of redEDs. Evidence indicates that
combining AIE and HLCT has excellent potential ted ahe discovery of
new-generation highly efficient red OLEDs.

Keywords: D-A-D type red fluorescent molecule; agation-induced emission;
hybridized local and charge-transfer state; redr#acent organic light-emitting

diodes; exciton utilization

1. Introduction:

Since Tang developed the first organic light-emgtdiode (OLED) in 1987, these
devices have been at the center of a great demsefirch enthusiashrDue to the
high contrast they afford, as well as their activeninescence and fast response,
OLEDs are currently widely used in commercial apgiions”> Notably,
photoluminescent quantum yield (PLQY) and excittihzation efficiency (EUE) are
two key parameters defining the performance of OldeRices’ *

Devices that emit light in the wavelength perceiasdhe color red, one of the three
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primary colors, are still beset by many problemsoider to design red light-emitting
molecules, large conjugate structures are usualtgssary; these types of molecules,
however, tend to planarize, which causes the ligay emit to shift toward longer
wavelengths. Furthermore, planarization tends tompte strong intermolecular
interactions, including n—t stacking interactions, which eventually favor
aggregation-caused quenching (ACQ) and lead tcceedse in PLQY valu&'® Red
light-emitting OLEDs are thus generally less e#fidi than their blue and green
light-emitting counterparts. In order to address tissue, and on the basis of the
aggregation-induced emission (AIE) mechanism pregdsy Tanget al. in 2001
the propeller-shaped molecular design was intradluice restrain intermolecular
motions in the aggregated state and further lihetnon-radiative transitions among
molecules>** Over time, therefore, AlEgens like tetraphenylate (TPEs) have
expanded the AIE molecular library; importantlyclsumolecular species have been
utilized in many research fields, including thoseusing on highly sensitive sensors,
intelligent response systems, and precision meelféif A molecule named
2TPA-BT-N-2P with a distinct AIE effect synthesizég Liao et al. in 2020 was
observed to display a PLQY value of 91%4Jsing the AIE concept in the design of
red light-emitting molecules can effectively sum®equenching during the
luminescence process, which helps increase thecoiek PLQY.

According to the energy gap law, the inherent narbandgap of red light emitters
could bring about a substantial vibrational—-rotaglocoupling between the ground

and excited states, resulting in a reduction of rdiiative transition rates and low
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luminescence efficiendy:?% In order to overcome this problem, more singlafitexs
need to be involved in the fluorescence emission;other words, the exciton
utilization (EUE) must be improved. According teettraditional spin—statistics rule,
only 25% of the singlet excitons can participateflimrescence emissidft.?® This
limitation can however be overcome transformingiéanumbers of triplet excitons
into singlet excitons,via, for instance, the triplet—triplet annihilation T&)
mechanisnf® the thermally activated delayed fluorescent (TADR¢chanisnt/?°
and the hot exciton mechani$h®!

In detail, in the TTA mechanism, the lowest sing|8f) and a ground state ()S
exciton are generated by the two lowest tripla) @xcitons. Notably, the maximum
internal quantum efficiency of TTA is 62.5% The TADF mechanism exploits the
small energy difference between dnd S and the highly separated highest occupied
molecular orbital (HOMO) and lowest unoccupied nealar orbital (LUMO); in
TADF, reverse intersystem crossing (RISC) is erdilileereby ultimately maximizing
the use of triplet exciton§.Nevertheless, the accumulation of long-lifeekcitons at
high current density or high brightness resultsé@vere roll-off, an issue that has
always plagued TADF materials. The hot exciton naesm is based on the RISC
process associated with the small energy gap batteehigh-lying triplet state and
its energetically similar singlet state; notablypt hexciton materials tend to be
characterized by a large energy gap betwegmand T, which prevents the triplet
excitons from being lost to internal conversion)({Importantly, many hot exciton

compounds are also characterized by the coexistd#rioeal luminescence (LE) state
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with high luminescence efficiency and charge tran¢CT) state with weak exciton
binding energy; these species are called hybridiaeal and charge transfer (HLCT)
materials® 3’ These types of materials can achieve high effiieand low roll-off
under non-doping conditions, while affording retaty good color purity, so they
represent a suitable choice in the design of efficred light emitters. In this context,
the hot exciton material TPANZP, reported by the dviaup, displayed an EUE value
of 93%, in conjunction with an emission peak at 66>

In the present study, by rationally selecting dofiwy and acceptor (A), we designed
and synthesized a D-A-D type molecule dubbed
4-(7-(10-ethyl-10H-phenothiazin-3-yl)benzo[c][1,RIbadiazol-4-yl)-N,N-diphenyla
niline, namely, PBTPA (seeScheme 1). Benzothiadiazole has a good
electron-accepting capacity, and it is well-plapadi; benzothiadiazoleSEr; 1, (the
energy gap betweem Bnd T) has a value of 0.97 eV, which is advantageous fro
the standpoint of the construction of molecularcggeemitting long-wavelength light.
Triphenylamine and phenothiazine are strong elacttonors. We have attached an
ethyl group to the N atom of phenothiazine in thed of increasing steric hindrance,
and thus suppressing ACQ to a certain extent. \&e plerformed systematic tests and
theoretical calculations on PBTPA. This moleculéibited typical AIE and HLCT
characteristics. Furthermore, we fabricated a ngped OLED device that relied on
PBTPA as the light-emitting layer. This device dgdt red light at 656 nm with
Commission International de LEclairage (CIE) cdoedes of (0.65, 0.32) and

external quantum efficiency (EQE) of 1.62%, witBREdE of 50%. These data indicate
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that the device displays a relatively good perfarogaas a red emitter. Notably, the
subsequent doping of this structure improved théceé efficiency. We conclude
that combining AIE with HLCT is an effective desigpproach to manufacturing
efficient red light-emitting OLEDs.

