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Abstract

In this contribution, two new hole-transport unit®H-benzo[4,5]thieno[3,d]indole (BTI)
and 1M-benzofuro[3,28]indole (BFI), were developed to design and syr#eebipolar host
materials namely 10-(3-(4,6-diphenyl-1,3,5-tria2ky)phenyl)-1MH-benzo[4,5]thieno[3,2-

blindole (mMBTITrz) and 10-(3-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-#iébenzofuro[3,2-



blindole (mMBFITrz), for phosphorescent organic light-emitting diod®hOLEDs). The
effect of heteroatoms in the hole-transport unit dhe physicochemical and
electroluminescence properties of the hosts wevesiigated in detail. Interestingly, the
phosphorescence of the compounds was highly dependehe hole-transport unit, because
it originated from their local excited stat& ), which was attributed to the interrupted
strong electronic communication between donor andeptor units bymeta-mode of
conjugation on the phenyl linker. Consequently,tii&T I Trz showed high triplet energ¥f)

of ~ 2.88 eV compared to its counterpanBFITrz (Er ~ 2.65 eV). Both compounds
displayed marked thermal stability with high thelrdacomposition temperatures of above
410°C and glass-transition temperatures of aboveé@.0B addition, the single carrier device
studies revealed a bipolar charge transportingachear for the compounds. Furthermore, the
compounds were evaluated as bipolar hosts for grRre@LEDs by employing Ir(ppy)
dopant. ThemBTITrz-hosted device demonstrated much better performtrase did the
mBFITrz-hosted device, with a maximum external quantumciefiicy of 21.3% and
maximum current efficiency of 76.0 cd/A. NotablipetmBTITrz-based device exhibited
excellent efficacy stability with uncompromisediency roll-off at 1000 cd/fmand an

extremely low efficiency roll-off of 3.2% at 500@/n* and 9.0% at 10,000 cdfm
Introduction

During the past three decades, organic light-emgttliodes (OLEDSs) received enormous
impetus from both the academic and industrial latmores due to their versatile applications
in next generation energy saving displays and ssifite lightings:® Also, OLEDs possess
numerous attractive features such as ultra-thinnasgpensive, light weight, flexible and
low power consumption compared to traditional diggechnologied? In the OLEDs, as per

the spin statistics the recombination of chargeear generates singlet and triplet excitons in



1:3 ratio®® Conventional fluorescent materials can harvesy ainiglet excitons for light
emission due to the spin forbidden transition rulekich limited their internal quantum
efficiency to 25%'° In order to resolve this, Forrest al. developed heavy metal-based
phosphorescent emitters (PhOLEDs) to exploit batlylst and triplet excitons for light
emission, which enabled 100% IQE.After the pioneering work, tremendous research
efforts have been dedicated to improve the devizéopmance of PhROLEDS > In general,
PhOLEDs constructed by the host-guest device aathite by doping the phosphorescent
emitter in a suitable host to alleviate the unwdrdencentration quenching and triplet-triplet
annihilation!®*® As the host materials occupy the major portiorthef emitting layer, they
plays an important role in controlling the charggection and transportation, location of
charge recombination zone and device stabflityNevertheless, engineering of the host
materials is as crucial as the dopant emittergaforicating efficient PhOLEDs. In general, an
ideal host should have sufficiently high tripleteegy compared to dopant, suitable HOMO
and LUMO energy levels with neighboring layers, tithermal stability and a broad

recombination zone of the charge carriers in the. Ef1°

It has been demonstrated that the bipolar host rrakteconsisting of both the hole-
transporting (electron donor) and electron-trantpgr(electron acceptor) units can improve
the balanced charge transport in emitting layer #wg are good for promoting the device
performance and reducing the efficiency roll-ofthagh brightness compared to the unipolar
hosts®*® Previous reports illustrated that the choice afiatoand acceptor units and their
structural combination of bipolar host material®dd be examine carefully because they
dominates the charge-transport ability and ovefallice performance in many cas&$>2*

