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ABSTRACT: In this work, a novel hole transport m&e (HTM) based on
benzo[4,5]thieno[3,d]benzofuran (BTBF) core with diphenylamine grouplB¥--DPA, was
synthesized and systematically studied. BTBF-DPéwad high carrier mobility, good thermal
stability and high triplet energy as 2.99 eV. Grebosphorescent organic light-emitting diodes
(PhOLEDSs) using BTBF-DPA were fabricated which thged outstanding electroluminescent
performance with a low turn-on voltage of 2.4 e thaximum current efficiency (CE) of 123.6
cd A%, power efficiency (PE) of 136.6 Im W and external quantum efficiency (EQE) of
34.1%. Red PhOLEDs with BTBF-DPA also demonstratedaximum PE of 40.1 Im W, and
EQE of 24.9% with a low turn-on voltage of 2.3 \ed&des, blue fluorescence OLEDs presented

a maximum PE of 4.9 Im W, EQE of 5.2% and small efficiency roll-off of 1%#at 10000 cd



m 2. RGB-OLEDs with BTBF-DPA outperformed the refererdevices based on NPB as HTM
that has been widely utilized. What's more, lifiexti of RGB OLEDs werdgg = 70 h at 10000
cd m?, T70= 60 h at 10000 cd 1y Tgo = 125 h at 5000 cd Ty respectively. These results imply

that BTBF-DPA is a promising HTM for OLEDs.

1. INTRODUCTION

Organic light-emitting diodes (OLEDs) have attairgg@éat attention owing to their numerous
applications as solid-state light emitting and iftés displays®. There are several kinds of
OLEDs according to the light-emitting mechanism; &xample, phosphorescent or normal
fluorescent system, thermal activated delayed désoent (TADF) system, triplet-triplet
annihilation (TTA) system, hybridized local and gietransfer excited state (HLCT) system,
exciplex system and so Bh Many researches have been developed to optit&emission
layer to achieve as high as the EQE theoreticaimanx'>*® While for commercial applications,
the power efficiency (PE) of OLEDs is a crucialttacas it provides a direct measurement of the
power consumption considering operating voltage destice life-tim&**> Typically, the
efficiency of OLEDs will decreases with the increasof brightness, which is efficiency roll-off.
The efficiency roll-off reflect great influence &E due to additional resistive losSes$n order

to obtain high PE values at high brightness legel$000 cd rif), high current densities must be
achieved at low voltage. This can be realized bynguproper charge transport materials to

reduce injection barriers, facilitate high carrieobility and adjust charge balanté’

HTMs could effectively transport the holes whileotking the electrons between the hole
injection and the emitting layers, which are sigmift to obtain highly efficient OLEDs. An

ideal HTM must possess proper HOMO and LUMO endeggls, outstanding hole mobility,



good thermal stability and high triplet enef$. Triarylamine-type compounds have been
generally recognized as excellent hole transpéoteDLEDs as well as organic/ perovskite solar
cells because of their intrinsic potential to mehbse requiremerfs®> N, N’-bis-(3-
methylphenyl)N, N’-bis-phenyl-benzidine (TPD) arld, N'-di(naphthalen-1-yIN, N'-diphenyl-

[1, 1'-biphenyl]-4,4'-diamine (NPB) are among thesin widely used HTMs due to their
outstanding hole-transporting properties, althotiudir low Ty (60 (I for TPD and 9501 for
NPB), and lowEr (2.23 eV for NPB) are obvious defects of tH&Ml Many Studies on
developing better hole transport materials to @l@PD or NPB (or modify their structure)
have been reported in the literature. Replaceménbighenyl center in TPD by fluorine
derivatives was found to be effective to imprdiyeas well as reduce the ionization energy and
redox potential. Moreover, the hole mobility isalsffected by a change in neutral state and
radical cation brought by the torsion angle diffexe between biphenyl and fused fluorgng 2
Adding a spiro fluorene or triphenylamine group @ated to the central biphenyl of NPB was
another strategy to enhance the molecule rigidity & (140 L)) to attain high performance of

related OLED® 3334

In this contribution, we designed and synthesizedrgle arylamine compound, BTBF-DPA, as
an effective HTM for OLEDs. In the function of etemn acceptors, benzofuran and
benzothiophene groups offer excellent stability argh triplet energy since they can decrease
the oxidation potential, increase the number obciized electrons, and subsequently enhance
the HOMO energy level such that the hole carrieest@nsferred readit§ *>*” The integration

of furan and thiophene adjacent to biphenyl rimgrsithen the ability of hole transport and more
importantly move the performance of OLEDs to the&trdevel. Green and red PhOLEDSs using