2. Experimental section

2.1 Materials

All raw materials were commercially purchased fragxdrich Chemical Co. or

Energy Chemical Co., China
dipyrazino[2,3-f:2,3-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HAYY
4,4-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzemaen (TAPC),

1,3-bis(N-carbazolyl)benzene = (mCP),  9,10-bis(2-tlaydhanthraces  (AND),
1,3,5-tris(3-pyridyl-3-phenyl)benzene (TmPyPB), andhium fluoride (LiF).
Tetrahydrofuran (THF) was distilled over metalliodfum and dimethylformamide
(DMF) over calcium hydride before use. The othegjaoic solvents and reagents were
all commercially available analytical-grade produeind used as received without
further purification.

2.2 Measurements

'H and™*C NMR spectra were recorded on a Bruker AC500 spexiter at 500 MHz
and 125 MHz, respectively, when the compounds wissolved in deuterated
chloroformd (CDCkL) with tetramethylsilane (TMS) as the internal skam. The
MALDI-TOF-MS mass spectra were measured using aniM@CFRTM plus

instrument. Differential scanning calorimetry (DSE@)rves were determined on a



135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

Netzsch DSC (204F1) instrument at a heating rate0of min’. Thermogravimetric
analysis (TGA) was performed on a Netzsch (209r&)mogravimetric analyzer in a
nitrogen atmosphere (50 mL rifinat a heating rate of 10 min™. UV-vis absorption
and fluorescence spectra of solution and films weeasured by the Hitachi U-4100
spectrophotometer and Hitachi F-4600 spectrophaimmespectively. In preparation
for the AIE test, the final product was first dissl in THF (10*M) and then mixed
with water to form solutions (10M) of different volume ratios. Photoluminescence
guantum yield was carried out with FLS-980 specttan The lifetimes of nondoped
films were measured on an Edinburgh FLS-980 witlEBh-375 optical laser. Cyclic
voltammetry (CV) was performed with a BAS 100W Bialytical System, using a
glass carbon disk (diameter = 3 mm) as the worklegtrode, a platinum wire with a
porous ceramic wick as the auxiliary electrode, AgtAg® as the reference electrode
standardized by the redox couple ferrocenium/femec All solutions were purged
with a nitrogen stream for 10 min before measurdénigme procedure was performed
at room temperature, and a nitrogen atmospheremeastained over the solution
during measurements.

2.3 Theoretical calculation.

The ground-state geometry was optimized at thed leivB3LYP/6-31G(d, p), spatial
distributions of the HOMOs and LUMOs of the compdunas obtained from the
optimized ground state structure. On the basihefdptimized configuration of the
ground state (§, the high excitation energy levels of singlet dnplet states were

evaluated using TD-M06-2X/6-31G(d, p). In orderdain further insight into the
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character of excited states, natural transitiontali(NTOs) were evaluated fof S
and T, -Tsstates.

2.4 Device fabrication.

A nondoped device was fabricated with the structoirandium-tin oxide (ITO)/
dipyrazino[2,3-f:2,3"-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HATIC(5 nm)/
4,4-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzemaen (TAPC) (50 nm)/
PBTPA (20 nm)/ 1,3,5-Tris(3-pyridyl-3-phenyl)benee(fmPyPB) (50 nm) / LiF (1
nm)/ Al (100 nm). In this structure, ITO and LiF/Aere used as the anode and
cathode, respectively. HATCN and TAPC served ashtiie injection layer and the
hole transport layer, respectively. TmPyPB sen@da@h an electron transport layer
and a hole blocking layer. The doped structure walium-tin oxide (ITO)/
dipyrazino[2,3-f:2,3'-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HAYTIC(5 nm)/
4,4-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzemaen (TAPC) (50 nm)/
1,3-bis(N-carbazolyl)benzene mCP (10nm)/ 9,10-bi@hthyl)anthraces
(AND):PBTPA 2% (20 nm)/ 1,3,5-tris(3-pyridyl-3-phgijbenzene (TmPyPB) (45
nm)/ LiF (1 nm)/Al (100 nm). In this structure, mGBrved as the electron-blocking
layer and ADN as the host material for doping.

ITO-coated glass with a sheet resistance eR0%) cmi? was used as the substrate.
Before device fabrication, the ITO glass substratese cleaned with isopropyl
alcohol and deionized water, dried in an oven & 1€. After oxygen plasma
cleaning for 3 min and finally transferred to a wam deposition system with a base

pressure greater than 5 xl@bar for organic and metal deposition. The thisksnef
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each deposition layer was monitored using a quamgtal thickness/ratio monitor
(STM-100/MF, Sycon). The current-voltage-luminambaracteristics were measured
by using a Keithley source measurement unit (Keytl#400 and Keithley 2000) with
a calibrated silicon photodiode. The EL spectraewereasured by a Spectrascan
PR650 spectrophotometer. EQEs were calculated tinenfuminance, current density,
and EL spectrum according to the literature.

2.5 Synthesis

The synthesis routes and molecular structures ofFABis depicted irBcheme 1.
Intermediates M M, and final product PBTPA were synthesized by Subdiiaura
Cross-Coupling® The nuclear magnetic resonance data of the intiateeproducts
M; and M, (Figure Sl1) are included in the supporting information. The laac
magnetic resonance spectrometfygure S2), mass spectrometriFigure S3) and
elemental analysisonfirmed that we finally got the target product.

Synthesis of 10-ethyl-10H-phenothiazine (1)

A mixture of 10 H-phenothiazine (4.00 g, 17.6 mmefdium hydroxide (6.00 g, 150
mmol), bromoethane (2.50 g, 22.7 mmol), dimethyloside (70 mL) was stirred at
room temperature for 24 hours under nitrogen atim&sp The reaction mixture was
poured into water and extracted with dichloromeéhtor several times. The organic
phase was collected and dried over anhydrous Mg8@er filtration and solvent
evaporation, the residue was purified via silich ggdumn chromatography using
petroleum ether/dichloromethane (10/1; v/v) as luerg to give the product as a

white solid (4.80 g, 84.4%H NMR (500 MHz, Chlorofornd) § 7.16 — 7.08 (m, 4H),
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6.89 (td,J = 7.5, 1.2 Hz, 2H), 6.85 (dd,= 8.1, 1.1 Hz, 2H), 3.91 (d,= 7.0 Hz, 2H),
1.40 (t,J = 6.9 Hz, 3H).