29 Therefore, the understanding of the structure pnogerty relationships of bipolar host

materials is highly desirable for good device perfances. Until now, several electron-

deficient units, such as triazine, cyano, triazopgrazole, pyridine, triazolopyridine,



phosphine oxide, benzimidazole, and oxadiazolepbkas examined as electron transporting
units for developing bipolar host materials for egifblue PhOLEDS®™® However, the
potential donors are limited to carbazole and @evétives because of their excellent hole-
transporting property, thermal stability, and higplet state'®*>****Thus, the development
of novel hole-transport units with the aforemenéidrcriteria is highly desirable to execute
new designs of high-quality bipolar host materifds PhOLEDs. Besides, the green
PhOLEDs have surpassed the maximum theoreticat 0hiEQE (20%)>“*® However,
typical PhOLEDs encounter significant efficacy foff issues at high brightness (> 1000
cd/nf) in spite of high maximum EQEnfay), which is a challenging issue of green
PhOLEDs. For example, recently, S# al. reported a new bipolar host featuring
triazolopyridine electron-transport unit and denioatednmax0f 25.0% and reduced efficacy
roll-off of 7.6% at 1000 cd/f™* Wei et al. developed an indenocarbazole-based bipolar host
and demonstratedmax Of 23.6% and reduced efficacy roll-off of 8.9% 00 cd/m.>*®
Similarly, Liu et al. reported highly efficient triazole-featured bipokest and found gmax Of
28.0% and suppressed efficiency roll-off of 6.0%41800 cd/m.* However, the efficiency
roll-off of the aforementioned devices is stilldarat practical luminance range of 5000 ¢d/m
Therefore, the development of proficient bipolastsowith extremely low efficiency roll-off

for PhOLEDs remained as challenging work for reseeans.

Inspired by the above discussions and with ouricaimtg interest in the development of
new bipolar hosts for PhOLEDS?" herein we report two new hole-transport unitsH10
benzo[4,5]thieno[3,d]indole (BTI) and 1®i-benzofuro[3,23]indole (BFI), for designing
bipolar host materials, 10-(3-(4,6-diphenyl-1,3ja#in-2-yl)phenyl)-1®H1-
benzo[4,5]thieno[3,d]indole (MBTITrz) and 10-(3-(4,6-diphenyl-1,3,5-triazin-2-
yhphenyl)-1MH-benzofuro[3,X]indole (MBFITrz), by integration with a moderate

aryltriazine electron-transport unit for efficiegteen PhOLEDS, respectively. Although some



synthetic attempts have been documented for BTIBtdn the literature, their potential as
hole-transport units in developing functional mitisr for electroluminescent applications
was not explored in the literatut&To this end, here we explored their potential agpions

as hole-transport units in developing bipolar hdetsOLED applications. The donor and
acceptor units were connected imneta-conjugation mode through a phenyl linker to avoid
the extension of conjugation and maintain highlétigenergy for the host materials. The
effect of heteroatoms in the hole-transport unitptotophysical and device performances
was evaluated in detail. Interestingly, the compmsunshowed similar behavior in
fluorescence spectra, whereas their phosphorescpemra were dominated by the hole-
transport units. The phosphorescence of the congsopredominantly originated from the
local excited state’l(E) of donor units, and their corresponding tripeergies were 2.88 eV
for mBTITrz and 2.65 eV fomBFITrz. Both compounds exhibited high thermal stability,
with a decomposition temperaturés) above 41 and a glass-transition temperaturg) (
above 10%C. In addition, the single carrier device studievemled a bipolar charge-
transporting feature for the compounds. Furthermtne compounds were evaluated as
bipolar host materials for green PhOLEDs by empigyir(ppy)y dopant. ThemBTITrz-
hosted device demonstrated much better performtnacedid themBFI Trz-hosted device,
with a maximum EQE of 21.3% and a maximum curréintiency of 76.0 cd/A. Notably, the
mBTITrz-hosted device exhibited excellent efficiency sigbilwith an uncompromised
efficiency roll-off at 1000 cd/fmand an extremely small efficiency roll-off of 3.286 5000

cd/nf and 9.0% at 10,000 cd?m
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Scheme 1. Synthetic scheme of the compoumaBTI Trz andmBFITrz.
Resultsand Discussion
Synthesis and Characterization