BTBF-DPA were fabricated to investigate the devpmgformance. Compared with NPB as



reference, green and red PhOLEDs with BTBF-DPA laitdul superior device performance. In
addition, blue FOLEDs based on BTBF-DPA were alswetbped to estimate the potential
commercialization, which show better EL performanggh low driving voltage and low
efficiency roll off at high brightness. What's modgevices lifetime of RGB OLEDs with BTBF-
DPA were investigated which showed long lifetiménigth brightness. These encouraging results
reveal the potential of BTBF core as a promisingetyato develop novel and stable HTMs, and
one successful strategy to develop efficient HTHKspecially, it is worth mentioning that we
designed an new and effective approach to sucdissfunthesizes BTBE™*2 This is the first
demonstration of employing BTBF derivative in OLEDBesides, the strong deep blue
fluorescence and good solubility of this compouralymrovide other potential applications in

organic optical electronic fields.

2. RESULTSAND DISCUSSION

2.1. Synthesis
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Scheme 1. The synthesis route of BTBF-DPA

The molecular structure and synthetic routes of itttiermediates and target compound are
demonstrated irfscheme 1. The target compound was prepared by Buchwaldvtoupling
reaction, then purified by flash column chromatpgng recrystallized from DCM and methanol
and subliming furnace at 280 °C under %.00° Pa, subsequently, with a final yield of 82.3%.
The structures of BTBF-DPA were confirmed By NMR, **C NMR and high-resolution mass
spectrometry (HRMS). BTBF-DAP are readily solublecommon organic solvents with strong

fluorescence.



2.2. Electronic Structure

To get more insights into the potential nature ®BB-DPA and the difference between BTBF-
DPA and NPB, density functional theory (DFT) caltidns were performed to simulate the
frontier orbitals of HOMO/LUMO distributions and emy levels under the B3LYP/6-31G (d, p)
basis set as shown kigure 1. The HOMO of BTBF-DPA is delocalized 46.87% on BiEBF
core and the rest 53.13% is located on diphenylammoiety. While the LUMO is mainly
(85.43%) distributed on the BTBF core due to therg} electron negativity of oxygen and
sulfur. For NPB, the LUMO only delocalized 6.3% the biphenyl core, which is completely

different from BTBF-DPA.
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Figure 1. HOMO and LUMO distributions and energy levels of BFDPA and NPB by
B3LYP/6-31G (d, p) calculation.

The higher electron density between two nitrogematcould bring higher hole transport ability

in molecule which was proven by the hole only devater. The energy of the frontier orbitals of



BTBF-DPA is estimated to be —4.69 and -1.18 eV,clwhare similar to that of NPB, which

demonstrated the comparability between BTBF-DPAMNPR® in the same device structure.

2.3. Photo-physical Properties

The normalized UV-vis absorption, steady-state plootinescence (PL) spectra and low
temperature (77 K) phosphorescence spectrBT@F-DPA in toluene (1.0x 10° M) and in
solid film (deposited under vacuum, 30 nm) are shawrFigure 2a and?2b, respectively. The
short-wavelength absorption band at 265 nm beldoghe n—r* transition of benzene. The
absorption band at nearly 300 nm is associated thél—n* transition and nz* transition of
the triphenylamine-centered moiety. The high intgrebsorption band ranging from 350 to 390
nm is attributed to the—=* transition and n=* of the rigid BTBF unit. The compound indicated
an intramolecular charge transfer (ICT) absorpf@ak at 390 nm in DCM solution and at
401nm in neat film state. According to the absanmptedge, the optical energy gap is calculated
to be 3.03 eV. The compound showed strong deepdrhission with maximum emission peak
at 402 nm and 417 nm in DCM solution and neat fitegpectively. The PL of neat film is
redshifted by 15 nm because of the stronger maeaggregation effect between molecules,

which could also be seen from the long-tailed feak 468 nm to 612 nm.
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Figure 2. (a) UV-vis absorption, fluorescence and phosphemse spectra of BTBF-DPA
in toluene solution; (b) UV-vis absorption, fluocesice spectra of BTBF-DPA in neat film; (c)
TGA and DSC curves of the material BTBF-DPA. Hegtiate: 10 °C/min; (d) The CV curve of
BTBF-DPA in DMF solution.