Synthesis of 3-bromo-10-ethyl-10H-phenothiazine (2)

A solution of NBS (3.13 g, 17.6 mmol) in anhydrdd®F (40 mL) was added to a
solution of 1 (4.00 g, 17.6 mmol) in anhydrous DMF (70 mL) byoplwise at
0 [1.Then the mixture reacted at room temperature fano8rs under nitrogen
atmosphere. The reaction mixture was poured intdewand extracted with
dichloromethane for several times. The organic @haas collected and dried over
anhydrous MgS@ After filtration and solvent evaporation, theidege was purified
via silica gel column chromatography using petroieether/ethyl acetate (15/1; v/v)
as an eluent to give the product as a white sdliden the white solid was
recrystallized from a mixture of ethyl acetate/nagibl (1:3; v/v) and we got the
target product (3.80 g, 70.6%8H NMR (500 MHz, Chloroformd): 1.44 (t,J ¥4 6.9
Hz, 3H,); 3.91 (g, 2H), 6.71 — 7.30 (m, 7H).

Synthesis of
10-ethyl-3-(4,4,5,5-tetramethyl-1,3,2-di oxabor olan-2-yl)-10H-phenothiazine (M)

A solution of 2 (3.00 g, 9.8 mmol), bis(pinacolato)-diboron (2811.73 mmol),
Pd(dppf}Cl, (0.14 g, 0.19 mmol) and KOAc (2.88 g, 29.35 mmal) degassed
dioxane (50 mL) was stirred at 90for 8 h under nitrogen atmosphere. The reaction
was quenched by adding deionized water, and thdtires mixture was extracted
with dichloromethane. The organic phase was driedr anhydrous magnesium

sulfate and concentrated in vacuum. The crude ptodas purified via silica gel

10



223 chromatography using petroleum ether/dichloromethégh?2; v/v) as the eluent to
224  give the desired compound as white solid powd&0(t), 55%)*H NMR (500 MHz,
225  Chloroform€) 5 7.64 — 7.55 (m, 2H), 7.17 — 7.06 (m, 2H), 6.8 (t 7.5 Hz, 1H),
226 6.84 (d,J = 8.1 Hz, 2H), 3.91 (gl = 7.0 Hz, 2H), 1.40 (1 = 6.9 Hz, 3H).

227  Synthesis of 4-(7-bromobenzol ¢] [ 1,2,5] thiadiazol-4-yl)-N,N-diphenylaniline (M)

228 A mixture of 4,7-dibromobenzo|c][1,2,5]thiadiazol€3.05 g, 10.38 mmol),
229  (4-(diphenylamino)phenyl)boronic acid (3.00 g, B).@mol), potassium carbonate
230 (0.72 g, 5.21 mmol), THF (80 mL) and deionized wg@0 mL), with Pd(PP{)4
231 (0.12 g, 0.20 mmol) acting as catalyst was refluaed0 °C for 24 h under nitrogen
232 atmosphere. After the mixture was cooled down, wéd®& mL) was added to the
233 resulting solution and the mixture was extractethwichloromethane for three times.
234  The organic phase was dried over anhydrous magnesilfate and concentrated in
235 vacuum. After filtration and solvent evaporatiome tiquid was purified by silica gel
236 chromatography using petroleum ether/dichloromeghghl; v/v) to afford orange
237 solid (M,) (2.00 g, 42%), Compount, was recrystallized from a mixture of
238  trichloromethane and methanol (3:1; vAy.NMR (500 MHz, Chlorofornd) § 7.90
239 (d,J = 7.6 Hz, 1H), 7.80 (d] = 8.6 Hz, 2H), 7.55 (d] = 7.7 Hz, 1H), 7.28 (d] =
240 18.2 Hz, 6H), 7.18 (dd] = 8.3, 3.3 Hz, 6H), 7.08 (§,= 7.4 Hz, 2H).

241  Synthesis of
242  4-(7-(10-ethyl-10H-phenothiazin-3-yl)benzo[ ¢] [ 1,2,5] thiadiazol -4-yl)-N,N-diphenyla

243 niline (PBTPA)

244 A mixture ofM; (1.44 g, 3.91 mmol)M, (1.80 g, 3.91 mmol), potassium carbonate

11
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(0.27 g, 1.95 mmol), THF (80 mL) and deionized wg@0 mL), with Pd(PP{),
(0.05 g, 0.04 mmol) acting as catalyst was refluaed@0 °C for 24 h under nitrogen
atmosphere. After the mixture was cooled down, wéé& mL) was added to the
resulting solution and the mixture was extractethvdichloromethane for several
times. The organic phase was dried over anhydroagnesium sulfate and
concentrated in vacuum. After filtration and solvevaporation, the liquid was
purified via silica gel chromatography using pettoh ether/dichloromethane (2:1;
viv) to afford jacinth solid(PBTPA) (1.20 g, 51%), pure compound PBTPA was
recrystallized from a mixture of trichloromethanedamethanol (2:1; v/vfH NMR
(500 MHz, Chloroformd) § 7.89 — 7.85 (m, 2H), 7.83 (dd= 8.5, 2.1 Hz, 1H), 7.75
(d, J = 2.1 Hz, 1H), 7.74 — 7.69 (m, 2H), 7.30 (ddk 8.6, 7.3 Hz, 4H), 7.23 — 7.11
(m, 8H), 7.07 (ddJ = 7.9, 6.5 Hz, 2H), 7.02 (d,= 8.5 Hz, 1H), 6.95 — 6.87 (m, 2H),
4.01 (q,J = 7.0 Hz, 2H), 1.48 (] = 6.9 Hz, 3H)}*C NMR (126 MHz, Chlorofornd)

0 154.03 , 147.43 , 144.88 , 131.54 , 130.91 , ¥W9.829.29 , 128.18 , 127.62 ,
127.37,127.27,127.10, 124.84 , 123.89 , 12312P.85 , 122.45, 115.01 , 114.83,
53.34 , 41.91 , 12.99. MALDI-TOF MS (mass m/z): 804M"]. Anal. calcd. for
CagH2sNsS,: C, 75.47; H, 4.67; N, 9.26; S, 10.60. Found: &39; H, 4.682; N, 9.27;
S, 10.564.