Our molecular design was mainly focused on theystidhe effect of heteroatoms (oxygen
or sulfur) in the hole-transport unit on physicocheal and electroluminescent properties of
the host materials. We envisaged that the intemradf electron-donating BTI or BFI units
with an aryltriazine acceptor through a phenyl énkia a meta-conjugation mode would
impart a bipolar charge-transport feature foBTITrz and mBFITrz, and maintain their
triplet energy sufficiently higher than the comngreen phosphorescent emitter Ir(ppy)he
key precursors, BFI and BTI, were synthesized atingrto the procedure in the literatdfe.
The aforementioned donors was reacted with 2-(&bphenyl)-4,6-diphenyl-1,3,5-triazine
under a palladium-catalyzed Buchwald-Hartwig reaffi to accomplish the desired
materials MBFITrz andmBTITrz, in reasonable yields. A synthetic schemerf®FITrz
and mBTITrz is shown in Scheme 1. The chemical structureshef dompounds were
confirmed by the nuclear magnetic resonance spemipy (H and *C NMR) and mass
spectral analysis. Also, the two host materialsewmirrified by the vacuum train sublimation

process before applying in the OLED devices.
Thermal properties

Thermal stability of the host materials is one loé important parameters in fabricating

efficient OLED devices with higher operational sl The thermogravimetric analysis



(TGA) and differential scanning calorimetry (DSC)easurements were employed to
investigate the thermal stability of the compound®TITrz and mBFITrz. The
corresponding TGA and DSC traces of the compoundspartrayed in Figure 1, and
pertinent data were shown in Table 1. Thermal deasition temperatures corresponding to
the 5% weight lossTg) of the compoundmBTITrz andmBFITrz are of 414°C and 413°C,
respectively indicates their excellent thermal ites. Such superior thermal stability of the
compoundsnBTITrz andmBFITrz is ascribed to the robust chemical structures©BT],
BFI, and aryltriazine units, and aromatic unit lwh&ackbone structures. Furthermore, the
DSC curves showed the definite glass transitionpeatures Tg) of 106°C formBTITrz
and 103°C formBFITrz during a second heating cycle. Evidently, theséeras showed
significantly better Ty than that of the conventional host materials ngmkB-bis(\-
carbazolyl)-benzene (mCP; 60°C) and'4i(N-carbazolyl)-1,tbiphenyl (CBP; 62°CY°
The results suggests that the compoun@&3 I Trz andmBFITrz possess excellent thermal
stabilities and tolerate high temperatures durlmg tacuum evaporation process of OLED

device fabrication and device operation.
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Figure l. a) TGA and b) DSC traces of the hast8TITrz andmBFT Trz.
Electrochemical properties

To investigate the electrochemical behavior of tmew compoundsmBTITrz and
MBFTTrz, the cyclic voltammetry measurements were colleatedilute dichloromethane
solution. The oxidation potentials of the compounds referenced to Fc/Fc+ redox couple,
and the relevant data were tabulated in Table feheral, the electron-donating strength of
the chromophores can be evaluated based on thilatin propensity’ Therefore, to
understand the effect of the heteroatoms in the-trahsport units on their electron donating
strength, the oxidation potentials of the BTI anll Brere collected. Interestingly, the BTI
possessed a smaller oxidation potential (+ 0.90thén did the BFI (+ 0.95 V), which
indicates its strong electron donor character, Wwipoobably results because the BTI unit
contains a sulfur atom, which is less electronegathan is the oxygen atom in the BFI

unit.>? Indeed,mBTITrz showed more facile oxidation than thatroBFITrz because of



having a BTI donor that is stronger than the re&yi weak BFI donor in the latter. Upon
reduction sweep, the compounds showed irreversédeaction waves with almost similar
reduction potentials attributed to the presencesarhe aryltriazine acceptor in both the
compounds. The corresponding HOMO and LUMO eneeygels of the compounds was
calculated from their onset potentials of oxidatiand reduction peaks, respectively.
Accordingly, the HOMO/LUMO energy levels of the cpounds were -5.78/-3.22 eV for
mBTITrz and -5.83/-3.19 eV fomBFITrz. The HOMO levels of thenBTITrz and

mBFITrz were shallower than those of common hole-trandypg hosts such as CBP (-6.0
eV) and mCP (-6.1 eV), suggesting good hole-relgmeperties® Additionally, the deep