Table 1 Material properties of BTBF-DPA and NPB

Compound  Absorption Emission ;°S T, HOMO® LUMO? E;”¢ T, T
Amax [NM] Amax’ [nm] [eV] [eV]  [eV] [eV] [eV] [°C] [C]
BTBF-DPA 390 413 3.1592 -5.02 -2.12 2.90/3.03 104 430

NPB?® 345 441 - 22. -5.12 -2.05 3.0 95 490

a. Measured in toluene in a concentration of 110 M.
b. Estimated from onset of the absorption speéiga (1240konse)-

c. Estimated from onset of the low temperature phosescent spectra



d. The HOMO and LUMO energy level is determinedrfroyclic voltammetry (Eomo = —4.8 -
Eox, ELumo = —4.8 — Eed).

e. The band gap is determined from the film absamgpectra.
f. Measured by DSC.
g. Measured by TGA.

Due to the rigid BTBF core, the structural vibrasan the excited states could be suppressed to
some extent, resulting in a narrower PL emissiorchvfull width of half maximum (FWHM) of

41 nm and 37 nm in toluene solution and neat filespectively. The triplet energy of BTBF-
DPA was determined by the short-wavelength onsetitef low temperature (77 K)
phosphorescence spectra under nitrogen atmospheriéne (1.810° M) solution, which is as

high as 2.99 e¥?.

2.4. Thermal Properties

The thermal properties of BTBF-DPA were investigaby thermogravimetric analysis (TGA)
and differential scanning calorimetry analysis (D$@der nitrogen atmosphere with a heating
rate of 10 °C mifl. As shown inFigure 2c and Table 1, BTBF-DPA showed good thermal
stability with the decomposition temperatur&g, correspond to 5% weight loss) of 430 °C and
glass transition temperaturég) of 104°C which is higher than that of NPBy,(95 °C). The
higherTy suggesting better morphological stability of BTBPA compared to NPB. Therefore,

BTBF-DPA is expected to be a good HTM owing toeitsellent thermal stability behavior.

2.5. Electrochemical Properties



The electrochemical behavior of BTBF-DPA were tédig cyclic voltammograms (CV) using a
standard three-electrode electrochemical cell irelactrolyte solution (0.1 M TBAPF6/DMF,
with ferrocene as an external reference. As shovigure 2d and Table 1, the HOMO energy
level of BTBF-DPA were calculated to be -5.02 e\hieh is higher than that of NPB (-5.12 eV).
The corresponding LUMO energy level is calculatete -2.12 eV. The energetically favorable
HOMO energy level of BTBF-DPA is supposed to beHer facilitate the hole injection and
transport properties from the anode side. Moreabver shallow LUMO energy level guarantees

the efficient electron blocking ability.

2.6. Carrier Transport Ability

To explore the hole mobility of BTBF-DPA, we fakated hole only devices with a structure of
indium-tin  oxide (ITO)/1,4,5,8,9,11-hexaazatriphlemg-hexacarbonitrile  (HAT-CN, 10
nm)/BTBF-DPA (100 nm)/HAT-CN (10 nm)/Al (100 nm) &fTO/HAT-CN (10 nm)/NPB (100
nm)/HAT-CN (10 nm)/Al (100 nm). The current density voltage (J-V) characteristics of the
single-carrier devices. The carrier mobility can ¢aculated based on thé? curves
according to the space-charge-limited current (SOiGdel asfigure 3 shows. The calculated

hole mobility of BTBF-DPA (3.1x 10° cn? V™ s %) is about 7 times higher than that of NPB

(4.5% 10°cn? V! s%) at the same device structure and conditions.

10
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Figure 3. Hole mobility of BTBF-DPA andNPB.

2.7. Electroluminescence Properties

2.7.1 Green PhOLEDs

In order to figure out the potential of BTBF-DPA dievice application, we fabricated
green PhOLEDs devices using Ir(p@gac as an emitter. The key device data are
summarized i able 2. As shown inFigure 4b, the green device structure is ITO/ HAT-
CN (5 nm)/ BTBF-DPA (20 nm) or NPB (20 nm)/ SpireBRPF (15 nm)/ DMIC-TRZ :
DMIC-Cz : Ir(ppyracac (10:10:1) (15 nm)/ ANT-BIZ (20 nm)/ Lig (1 nmpAl
(100nmj?3. Here in, HAT-CN served as a hole-injection lag@d Liq as an electron-
injection layer; BTBF-DPA or NPB are employed asMB[ ANT-BIZ worked as the
electron-transporting material, Spiro-3-BPF wasduse electron blocking layer (EBL) to
facilitate hole injection and block electrons. bnaplex was co-evaporated with DMIC-