3. Resultsand discussion

3.1 Synthesis and Characterization

The synthetic route and molecular structure of PBERe depicted irScheme 1.

Detailed synthetic steps and NMR data of the inégliste products are included in

12
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288

the supporting information. Intermediates M1 and Ml the final product PBTPA
were synthesized by Suzuki—Miyaura cross-couplinigMR (Figure S2) and mass
spectrometryFigure S3) data confirmed that we had obtained the targetyn

3.2 Thermal properties and electrochemical properties

As part of the development of the fabrication psscef OLEDs, ensuring that the
light emitter is thermally stable, from a structuaad activity standpoint, is essential.
We measured PBTPAs thermal stability by thermogmairic analysis and
differential scanning calorimetry (DSC) conductedai nitrogen atmosphere. As can
be evinced from the data reported kgure la and listed inTable 1, the
decomposition temperature g(Tcorresponding to 5% weight loss) for PBTPA was
410 °C. A high fvalue implies that a molecule has excellent themsteability, and it
is suitable to be employed in the vacuum depostegohnique. According to the DSC
curves, the glass-transition temperaturg) @ PBTPA was 119 °C. Aglvalue this
high guarantees the emitter’s morphological stbilnder heating, which allows the
molecule to display a consistent activity.

In order to test the electrochemical properties RBTPA, cyclic voltammetry
measurements were conducted. As can be evincedifrdaiata reported iRigure 1b
andTable 1, PBTPAs reduction potential was found to be —1\6&nd its oxidation
potential —0.38 V. The fact that the oxidation aeduction curves were reversible
indicated that the molecule could gain and losetelas stably, which can use
relieved in OLED devices as a luminous layer. Thkies for the energy levels of the

HOMO and LUMO of PBTPA were calculated to be -488 and -3.10 eV,

13
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respectively, which means that the value of the HIBMUMO gap was 1.88 eV,
consistent with red light emission.

3.3 Photophysical Properties

In Figure 2a are reported the UV-vis absorption and photolusteace (PL) spectra
of PBTPA in toluene ([PBTPA] = 1 x TOM). Two absorption peaks were observed at
310 nm and 461 nm. The sharp, strong absorptiok 310 nm is mainly due to the
n—n* transition of the phenothiazine and triphenylaenfnagments in the molecular
skeleton. The absorption band of PBTPA in the 3B30+5m wavelength range is the
result of an intramolecular charge transfer (ICNptably, measuring the UV-vis
absorption spectra in solvents with different pitiles (Figure S4) was not associated
with any significant changes in the spectrum’s ghapd position, indicating that the
value of the ground-state dipole moment is verystamt. The emission peak of
PBTPA was observed at 629 nm, and it was charaetéby a PLQY value of 50.9%
in pure toluene solution.

The data inFigure 2b illustrate the solvation effect, whereby the peakshe PL
spectrum of PBTPA shift in wavelength as a functainthe solvent’s polarity. In
particular, the said spectrum red-shifted by 74 om going from hexane to
acetonitrile as solvent. The formation of a newrgpnéalance between the solvent
and the excited molecule is essential for the maetl red shift in the PL spectrum to
be observed. This solvatochromic effect indicatedgresence of a CT component in
the excited state. Notably, the PLQY value for PRTcreased steeply from 88% in

hexane to 3.6% in acetonitrile. In detail, in tlwvipolarity hexane solution, the

14
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PLQY of PBTPA was relatively large. As the solveotarity increased, however, the
PLQY value decreased to 50.9% in the medium-pglddtuene, and to 57.9% in
butyl ether. In the highly polar acetone and aatite PLQY decreased drastically
to 4.3% and 3.6%, respectively. This downward trehdPLQY in higher polarity
solutions was caused by an increasing CT compdhahtompetes with LE.

In order to further delve into the solvation effegtLipper—Mataga solvation model,
whereby the Stokes shift values are plotted agalrestpolarity of the solvent, was
constructed. The calculated dipole moment of edcRBTPA is 11.2 D, and the
ground dipole moment has a value of 3.2 D. The Ildippoment of the excited
molecule is thus larger than that of the grountkstand it is smaller than that of the
typical CT molecule DMABN (23 DY; once again, the constant slope of the line
(Figure 2c) implied that the excited state of the moleculaisypical hybrid state
composed of both CT and LE.

The lifetime curve irFigure 2d indicated that PBTPA in film form is characteriZey

a short fluorescence lifetime (4.7 ns). In fack tlietime curve presented a single
exponential decay. The lack of a fluorescence diliastrated well the fact that the
molecule’s behavior does not conform to the TADF tbe TTA mechanisms.
Employing equations K= @/t and K, = 1/ — K,, where®; represents the molecule’s
fluorescence efficiency (16.2% for PBTPA in filmhidat represents the molecule’s
transient fluorescence lifetime (4.71 ns for PBTRAIIM), we were able to calculate
PBTPA's radiation rate (K= 3.4 x 10 s%) and the same molecule’s non-radiation rate

(Ko = 17.8 x 16 s™). Notably, the lifetime of PBTPA in the film phaé&71 ns) was
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similar to its counterpart measured in acetonitsidution (4.70 ns). However, the
film's PLQY value (16.2%) was more than four-folgjtrer than that of acetonitrile
(3.6%). This difference might be attributed to theminescence of PBTPA in
acetonitrile solution is a single molecule processgontrast to the thin film case,
where molecules are aggregated and exhibit an Alécte which increases PL
efficiency.