LUMO levels propose good electron-related propsrtieherefore, good bipolar properties
are expected from the two hosts. The HOMO levebbezrshallow and resulted in a smaller

HOMO-LUMO gap Eg = 2.56 eV) in thenBTITrz than in themBFITrz (Ey = 2.64 eV).
Theoretical calculation

Density functional theoretical (DFT) calculationssvperformed on the model compounds
of the new host materialeBTITrz and mBFITrz using the B3LYP/6-31G* basis set on the
Gaussian 09 program package to understand thetratéc structure and frontier molecular
orbital distributions (HOMO and LUMO)The optimized geometrical structures of the
compounds and their HOMO/LUMO orbitals are dispthye Figure 2. In both the
compoundsmBTITrz and mBFITrz, the HOMO orbitals are exclusively localized om th
BTl and BFI electron donating moieties with littt®ntributions from the phenyl linker,
whereas the LUMO orbitals are delocalized on thdtreazine acceptor unit and extended
into phenyl linker. These HOMO and LUMO distributioesults suggest that the BTI and
BFI would function as the hole-transporting unitthereas the aryltriazine moiety would

behave as the electron-transporting unit. As shamrthe optimized geometries, both



compounds exhibited non-planar geometries, witrgel twisting between the hole-transport
unit and phenyl linker with a large dihedral angfeabove 51 The calculated HOMO and
LUMO energies and band gaByj of the host materials are of -5.14 eV, -2.03 @wl 3.11
eV formBTITrz and -5.17 eV, -2.00 eV and 3.17 eV foBFITrz, respectively The trends

in the computed HOMO, LUMO and band gdf)(values are in good agreement with the

experimentally deduced values.
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Figure 2 a) Optimal geometrical configurations and b) orbitaitigbutions of thenBTITrz

andmBFI Trz estimated by DFT methods.
Photophysical properties

The photophysical properties of the compounds wadyaed by absorption and emission
spectral measurements using®1d THF solutions and the corresponding spectrafiles
are shown in Figure 3 and the pertinent data wésalfin Table 1. Both compounds showed
multiple absorption bands in the range of 260-3i#h he high energy absorption bands
seeming below ~ 335 nm correspond to the localizetl electronic transitions of different

aromatic conjugative segments in the compoundsdrigewavelength absorption band with



mediocre intensity appearing above ~ 345 nm isgassi to the intramolecular charge
transfer (ICT) transitions from the BTl or BFI donto the aryltriazine acceptor. The
observed weak intensity of ICT band is attributedtie interrupted strong electronic
communication between the BTI or BFI donor and taagine acceptor by virtue of non-
conjugativemeta-mode of linkage between them. The dilute solutiohghe compounds
showed green fluorescence under the visible liguth compounds showed featureless
emission profiles, with an emission maximum of 588 for mBTITrz and 534 nm for
mBFITrz, showing that the singlet transition originatimgrh the CT statesvide infra).
Comparatively, thamBTITrz exhibited a slight bathochromic shift with a breag@mission
profile than that of its counterpariBFITrz is attributed to a relatively stronger CT excited
state generated by the charge transfer from the d®hor to the aryltriazine acceptor.
Furthermore, the excited state CT of these compmusdcertified by their observed
bathochromic shift in emission profiles form nongraoluene (TOL) to polar THF solution
with a large full width at half maximum (FWHM). Suca red-shifted emission with
broadened spectral profiles in polar solvents ideature of CT induced electronic
perturbations in the excited state of bipolar coumus® However, the extent of CT is
minimal in these compounds according to the snathdchromic shift A4er, > 48 nm) from
TOL to THF solvents caused by theeta-conjugation linkage between the donor and
acceptor moitieg®The low-temperature PL spectra (LTPL) of the comptsuwere recorded
in a frozen THF at 77 K. In contrast to the flum®sce spectra, the phosphorescence spectra
were largely dominated by the donor units in thengounds. As shown in Figure 3, the
phosphorescence spectra of th8TITrz and mBFITrz were almost indistinguishable in
both the profile and the peak wavelength from thafSBTI and BFI units, respectively. This
clearly indicates that the phosphorescence in thesgounds stems from the local triplet