TRZ and DMIC-CZ to form the emitting layer (EML)h& doping ratio of DMIC-TRZ :

11



DMIC-CZ : Ir(ppyracac complex was 10:10:1. All the details aboutemals used here

were explained in Supporting Information.
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Figure 4. (a) Energy diagram, (b) structure andemas (bottom) used in green

PhOLEDs

This is an exciplex system in which H1 is n-typesthand H2 is p-type host. The singlet
and triplet energies of exciplex hosts transfeth singlet and triplet states of iridium
complexes through the Foster and Dexter energgfegrespectively. Then, the singlet
excitons of iridium complex could transfer to aplet state for emission through the
intersystem crossing (ISC) process to achieve 108%eiton utilization. The

electroluminescent properties of BTBF-DPA and NR&dd devices, including current

efficiency (CE), power efficiency (PE) and extergalntum efficiency (EQE) as well as

12



the electroluminescence spectra, are demonstratédure 5 and the key parameters are

summarized im able 2.
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Figure 5. Device characteristics of green PhOLEDs with BTBFADand NPB as HTMs :
(a) J-L-P characteristics, (b) EQE-L charactersstifc) J-V-L characteristics, (d) EL

spectra.

The BTBF-DPA based device exhibit stable green gionsat the peak of 523 nm with CIE of

(0.34, 0.61), whereas NPB based device emits thme sgrteen light characteristics. The green

devices based on BTBF-DPA show an extremely low-aur voltage (\, voltage at 1 cd if) as

low as 2.4 V which is the same as that of NPB basedn device.

Table 2. Performance of Green PhOLEDs.

Green

¥, CE(cd AY

PE(Im W)

EQE(%)

CIE

Pospho- (V) max @1000cdfmmax @1000cd M max @1000cd i  (x,y)

13



rescence /10000céF m  /10000cd nf /10000cd rif

BTBF 2.4 123.6 102.8/72.1 136.6 77.8/36.84.1 28.4/20.0 (0.34, 0.61)
NPB 2.4 89.7 71.2/55.7 96.8 43.4328. 24.7 19.6/15.3 (0.34, 0.61)

In detail, as shown ifiable 2 andFigure 5, NPB based device showed a peak EQE of 27.4%, a
maximum CE of 89.7 cd A and a maximum power efficiency (PE) of 96.8 Im'VWith
enhanced hole mobility and hidhy, the device based on BTBF-DPA exhibited a peak BQE
34.1%, a maximum CE of 123.6 cd'Aand a maximum PE of 136.6 ImWThe significant
enhancement in the efficiency of the BTBF-DPA bagestn device can be attributed to better
balanced charge recombination at the emitting laltex to the outstanding hole mobility of
BTBF-DPA. Furthermore, devices based on BTBF-DPAld¢dw@each very high brightness at low
voltage which means higher luminous efficacy angleloenergy consumption than the devices

based on NPB.

2.7.2 Red PhOLEDs

We also fabricated red PhOLEDSs to further demotestiee universality of BTBF-DPA as HTM
The device structure is the same as green PhOLEEpethe dopant is replaced by Irpgl-acac,
demonstrated in Supporting Information S1. The tedeminescent properties of BTBF-DPA
based red phosphorescent device are showigire 6 and the key parameters are summarized

in Table 3.

14
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Figure 6. Device characteristics of red PhOLEDs with BTBF-DBAd NPB as HTMs :
(a) J-L-P characteristics, (b) EQE-L charactersstic) J-V-L characteristics, (d) EL
spectra.

Table 3. Performance of Green/red/blue PhOLEDs based onPBDBA as HTM.

Red V4 CE(cd AY PE(Im W) EQE(%) CIE
Pospho- (V) max @1000cdfmmax @1000cd m max @1000cd A (x,y)
rescence /10000cdFm  /10000cd rif /10000cd rif

BTBF 2.3 32.331.8/27.4  40.1 31.2/17.924.9 24.6/21.1 (0.65, 0.34)
NPB 2.3 26.324.9/19.7 29.1 19.5/10.420.4 19.2/15.6 (0.65, 0.34)

15



The BTBF-DPA based red device exhibit deep red sionspeaking at 624 nm with CIE
of (0.65, 0.34) and a low turn-on voltage,{Woltage at 1 cd if) as 2.3 V.As shown in
Table 3 and Figure 6, the maximum EQE, CE, and PE of BTBF-DPA based red
POLEDs are 24.9%, 32.3 cd'Aand 40.1 Im W.respectively. At high brightness of
1000 cd nif, the EQE, CE and PE of them are 24.6%, 31.8 ¢dafd 31.2 Im W. The
efficiency roll-off of BTBF-DAP based device is ¥2at 1000 cd f which is much
smaller than 5.9% of NPB’s. What matters most esRiE of BTBF-DPA based device is
37.8% higher than NPB’s. The results of higher R &ower efficiency roll-off of
BTBF-DPA based device declare that BTBF-DPA cowdqgrms much better than NPB

in commercial applications of red OLEDs.