To explore the AIE characteristics, we confirmed L spectra of PBTPA in the
mixture solutions. Based the data reportedrigure 3a, b, it can be evinced that
PBTPA had an emission at 674 nm with a broad fuditkvat half maximum in pure
THF. The PL intensity began to decrease as therwedetion (f,) in the solvent
increased. However, it increased dramatically aftereached a value of 50%.
Interestingly, a red shift of 15 nm occurred in FE emission spectrum from 80%
fw to 90% f{,. This observation might be due to a certain degfehange occurring in
the molecular aggregation state of PBTPA whgrehches the value of 90%, making
the molecular configuration more planar, so thatititrease in PL intensity at 90% f
was not apparent as the red shift occurred. The tAdkd for the molecule can be
called aggregation-induced enhanced emission. GlWwePlL strength of PBTPA at, f
values below 50% can be attributed to the moleaale combinations of donors and
acceptor units, which may trigger a twisted intrégnalar charge transfer leading to
emission annihilation, as the solution’s polaritgrease&” ** According to the theory
of restricted intermolecular motion, hindrancehe free rotation of the benzene ring

in the propeller-like configuration of triphenylamei and inhibition of the
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conformation change of phenothiazine are the mairses of the AIE phenomenth.
3.4 Theoretical Calculations

In order to verify that PBTPA’s molecular desigmfrms to the energy distribution
of typical HLCT materials, we performed time-depeniddensity functional theory
(TDDFT) calculations on PBTPA. The geometry confegion and frontier molecular
orbitals (FMOs) were optimized by B3LYP/6-31G (d,ip the Gaussian09 package.
The natural transition orbits (NTOs) were obtaimédhe level of M062X/6-31G (d,
p). The optimized geometry configuration depictedFigure 4a for this D—A-D
molecule includes a phenothiazine unit charactdrizea dihedral angle of 40°. The
value for the twist angle of the phenothiazine #émghenylamine units adjacent to
benzothiadiazole in PBTPA is 33°. Importantly, tm®derately distorted structure
favors the formation of CT states. PBTPA's FM®3gure S6) are such that the
HOMO of the molecule is distributed horizontallyrabghout the molecule’s
backbone. By contrast, the LUMO is mainly localizecrtically on the
benzothiadiazole unit and, to a lesser extent, henadjacent aromatic rings. The
partial overlap of HOMO to LUMO transition suggestinat PBTPA possesses both
CT character angn* transition of local luminescence.

In order to explore further the characteristicsHACT, we investigated the excited
states of PBTPA. The NTOs showed the hole-partichtribution of the first five
singlets and the first five triplet&igure S7) and corresponding energy level diagram.
As can be evinced frofigure 4a, the lowest-energy singlet{{Sof PBTPA exhibits

the orbital characteristics of LE and CT hybridiaat with a certain degree of overlap
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between the holes and patrticles. The oscillatength is 0.7135, which means that S
is the primary energy level for radiation transitioThe lowest-energy triplet
mainly showed the hybridization state, with thetigles and holes concentrated on
benzothiadiazole, an arrangement that is not caneldo the establishment of a weak
exciton binding interaction. The results of the rgyelevel calculationsKigure 4b)
indicated that the magnitude AEr1-s1)(0.84 eV) is not conducive to the formation
of the “cold exciton” channel for the TADF-type R3Sprocess. The I state
presented a CT-dominated hybrid state, resultingemE,_sq)value to be 0.17 eV,
a small enough value to afford the possibility flee hot exciton RISC process from
T, to § to occur. The value okE(ri-12) is 1.01 eV, which is substantial enough to
render kzisc more favorable in the process of competing with i rate Kc. In the
excited state, a ;/S; “hot exciton” channel formed, which changes thensp
characteristics of some triplet excitons to singhetitons for fluorescence emission.
The results of the theoretical calculations periedmndicated, therefore, that the
molecular energy distribution of PBTPA displayea tbharacteristics that would
favor HLCT, which is expected to break the 25% quanstatistical limitation, thus
affording the means to construct an efficient OLED.

3.5 Electroluminescence Properties

Based on the previously discussed electrochemiwdltidermal stability of PBTPA,
we employed the vacuum deposition technique toidate a non-doped OLED
comprising this red light emitter. The structure tbfs OLED, which we dubbed

device I, is indium-tin oxide (Iro)/
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dipyrazino[2,3-f:2,3"-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HAYTIC(5 nm)/
4,4-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzemaen (TAPC) (50 nm)/
PBTPA (20 nm)/ 1,3,5-Tris(3-pyridyl-3-phenyl)benee(MmPyPB) (50 nm)/ LiF (1
nm)/ Al (100 nm). In this structure, ITO and LiF/Afere used as the anode and
cathode, respectively. HATCN and TAPC served ashtiie injection layer and the
hole transport layer, respectively. PBTPA was uasdthe emitting material layer.
TmPyPB functioned as both an electron transporerlaand a hole blocking layer.
Details of the electroluminescence performance efiak | are listed inTable 2.
Device | achieved a maximum EQE value of 1.62%, ianeas characterized by an
emission peak at 656 nnfrigure 5a) with CIE coordinates of (0.65, 0.32) in the
red-light region, which close to the red primaryocstandard set by REC709 (0.64,
0.33). Device | exhibited a low efficiency roll-pit 100 cd i, the EQE was 1.33%,
which was 82% of the maximum EQE.

We went on to explore the utilization of excitonstle electroluminescence process.
The current density—luminance relationships of deui, reported inFigure S8 c,
presents a linear correction rather than quadrektionship, so we can conclude that
a TTA mechanism of P-type delayed fluorescenceisaompatible with device*f'
In order to calculate the specific exciton utilivat we introduced the equatigage =
Nout Mrec NpiNs, Where ns is the radiative exciton ratiojou: is the light outcoupling
efficiency (its value is generally assumed to be%R0n, is the film

photoluminescence efficiency, amgk. is the fraction of exciton formation of the

injected charge carriers, which reaches its idediies of 100% only if holes and
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electrons are fully balanced and completely recombi to form excitons.
Calculations indicate the exciton utilization eificcy of device | to be 50%.
Therefore, device | exceeded the spin statistiddition by 25%, allowing the goal of
efficient luminescence to be achieved.