excited states®(E) of the hole-transport units, perhaps becausehef poor electronic



coupling between the hole-transport and electransiport units resulting from the non-

conjugativemeta-mode linkage between theth>>The triplet energyHy) of themBTITrz

and mBFITrz were calculated from the onset wavelengths of tm@sphorescence spectra

and are of 2.88 eV and 2.65 eV, respectively. Epeof these compounds is sufficiently

superior than the common green Ir(ppyhosphor to ensure efficient forward energy transf

and prevent back energy transfer when employeasts for green PhOLEDs.
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Figure 3. UV-visible Absorption recorded in THF and emissgpectra collected in THF and

TOL solutions and phosphoresce spectra measuiétKatL TPL) of the compounds.

Table 1. Physicochemical and thermal properties of the camgs

Mt cm?® x16)%  (nm) (eV)° O (eVf (ev) CCcr  (CCY
mBTITrz 350 (7.12), 31% 538 2.88 -5.78/-3.22 256 414 106
(sh), 261 (74.0)
mBFITrz 349 (sh), 332 (s534 2.65 -5.83/-3.19 264 413 103

h), 319 (33.1), 2
68 (66.3)




dMeasured in THF solutioREstimated from onset of phosphorescence spéet@aMO and
LUMO estimated from the cyclic voltagranf8and gap estimated from the electrochemical

measurement§Thermal decomposition temperatufied. ‘Glass transition temperaturg,).

Carrier transport properties

The bipolar charge-transport character of the Imozterials is one of the most essential
parameters to facilitate the injection and transpdr charge carriers, balance the hole-
electron distribution, increase the recombinatioobpbility, and achieve the superior device
performance with low efficiency roll-off in the Ph8Ds. As discussed above,
electrochemical and theoretical studies was intdyedemonstrated the bipolar charge-
transport feature omBTITrz and mBFITrz. Furthermore, single carrier devices were
fabricated to certify this. The electric-field-deyent current-density data of the single
carrier devices were displayed in Figure 4. Thestwrily (HOD) and electron-only (EOD)
devices of the hostsnBTITrz and mBFITrz exhibited significantly superior current
densities compared to the conventional host matetja-di(9H-carbazol-9-yl)biphenyl
(mCBP), suggesting that the new host materials gzsssppropriate hole and electron-
transporting ability and have the bipolar chargss$port feature. It is noted that the two
compoundsnBTITrz andmBFITrz exhibited superior hole current density than tH@BR,
shows that the new hole-transport units (BTI and) BiFe more efficient for hole-transport
than is carbazole. Comparing the two host, ti&T1Trz displayed a hole current density
higher than that of thenBFITrz because the BTI has better hole-transport prasettian
does the BFI hole-transport unit. Besides, the ER¥Ye comparable current-densities,
indicating that the two hosts have comparable elaedransport properties, because the same
electron-transport units were used in the two hdstsm these results, it is expected that the
mBTITrz and mBFITrz work well as the host balancing carriers becausth® bipolar

charge-transport property.
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Electroluminescence properties

21 _
124 -23 Y O 8 )
_ o W/ ~ 4
LiF/Al W . - N A A N
< N H»N N O\ /N \_/—__ =
130" 318 -29 e W S T 7 )
:/ a N’i /’-{: )j’
ofla|uln \ - BPBPA
Els|g E‘ > DNTPD PCZAC
8|8 (8% S
o \ I vy o~ - e 4
R T~ ( \ J
t: ! [ N : \ \\ N
.51 —— N |‘r \\ \\‘\N:r\ TN /,,/
-5.2 ‘\\ - = \ N < N N/ B — // /;‘_
-54 . \ /,/N K =
57 T om \ /) N S = | M
""-5.78-5.83 - w </ Wi (.
-6.1 - AN ZADN
Ir(ppY)s DBFTrz iJ