2.7.3 Blue FOLEDs

In order to further evaluate the potential of BTBPA as HTM in commercialized blue
fluorescent (FOLEDs) system, we tested the perfoomaof blue FOLEDs based
ITO/HAT-CN(5 nm)/ NPB (80 nm)/ TPN-DPF (10 nm)/ BBD (20 nm)/ ATN-BIZ (60
nm)/ Lig (1 nm)/ Al (100 nm)Here, ITO is used as anode; HATCN is the hole-tmec
layer; BTBF-DPA or NPB serves as the HTMs; TPN-DREd as electron blocking layer;
the emitting layer is composed of BH and BD (r&@® : 4); ATN-BIZ works as the
electron-transporting layer, Liq is the electrojeating layer. The device performance

data are summarized Trable 4.

16
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The BTBF-DPA based device exhibits stable blue simspeaking at 463 nm with CIE
of (0.15, 0.09), whereas NPB based device emisémee blue light with the same CIE of
(0.15, 0.09). The devices show the same turn-otagel(\, voltage at 1 cd if) as low

as 2.8 V.As shown inTable 4 andFigure 8, the maximum EQE, CE, and PE of BTBF-
DPA based device are 4.8%, 4.0 cd, And 4.2 Im W, while the device based on NPB
exhibited 5.1%, 4.3 cd A and 4.0 Im W, respectively. However, the EQE, CE and PE
of both of these devices at 10000 cd are 4.1%, 3.4 cd A and 2.0 Im W and 4.1%,

3.4 cd A%, and 1.8 Im W, respectively. It is clear to see that BTBF-DP/Asdxh blue

17



device possess better performance than the refer@me at high luminescence owing to

its higher mobility and super triplet energy.
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Figure 8. Device characteristics of blue FOLEDs with BTBF-DRBAd NPB as HTMs :
(@) J-V-L characteristics, (b) EQE-L charactersti¢c) J-L-P characteristics, (d) EL
spectra.

Table 4. Performance of blue FOLEDs

Blue  \4n CE(cd AY) PE(Im W) EQE(%) CIE
Fluo- (V) max @1000cd mmax @1000cd fh max @1000cd m (X,y)
rescence /10000cd m  /10000cd rif /10000cd rif

BTBF 2.8 4.0 3.7/3.4 4.2 3.8/2. 4.8 4.5/4.1 (0.15,0.09)
NPB 2.8 4.3 4.1/3.4 4.0 3.8/ 5.1 5.0/4.1 (0.15, 0.09)

In order to enhance the EQE of BTBF-DPA based daeva@ over 5% which is the

limitation of blue fluorescence OLEDs. We furthgstimized the device structure. The
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hole transport ability of BTBF-DPA thin film of 8dm is 7 times higher than that of NPB
according to the hole only device, so it may catlee difference of charge balance in
former blue FOLEDs which can be seen from the deperformance. Here, we increased
the thickness of BTBF-DPA in blue FOLEDs from 80 ton120 nm to get an improved
performance, owing to more balanced charge trahgiwmlity. The blue FOLEDs with
120 nm of BTBF-DPA exhibited better EQE, CE, PE aafticiency roll-off. The
maximum of which are 5.2%, 4.7 cd*A4.9 Im W* and the efficiency roll-off is 3.9% at
1000 cd nif and 9.8% at 10000 cd mThese results showed Figure 9 andTable 5,
which are comparable to reported rediits The CIE changed from (0.15, 0.09) to (0.15,
0.10) owing to the carriers recombination zone beztroaden resulting from the 40 nm
thicker of BTBF-DPA as HTM. The consequences inicdthat BTBF-DPA can be

adopted as an efficient HTM in blue FOLEDSs.
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Figure 9. Device performances of blue FOLEDs based on 80nthl29nm of BTBF-
DPA: (a) J-V-L characteristics, (b) EQE-L charatcs, (c) J-L-P characteristics, (d)
EL spectra.