As a way to improve the performance of turn-onagdt and maximum brightness of
the device, the doped device II, with an optimisedcture, was assembled. Detailed
data for this species are reportedTable 2, Figure 5b and Figures S9. Device I
consisted of indium-tin oxide (ITo)/
dipyrazino[2,3-f:2,3'-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HAYTIC(5 nm)/
4,4-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzemaen (TAPC) (50 nm)/
1,3-bis(N-carbazolyl)benzene mCP (10 nm)/ 9,102is{phthyl)anthraces (AND):
PBTPA2% (20 nm)/ 1,3,5-tris(3-pyridyl-3-phenyl)bemz (TmPyPB) (45 nm)/ LiF (1
nm)/ Al (100 nm). In this structure, mCP servedtlaes electron-blocking layer and
ADN as the host material for doping. The efficienof/ this device improved
significantly in comparison with device I. In pauiar, device Il was found to be
characterized by an EQE of 4.86%, with an emisgieak at 604 nm and CIE
coordinates of (0.55, 0.43); moreover, the voltagdcd A* was reduced to 3.4 V.
Notably, although doping device Il overcame thebpem associated with carrier
transport imbalance and achieved a huge improvemeeificiency over device |, it
did so at the expense of color purity.

4. Conclusions

20



442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

We designed the D—A-D-structured, red light emiRBTPA. The stable thermal and
electrochemical properties of PBTPA indicated tbeeptial of this species to be used
to fabricate OLED devices. Solvatochromic measurégmandicated the molecule to
display a significant ICT, leading to an increasepbolarity; the Lippert—Mataga
model combined with data on the film single-compunédetime at the nanosecond
level demonstrated that the excited statefShe molecule is characteristic of HLCT.
PBTPA was also characterized by AIE. The non-dopeslice fabricated using
PBTPA achieved red light emission at 656 nm witle €bordinates of (0.65, 0.32)
and EQE of 1.62%, and the exciton utilization redth value of 50%. This device
thus displays a relatively good performance asligdt emitting material. TDDFT
calculations indicated PBTPA to be characterized bgrgeAEr;_12 value (1.01 eV)
and a smallEr,_s1(0.17 eV) value, so that an active hot excitomcteh between I
and S can be formed. This design idea of AIE combinetthwiLCT demonstrates the
great potential for the manufacture of PBTPA-baséttient red-light fluorescent
emitters.
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References

[1] Tang CW, VanSlyke SA. Organic electroluminedceiodes. Appl Phys Lett.
1987;51:913-5.

[2] Park S-HK, Ryu M, Hwang C-S, Yang S, Byun CeL&l, Shin J, Yoon SM, Chu
HY, Cho KI, Lee K, Oh MS, Im S. 42.3: TransparentXThin Film Transistor for the
Application of High Aperture Ratio Bottom EmissiohM-OLED Display. SID
Symposium Digest of Technical Papers. 2008;39:629-3

[3] Smith JT, Katchman BA, Kullman DE, Obahiagbonlliée Y, Brien BPO, Raupp
GB, Anderson KS, Christen JB. Application of Fldgi®WLED Display Technology to
Point-of-Care Medical Diagnostic Testing. J Disgfol. 2016;12:273-80.

[4] Mitschke U, Bauerle P. The electroluminescenteorganic materials. J Mater
Chem. 2000;10:1471-507.

[5] Chen H-W, Lee J-H, Lin B-Y, Chen S, Wu S-T. uid crystal display and organic
light-emitting diode display: present status antuifel perspectives. Light-Sci Appl.
2018;7:17168-80.

[6] Zzhang H, Zeng J, Luo W, Wu H, Zeng C, ZhangReng W, Wang Z, Zhao Z,
Tang BZ. Synergistic tuning of the optical and &ieal performance of AIEgens with
a hybridized local and charge-transfer excitecestaMater Chem C. 2019;7:6359-68.

[7] Wan Q, Zhang B, Tong J, Li Y, Wu H, Zhang H, WgaZ, Pan Y, Tang BZ.

22



486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

Feasible structure-modification strategy for intifly aggregation-caused quenching
effect and constructing exciton conversion chanirelcridone-based emitters. Phys
Chem Chem Phys. 2019;21:9837-44.

[8] Ma X, Sun R, Cheng J, Liu J, Gou F, Xiang H,odhX. Fluorescence
Aggregation-Caused Quenching versus Aggregationded Emission: A Visual
Teaching Technology for Undergraduate Chemistryd&tts. J Chem Educ.
2016;93:345-50.

[9] Cariati E, Lanzeni V, Tordin E, Ugo R, Botta Giacometti Schieroni A, Sironi A,
Pasini D. Efficient crystallization induced emissivnaterials based on a simple
push—pull molecular structure. Phys Chem Chem F9/l;13:18005-14.

[10] Huang M, Yu R, Xu K, Ye S, Kuang S, Zhu X, Wanh An arch-bridge-type
fluorophore for bridging the gap between aggregataused quenching (ACQ) and
aggregation-induced emission (AIE). Chem Sci. 2048:85-91.

[11] Luo J, Xie Z, Lam JWY, Cheng L, Chen H, Qiu IGyvok HS, Zhan X, Liu Y,
Zhu D, Tang BZ. Aggregation-induced emission of
1-methyl-1,2,3,4,5-pentaphenylsilole. Chem Comn2@®1:1740-1.

[12] Zhao Z, Lam JWY, Tang BZ. Tetraphenyletheneessatile AIE building block
for the construction of efficient luminescent matks for organic light-emitting
diodes. J Mater Chem. 2012;22:23726-40.

[13] Tong H, Hong Y, Dong Y, Haussler M, Li Z, LadWY, Dong Y, Sung HHY,
Wiliams ID, Tang BZ. Protein Detection and Quaatitn by

Tetraphenylethene-Based Fluorescent Probes withre§ggion-Induced Emission

23



508 Characteristics. J Phys Chem B. 2007;111:11817-23.

509 [14] Hong Y, Lam JWY, Tang BZ. Aggregation-inducethission: phenomenon,
510 mechanism and applications. Chem Commun. 2009:5332-

511 [15] Zhang X, Wang K, Liu M, Zhang X, Tao L, ChenWei Y. Polymeric AlE-based
512 nanoprobes for biomedical applications: recent adea and perspectives. Nanoscale.
513 2015;7:11486-508.