-6.64
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The high triplet energy, bipolar charge-transpbidracter, and excellent thermal stability of
these compounds motivated us to explore their piateapplicability as bipolar host
materials for green PhOLEDs using a well-known grieépy) dopant. The emitting layer
(EML) was composed by doping of 5wt% of Ir(ppyn eithermBTITrz (Device G1, G

denotes green phosphorescerarenBFI Trz (Device G2) hosts. The energy-level alignment



and the chemical structures of each layer usedardevice were displayed in Figure 5. The
EL spectra, current density){voltage ¥)-luminance ) and EQEvs luminance plots of the
green devices are shown in Figure 6, and theiilddtEL parameters are tabulated in Table 2.
In EL spectra (Figure 6a), both G1 and G2 deviecested pure green emission corresponds
to the Ir(ppy) dopant, with peak wavelengths of 517 nm and 514nthCIE coordinates of
(0.30, 0.63) and (0.31, 0.63), respectively. Theeabe of any other emission peaks
corresponding to the hosts or other layers from dbeices, suggesting efficient energy
transfer from the hostsnBTITrz or mBFITrz to the Ir(ppy} dopant and exciton
imprisonment in the EML. Comparatively, theBTITrz-hosted device G1 showed slightly
higher current-density and luminance than didrttigF1 Trz-based G2 device because of its
good hole-transport property, as shown in the sicgkrier device data. The maximum EQE
and current efficiency (CE) of the devices are 3% and 76.0 cd/A for device G1, and
15.7% and 56.3 cd/A for device G2. The superiorfquerance of themBTITrz-hosted
device G1 compared to that of theBFI Trz hosted device G2 is attributed to its sufficiently
higher triplet energy than the dopant for efficiemergy transfer and good bipolar charge-
transporting property for balanced charge carrigection and transport. The EQE&
luminance plots of the compounds are portrayed igureé 6c. Notably, the device G1
exhibited extremely low efficacy roll-off at highightness. At the luminance of 1000 cd/m
the device G1 exhibited EQE of 21.3%, which is amanchanged compared to their
maximum EQE value. Even at the high brightness|le¥e5000 cd/m, the device G1
revealed excellent efficiency stability (EQE = Za)with a small efficacy roll-off of 3.2%.
Furthermore, even at 10,000 cd/rthemBTITrz-hosted G1 device maintained a high EQE
of 19.4%. The efficiency drop at 10,000 cd/mas only 9.0%, indicating its excellent
efficiency stability at a practical brightness randJndoubtedly, this is attributed to the

balanced charge transport of @ T1Trz host. From these results, it is evident that thié B



unit is a potential hole-transport unit for devefgp highly efficient bipolar hosts for

PhOLEDs.
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Figure6. a) EL plot, b)J-V-L plots, c) EQE brightness and d) @duminance plots of the

green PhOLED devices.



Table 2. Summarized EL performances of the devices

Host Voltage Yon)® EQE (%) CE (cd/A) EL peak (nCIE (X, V)
m)
Max. @1000 cd/m @5000 cd/m Max. @21000 ¢ @5000 c
d/n? d/n?
mBTITrz 3.9 21.3 21.3 20.6 76.0 75.9 73.3 515 0.30, 0.63
mBFITrz 4.0 15.7 15.6 14.3 56.3 56.3 51.3 517 0.31, 0.63

%urn-on voltage (V) at 1 cd/m



Conclusions

In summary, we have designed and synthesized twe Isipolar host materialyiz.,
mBTITrz andmBFITrz, using BTl or BFI as the hole-transport units angtaazine as the
electron-transport unit for green PhOLEDs. Theodtrction of the BTl and BFI hole-
transport units allowed a high triplet energy o2e85 eV, a high thermal decomposition
temperature over 41 and a glass-transition temperature above’CODFT computations
and single carrier device studies revealed bipalaarge transporting feature for the
compounds. Further, the green PhOLEDs were faledcasing these new compounds as
bipolar host materials by employing Ir(ppygmitter. ThemBTITrz-hosted device worked
better than thenBFI Trz-hosted device, with maximum EQE of 21.3% and CE&6 cd/A.
Moreover, themBTITrz-hosted device maintained uncompromised EQE of 21a8%000
cd/nf and high EQE of 20.6% at 5000 cd/mith an extremely low efficiency roll-off of
3.2%. These results suggest that BTI is a potehtld-transport unit for developing highly

proficient bipolar hosts for PhnOLEDs and expandslitirary of donor units.
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