Table5. Performance of 80nm and 120 nm BTBF-DPA based BDEEDS

Blue \on CE(cd AY) PE(Im W) EQE(%) CIE
Fluo- (V) max @1000cd h max @1000cd i max @1000cd A (x,y)
rescence /10000cdm  /10000cd rit /10000cd rit

80nm 2.8 4.0 3.7/3.4 4.2 |33 4.8 4.5/41 (0.15, 0.09)
120nm 2.8 4.7 4.5/4.2 49 37/ 5.2 4.9/4.6 (0.15,0.10)

2.7.4 Lifetime of OLEDs

Device stability of BTBF-DPA based RGB devices werealuated by collecting
operation time dependent luminance at an initialihance of 20000 cd i 10000 cd i
and 5000 cd fh as supplementary information, respectively. Cartsurrent mode
lifetime test was carried out for the lifetime avation in glovebox without encapsulation.
Lifetime data inFigure 10 verifies that life-time of RGB OLEDs areg= 70 h at 10000
cd m? Tz0= 60 h at 10000 cd % Tgo = 125 h at 5000 cd fa For red PhOLEDs, the
device is extremely stable owing to the low drivingltage and balanced carrier
transportation. For green PhOLEDSs, the green emgtaot as stable as red emitter and
the driving voltage is higher than that of greenide, so the stability is not as good as
green device under the condition of 10000 cé i blue FOLEDSs, the blue emitter is
very stable which was reported by a patent dematestrin Supporting Information.

Under the condition of 5000 cdMTgo is 125h which is an excellent performance for
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blue device with CIEy below 0.1, and BTBF-DPA astable and efficient HTM plays a
significant role in this system. These results atWleat BTBF-DAP could perform well as

HTM in RGB OLEDs.
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Figure 10. Device performances of RGB OLEDs based on BTBADRa) EL
characteristics of RGB OLEDs, (b) Life-time of ré&hOLED, (c) Life-time of green
PhOLED, (d) Life-time of blue FOLED with 120nm BTHPPA.

3. CONCLUSION

In conclusion, we developed a novel HTM, BTBF-DPW&ith proper HOMO, high
mobility and highEy by introducing a new and electron rich mioty-BTBfo arylamine
system Using BTBF-DPA, we successfully accomplished agdint and stable RGB
OLEDs exhibiting maximum PE of 40lin W', 136.6 Im W* and 4.9 Im W, EQE of

24.9%, 34.1% and 5.2%, and the efficiency roll-offthem are 16.7% &t000 cd nf,
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1.2% at1000 cd nf and11.5% atl0000 cd rif, respectively. As a reference, NPB based
RGB PhOLED device only has maximum PE of 2eniw?, 96.8 Im W* and 4.0 Im W,
EQE of 20.4%, 24.7%, 5.1%, and the efficiency offlof them are 20.6% 41000 cd rf,
5.9% at1000 cd rf, 19.6% at10000 cd rif, which are much lower than BTBF-DPA based
OLEDs, respectively. The lifetime of RGB OLEDs with BTBH?B were investigated,
which areTge = 70 h at 10000 cd # Tz = 60 h at 10000 cd # Tgo = 125 h at 5000 cd T
These results indicate thHATBF-DPA is a promising HTM for improving the PEQE and
the efficiency roll-off of RGB OLEDSs. In the futur@hosphorescent and/or fluorescent
OLEDs with high power efficiency, low driving volia, low efficiency roll-off and long
lifetime can be achieved by employing our newly eleped HTM because of its
appropriate energy level, fine hole mobility andywhigh Er of 2.99 eV. In addition, our
molecular design strategy and new rigid core BTRIndnstrated in this work will
contribute to promot¢éhe commercialization of phosphorescent and/orréscent OLEDS. In
the next step, we will try to increase thgof HTMs based on BTBF derivatives by connecting
high weight arylamine groups or introducing moréeheatom into aromatic conjugation system.
This will continually contribute to enhance thebslity of materials as well as devices. We
believe that BTBF derivatives could also performliwe TADF OLEDs system, organic
photovoltaics (OPVs), peroviskite light-emittingodes (PLEDs) and qumtuam dots light-

emitting diodes (QLEDs) condisering its outstandstaility and solvability.