514 [16] Kwok RTK, Leung CWT, Lam JWY, Tang BZ. Biosémg by luminogens with
515 aggregation-induced emission characteristics. CRemRev. 2015;44:4228-38.

516 [17] Li D, Yu J. AlEgens-Functionalized Inorganiaganic Hybrid Materials:
517 Fabrications and Applications. Small. 2016;12:6943-

518 [18] Liu Y, Feng B, Cao X, Tang G, Liu H, Chen RulM, Chen Q, Yuan K, Gu Y,
519 Feng X, Zeng W. A novel “AlE + ESIPT” near-infrarednoprobe for the imaging of
520 vy-glutamyl transpeptidase in living cells and thelagation in precision medicine.
521  Analyst. 2019;144:5136-42.

522 [19] Ma Y, Zhang Y, Liu X, Zhang Q, Kong L, Tian Y,i G, Zhang X, Yang J.
523 AlE-active luminogen for highly sensitive and seiee detection of picric acid in
524 water samples: Pyridyl as an effective recognitignoup. Dyes Pigment.
525 2019;163:1-8.

526 [20] Zzhang R, Niu G, Liu Z, Chau JHC, Su H, Lee MM&u Y, Kwok RTK, Lam
527 JWY, Tang BZ. Single AlEgen for multiple tasks: Igmag of dual organelles and
528 evaluation of cell viability. Biomaterials. 20202419924,

529 [21] Minotto A, Murto P, Genene Z, Zampetti A, Cexella G, Mammo W, Andersson

24



530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

MR, Wang E, Cacialli F. Efficient Near-Infrared Eteoluminescence at 840 nm with
“Metal-Free” Small-Molecule:Polymer Blends. Adv Mat2018;30:1706584.

[22] Ho C-L, Li H, Wong W-Y. Red to near-infraredganometallic phosphorescent
dyes for OLED applications. J Organomet Chem. ZIA%261-85.

[23] Xue J, Liang Q, Wang R, Hou J, Li W, Peng Qu& Z, Qiao J. Highly Efficient
Thermally Activated Delayed Fluorescence via J-Agates with Strong
Intermolecular Charge Transfer. Adv Mater. 20191808242.

[24] Jeon SO, Jang SE, Son HS, Lee JY. ExternahQuaEfficiency Above 20% in
Deep Blue Phosphorescent Organic Light-Emitting deg Adv Mater.
2011,;23:1436-41.

[25] Kondakov DY. 41.4: Role of Triplet-Triplet Aiimlation in Highly Efficient
Fluorescent Devices. SID Symposium Digest of TedlriPapers. 2008;39:617-20.
[26] Luo Y, Aziz H. Correlation Between Triplet—piet Annihilation and
Electroluminescence Efficiency in Doped Fluoresceédtganic Light-Emitting
Devices. Adv Funct Mater. 2010;20:1285-93.

[27] Uoyama H, Goushi K, Shizu K, Nomura H, Adachi Highly efficient organic
light-emitting diodes from delayed fluorescencetuda. 2012;492:234-8.

[28] Tao Y, Yuan K, Chen T, Xu P, Li H, Chen R, AgeC, Zhang L, Huang W.
Thermally Activated Delayed Fluorescence Materiedsvards the Breakthrough of
Organoelectronics. Adv Mater. 2014;26:7931-58.

[29] Zhong D, Yu Y, Song D, Yang X, Zhang Y, Chen Zhou G, Wu Z. Organic

Emitters with a Rigid 9-Phenyl-9-phosphafluorenedexvioiety as the Acceptor and

25



552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

Their Thermally Activated Delayed Fluorescence Betra ACS Appl Mater Inter.
2019;11:27112-24.

[30] Yao L, Yang B, Ma Y. Progress in next-generatiorganic electroluminescent
materials: material design beyond exciton statistéci China Chem. 2014;57:335-45.
[31] Hu D, Yao L, Yang B, Ma Y. Reverse intersystenossing from upper triplet
levels to excited singlet: a “hot excition”; pathbrforganic light-emitting diodes.
Philos T R Soc A. 2015;373:20140318.

[32] Hatakeyama T, Ikuta T, Shiren K, Nakajima Kepriwra S, Ni J. Efficient
HOMO-LUMO separation by multiple resonance effeoward ultrapure blue
thermally activated delayed fluorescence: SPIEG201

[33] Santos PL, Ward JS, Data P, Batsanov AS, BMWBe Dias FB, Monkman AP.
Engineering the singlet—triplet energy splittingaifADF molecule. J Mater Chem C.
2016;4:3815-24.

[34] Xu Y, Liang X, Liang Y, Guo X, Hanif M, Zhou, Zhou X, Wang C, Yao J, Zhao
R, Hu D, Qiao X, Ma D, Ma Y. Efficient Deep-Blueuéelrescent OLEDs with a High
Exciton Utilization Efficiency from a Fully TwisteBhenanthroimidazole—Anthracene
Emitter. ACS Appl Mater Inter. 2019;11:31139-46.

[35] Li W, Pan Y, Yao L, Liu H, Zhang S, Wang C,&hF, Lu P, Yang B, Ma Y. A
Hybridized Local and Charge-Transfer Excited StateHighly Efficient Fluorescent
OLEDs: Molecular Design, Spectral Character, anidl Exciton Utilization. Adv Opt
Mater. 2014;2:892-901.

[36] Jayabharathi J, Anudeebhana J, Thanikachalg®iveraj S. Efficient fluorescent

26



574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

OLEDS based on assistant acceptor modulated HLCi$sera state for enhancing
singlet exciton utilization. RSC Adv. 2020;10:8868-

[37] Liu B, Yu Z-W, He D, Zhu Z-L, Zheng J, Yu Y-Xie W-F, Tong Q-X, Lee C-S.
Ambipolar D—A type bifunctional materials with hythzed local and charge-transfer
excited state for high performance electrolumineseavith EQE of 7.20% and CIEy
~ 0.06. J Mater Chem C. 2017;5:5402-10.