4. EXPERIMENT SECTION

Synthesis information

Synthesis of 3-bromobenzo[b]thiophéhe
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Benzothiophene (3.35 g, 25 mmol) and N-Bromosunuohe (NBS) (5.34 g, 30 mmol) were
dissolved in a mixture of CHg(200 mL) and CHCOOH (200 mL) at O and stirred for 2h
before reacted at room temperature for 12 h. A#action, saturated sodium thiosulfate solution
(100 ml) and saturated sodium carbonate (100 mieveelded to remove excess NBS. The
mixture was washed with water (100 mL) and extiheteéh DCM. The solvent was evaporated
and the residual crude product was purified by molichromatography on silica gel using PE as
an eluent to affor@ (7.69 g, 98.6%) as yellow oitH NMR (300 MHz, CDCls3) & 7.86 (d, J =

8.6 Hz, 1H), 7.53 — 7.38 (m, 2H).
Synthesis of compounds3®# and5

3-Bromobenzol[b]thiophene (1.77 g, 8.4 mmol) waseaditito CHC} (120 mL)and CECOOH
(120 mL) was put in the mixture followed by stigifior 6 minutes at room temperature. Then
H-0, (10 g) was added in the mixture and stirred foh2& room temperature. After reaction,
saturated sodium carbonate (50 mL), saturated sobingarbonate (50 mL) and water (50 mL)
were added for washing, and then the mixture wasieted by CHGI(150 ml) and concentrated
under reduced pressure. The resulting crude prodwas purified by silica gel column
chromatography using PE: DCM (1: 1, v/v) as anmuA yellow oil (1.83 g, 7.74 mmol) was
obtained, which represents a mixture of 3-bromobfjthiophene-1-oxide and 3-
bromobenzo[b]thiophene-1,1-dioxide &sThis product was used in the next reaction withou
further separation of these two compounds. Theurextvas added into dry DMF (30 ml) with
phenol (1.45 g, 15.5 mmol) and potassium carboffaiel g, 15.5 mmol) and stirred at 70for

15 h before water (3 50 mL) was put into the mixture . Then the mixtwas extracted by
CHCI;3(150mL) and concentrated. The resulting crude pbdas purified by silica gel column

chromatography using DCM as an eluent, and 1.864%(mmol) yellow oil which is a mixture
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of 3-phenoxybenzo[b]thiophene-1-oxide and 3-phebexryo[b]thiophene-1, 1-dioxide were
obtained ag}. Without further purification, the mixture was a&ddinto toluene (80 ml) with
diisobutylaluminium hydride (12.4 mL, 18.6 mmol) @t] and then stirred at 65 for 20 h.
After reaction, toluene was removed under reducedspre, then 2 M NaOH solution (30 mL)
was added at 0 and extracted with DCM. The organic phase wagddaied concentrated to get
crude product as yellow oil which was then passgdilica gel column chromatography using
PE as an eluent to affoB(1.01 g, 59.9%) as yellow ot NMR (300 MHz, CDCl3) § 7.84 (d,

J = 1.3 Hz, 1H), 7.78 (d, J = 7.7 Hz, 1H), 7.35.487(m, 5H), 7.19 (dd, J = 4.2, 2.4 Hz, 3H),
6.72 (s, 1H)*C NMR (300 MHz, CDCls) 5 157.74, 148.03, 138.14, 132.37, 129.90, 125.33,

124.26, 123.61, 123.23, 121.21, 118.12, 107.16.
Synthesis of 2-Bromo-3-Phenoxybenzolb]thiopt&ne

3-Phenoxybenzbjthiophene (1.01 g, 4.48 mmol) and NBS (0.96 g758nol) were dissolved
into CH:COOH (120 mL) stirred at 55 for 12 h. After reaction, saturated sodium bicaidie
(100 mL) was added to react with excesssCBOH and then retracted with DCM. The organic
phase was dried and concentrated to y&ld.26 g, 92.1%) as a white solitH NMR (300
MHz, CDCls) § 7.72 (d, J = 7.9 Hz, 1H), 7.46 (d, J = 7.9 Hz, 1H}4 (m, J = 10.6, 8.1, 1.1 Hz,

3H), 7.06 (t, J = 7.4 Hz, 1H), 6.96 (dd, J = 8.5, Hz, 2H).
Synthesis of Benzo[4,5]thieno[3,2-b]benzofuran (BB