[38] Miyaura N, Suzuki A. Palladium-Catalyzed Crd3supling Reactions of
Organoboron Compounds. Chem Rev. 1995;95:2457-83.

[39] Zachariasse KA, Der Haar TV, Hebecker A, Le&shU, Kuhnle W.
Intramolecular charge transfer in aminobenzondrileRequirements for dual
fluorescence. Pure Appl Chem. 1993;65:1745-50.

[40] Han T, Wei W, Yuan J, Duan Y, Li Y, Hu L, Don¥. Solvent-assistant
self-assembly of an AIE+TICT fluorescent Schiff éa®r the improved ammonia
detection. Talanta. 2016;150:104-12.

[41] Han F, Zhang R, Zhang Z, Su J, Ni Z. A new TI@Gnd AlE-active
tetraphenylethene-based Schiff base with revergldeofluorochromism. Rsc Adv.
2016;6:68178-84.

[42] Li W, Huang Q, Mao Z, Zhao J, Wu H, Chen Jnd&, Li Y, Yang Z, Zhang Y,
Aldred MP, Chi Z. Selective Expression of Chromom@soin a Single Molecule: Soft
Organic Crystals Exhibiting Full-Colour Tunabilitgnd Dynamic Triplet-Exciton
Behaviours. Angew Chem Int Edit. 2020;59:3739-45.

[43] Partee J, Frankevich EL, Uhlhorn B, ShinarDing Y, Barton TJ. Delayed

27



596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

Fluorescence and Triplet-Triplet Annihilation mConjugated Polymers. Phys Rev
Lett. 1999;82:3673-6.

[44] Segal M, Singh M, Rivoire K, Difley S, Van Vdos T, Baldo MA.
Extrafluorescent electroluminescence in organibtigmitting devices. Nat Mater.

2007;6:374-8.

Captions

Scheme 1. Synthetic steps to product PBTPA: a) Dimethyl exide, NaOH,
1-bromoethane, 24 h; b) dimethylformamidé;bromosuccinimide, overnight; c)
potassium acetate, Pd(dp&@)., 90 °C, 8 h, N protection; d) KCO;, Pd(pph)a,

THF/H,0, 70 °C, 24 h, Plprotection.

Figure 1. Thermal and electrochemical properties of PBTPAT@rmogravimetric
analysis and differential scanning calorimetry @srvof PBTPA; b) Cyclic
voltammograms of PBTPA. Eg: energy gap betweerhtgkest occupied molecular
orbital (HOMO) and the lowest unoccupied moleculamital (LUMO). Tg:

decomposition temperature (corresponding to 5% hteigss); T: glass-transition

temperature.

Figure 2. Photophysical properties of PBTPAa) UV-vis absorption and

photoluminescence (PL) spectra of PBTPA in tolussletion (10° M). b) Solvation
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effect on the PL spectra of PBTPA. c¢) Linear figtiof the Lippert—Mataga model for

PBTPA. d) Transient PL decay spectrum of PBTPAdatrilm form.

Figure 3. Dependence of PBTPA photoluminescence (PL) on theuat of water
present in a bD/THF mixture used as PBTPA'’s solven). PL spectra of PBTPA
(10° M) in H,O/THF mixtures characterized by different watercfians. b) PL
intensity of a PBTPA solution (IDM) in an HO/THF mixture versus the water

fraction in the mixed solvent.

Figure 4. Results of time-dependent density functional thgdDDFT) calculations
performed on PBTPA. a) Optimized molecular geomatrgl natural transition orbits
for the S/Sy, Ti/Sy, and B/ transitions of PBTPA. b) Energy level diagram for
PBTPA. HLCT: hybridized local and charge transfeRISC: high-lying reverse

intersystem crossing

Figure 5. Performance as red organic light-emitting diodesyaf-doped devices |
and doped lla) and b) External quantum efficiency (EQIjsus luminance curves
and normalized electroluminescence spectra at 8dévice | and Il. ¢) Energy levels
and structures of devices | and Il. d) Commissitterhational de L'Eclairage (CIE)

coordinates of devices | and II.
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Tablel

Compound Aaps(s) Areu(s/f) T¢gTm Tg¢ HOMO LUMO E;  mpu(s/f)

[nm]a) [nm]b) [OC]C) [OC]d) [eV] e) [eV] e) [ev]f) [%]g)

PBTPA  314/461 628/677 119/177 410  -4.98 -3.10 1.88 50.9/16.2

%Laps(S): absorption wavelength in dilute toluene sohi(10°M);

PApL (s): emission peak in dilute toluene solutids (f): emission peak in
vacuum-deposited neat film;

“Tq glass-transition temperature;Tmelting temperature;

T4 decomposition temperature;

°Energy level of the highest occupied molecular tatbiHOMO) and lowest
unoccupied molecular orbital (LUMO) confirmed byctig voltammetry;

ng: energy gap between HOMO and LUMO (LUMO — HOMO);

Ipu(s): fluorescence quantum yield in toluene CM); ne.(f): fluorescence quantum

yield in neat film.



Table 2.

jeViCE Vturn—on CEmax I:)Emax EQEmax I—max XEL Vend CIE EUE
V¥ [cd Im %] [cd [mP M? XYV [%]

A-l] b) W-l] c) m-2] e)

I 7.20 0.87 0.37 1.62 585 656 14.80.65,0.32 50.0

Il 3.40 9.92 8.20 4.86 7913 604 12.80.55,0.43 \

®Turn-on voltage at the luminescence of 1 ¢d;m

PMaximal current efficiency;

“Maximal power efficiency;

dEQEmax: Maximal external quantum efficiency;

*Maximal luminescence;

'Maximal electroluminescence peak value;

%\oltage at maximum brightness;

"Commission International de L'Eclairage coordinatésserver: 2°; obtained at 8 V;

'Maximal exciton utilization efficiency.
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Figure 3
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Figure 4
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Highlights:

® A novel D-A-D-type red fluorescent emitter, PBTP&as designed and
synthesized.

® |t displayed aggregation-induced emission and lkiybed local and charge
transfer.

® Non-doped OLED had 50% EUE, efficient hot excitdramnel, low-efficiency

roll-off.
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