2-Bromo-3-Phenoxybenzojthiophene (1.26 g, 4.13 mmol), NaOAc (0.53 g, &&ol) and
PdCL(PPh), (0.14 g, 0.2 mmol) were added into a pressuré fleigh N,N-dimethylacetamide
(30 mL) under nitrogen atmosphere and stirred &t14or 12 h. After reaction, 2 M HCI (12

mL) and saturated NaCl solution (100 mL) were aduethe mixture and extracted with EA :
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hexane (1:1, v/iv)(6x 30 mL). The combined organic layer was dried oySO, and

concentrated to pass the column chromatographyilica gel using PE as an eluent to afford
white solid7 (0.83 g, 89.3%)'H NMR (300 MHz, CDCls) § 8.02 (d, J = 8.2 Hz, 1H), 7.89 (d, J
= 8.0 Hz, 1H), 7.74 (dd, J = 7.3, 1.6 Hz, 1H), 7(66, J = 7.0, 1.8 Hz, 1H), 7.44 — 7.53 (d, 1H),

7.44 —7.32 (m, 3H).
Synthesis of 2,7-Dibromobenzo[4,5]thieno[3,2-b]daran (BTBF-2Br8

BTBF (2.26 g, 10 mmol) was dissolved in dry CHCL00 mL) and stirred at 0 °Q.iquid
bromine (4.0 g, 25.0 mmol) in dry CHEBO mL) was added dropwise into the above BTBF
solution at 0 °C for 30 min. The mixture was stirig room temperature for 24 h before washed
by saturated sodium thiosulfate solution (50 ml)e product was extracted with DCM %330
mL). The combined organic phase was collectedddrnesr MgSQand concentrated. The crude
product was purified by column chromatography ditaigel using PE as an eluent to afford
BTBF-2Br 8 (3.45 g, 90%) as white soliH NMR (400 MHz, CDCls) § 8.02 (d, J = 1.4 Hz,
1H), 7.85 (d, J = 8.5 Hz, 1H), 7.81 (d, J = 1.5 Hd), 7.61 — 7.56 (m, 2H), 7.49 (dd, J = 8.3, 1.7
Hz, 1H).

Synthesis of 2,7-Bis(diphenylanmino)-benzo[4,51tbj8,2-b]benzofuran (BTBF-DPA)

A mixture of BTBF-2Br (1.92 g ,5 mmol), diphenylamai (2.03 g ,12 mmol)sodium tert-
butoxide (1.44 g, 15 mmol), tris(dibenzylideneaoefodipalladium (0) (0.18 g, 0.2 mol, 4 mol%)
and tritert-butylphosphine tetrafluoroborate (0.17 g, 0.6 nmaolere dissolved in
methylbenzene (50 mL) and heated at 120 °C for léder nitrogen. After cooling to room
temperature, the solvent was removed by rotary @aipn under vacuum, and then cold water

was added to the mixture and extracted with DCM @0 mL). The combined organic phase
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was collected, filtered and dried over by MgSOhe crude product was purified by column
chromatography on silica gel using PE/DCM (3:1) s eluent to affordeBTBF-DAP 9 (2.32

g, 82.3%)."H NMR (500 MHz, DMS0) & 7.84 (d, J = 8.6 Hz, 1H), 7.77 (d, J = 8.5 Hz, 1H)
7.65 (d, J = 1.9 Hz, 1H), 7.35 — 7.27 (m, 9H), 7(d8, J = 8.6, 2.0 Hz, 1H), 7.09 — 7.03 (m,
11H), 7.01 (dd, J = 8.5, 1.9 Hz, 1K}C NMR (500 MHz, CDCls) § 159.79, 153.06, 148.02,
147.88, 145.61, 145.36, 143.10, 129.53, 129.47,582424.42, 123.25, 123.10, 122.41, 120.73,
120.61, 119.82, 119.75, 119.39, 119.17, 117.59,4B08HRMS (m/z): [M+H]* calcd for

C38H27N20S, 559.1799; Found [M+1559.1855.
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Highlights

1. We developed a strategy to design high efficient HTM for RGB OLEDs and

explored a new way to synthesize BTBF moiety efficiently, which is the first time
to be utilized in OLEDs.

2. For Green PhOLEDs, the maximum current efficiency (CE) of 123.6 cd A,
power efficiency (PE) of 136.6 Im W™, and external quantum efficiency (EQE) of
34.1%. Red PhOLEDs exhibited a CE of 32.3 cd A, PE of 40.1Im W™, and EQE
of 24.9% with a low turn on voltage of 2.3 eV. Blue fluorescence OLEDs
presented a maximum CE of 4.7 cd A™, PE of 4.9 Im W™, and EQE of 5.2% with
small efficiency roll-off of 11.5% at 10000 cd m™.

3. Furthermore, we tested device lifetime of BTBF-DPA based RGB OLEDs, which
are Tog = 70 h at 10000 cd m, Tz = 60 h at 10000 cd m™, Tg = 125 h at 5000 cd
m’?, respectively.
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