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ABSTRACT

Three new bipolar molecules composed of carbazdbkrylamine, and bipyridine were
synthesized and utilized as host materials in ruoalior phosphorescent OLEDs (PhOLEDS).
These carbazole-based materials comprise a holspiat triarylamine at C3 and an electron-
transport 2,4'- or 4,4'-bipyridine at N9. The diéfiet bipyridine isomers and linking topology of
the bipyridine with respect to carbazole N9 notyaailows fine-tuning of physical properties but
also imparts conformational change which subsetypaffects molecular packing and carrier
transport properties in the solid state. PhOLEDsewabricated using green [(ppljacac)],
yellow [(bt)lr(acac)], and red [(mpegly(acac)] as doped emitters, which showed low dgvi
voltage, high external quantum efficiency (EQE)J a&xtremely low efficiency roll-off. Among
these new bipolar materials, tB€z-44Bpy-hosted device doping with 10% (pplyjacac) as
green emitting layer showed a high EQE of 22% (#@18A™") and power efficiency (PE) of
102.5 Im W* at a practical brightness of 100 cd’min addition, the device showed limited
efficiency roll-off (21.6% EQE) and low driving valge (2.8 V) at a practical brightness of 1000

cd m?2

Key Words: bipolar host, carbazole, bipyridine, electrophasphcence



1. Introduction

The discovery of phosphorescent organic light-engittdiodes (PhOLEDSs) is a major
breakthrough in display technology owing to theeir@mt ~100% exciton harnessing ability of
the phosphorescent materi&i$! To realize highly efficient PhOLEDs, homogeneouspdision
of the phosphors in a suitable host matrix is @ufr suppression of undesired excited state
processes such as aggregation quenching, trighgttannihilation (TTA) at high current, etc.,
which deteriorate the device efficien@/Moreover, the host materials also play an important
role for charge transport and electron/hole balaascevell as confinement of emissive exciton
within the emissive layer, which are key factorsp@nsible for highly efficient PhOLEDs. In
recent years, bipolar host materials have gainedeinse interests both in academia and industry
as they possess excellent carrier transport priepedr both holes and electrons, which usually
lead to high device efficiencies with simple devsteuctures. The bipolar property can be
rationally achieved by virtue of incorporating dtea deficient (electron- transport, ET) and
electron rich (hole-transport, HT) functionalitiegth a suitable spacer in a molecular framework.
Carbazole has been widely-used as a HT moiety st st materials because of its high triplet
energy Er) (=3 eV), excellent hole transport capability, dngh thermal stability. For example,
Lee et al. synthesized a series of carbazole/triazine hybmmblar hosts for efficient green
phosphorescent devicé$Ma et al. recently reported a higr (3.03 eV) carbazole/benzonitrile
bipolar host based on a saturated adamantane sp@dag excellent device performance for
blue PhOLED™ A recent report by Chenet al. demonstrates carbazole/quinoline based bipolar
hosts Er = 2.51 - 2.95 eV) gave an external quantum eflicye(EQE) as high as 25.6% (68.1
Im W™ in a yellow PhOLED with low efficiency roll-off® The spacer linking ET and HT

moieties is crucial for designing effective bipolawsts. A suitable spacer can avoid efficient



electronic communication between ET and HT moietéasl effectively retain a higkr that
allows blocking the backward energy transfer frdre emitter to the hosf! An efficient z-
conjugation-impede spacer can be either a satuatoed/group €.g.sp° carbon!® Si atom® %)

or a linkage type that can reduce effective cortjoga(e.g. metalinkage) or lead to large
dihedral anglese(g. highly twisted conformation) between aromatic rifgsWe previously
reported three highly twisted bipolar host materié@PhczNBI, PhczCBI, and PhczDCBI)
consisting of 9-phenylcarbazole (donor) axéhenylbenzimidazole (acceptor) bridgeid a
2,2-biphenyl linker through a series oftho-ortho connectivity. They possess good carrier
transport ability e = pn = 10°-10* cnf V* s, high triplet energies (2.55-2.71 eV) and
excellent performance as host in PhOLED devit83n addition, theortho- and metalinkage
strategies were also successfully adapted in anotport to reduce effective conjugation
between carbazole and benzimidazole in host m&da&LPhBzIm andn-CPhBzIm), in which
m-CPhBzIlm can serve as a universal host for vartmants with highyex;, and a three-color
single-host WOLED hosted CPhBzIm achieved efficiencies of 18.5%, 32.6 ¢d, And 34.1
Im W™ B n addition to carbazole, triphenylamine is alswidely used HT moiety for host
materials owing to its low oxidation potential agood hole transport capabiliﬁlz.]There are a
good number of ET groups that have been studiedemteld as a bipolar host component such as
oxadiazole* triazole,** benzimidazole!*® pyridine,*® triazine,*”! diphenylphosphineoxide
(8 etc. However, the study of bipyridine-containingterial for PhOLED is rare. Kidet al.
reported two ET materials based on 2,2'-bipyridivieich gave an efficient green PhOLED
(21%) with low operating voltages (3.2 V at 1000n¢@). ** The 2,2"-bipyridine not only serves
as ET moiety but can also induce molecular origmahrough CH- - -N weak hydrogen bonding

in addition tor-n stacking. In this article, we report three isorndmipolar hybrids 3Cz-24Bpy,



3Cz-44Bpy, and 2Cz-44Bpy) based on HT triphenylamine and ET 2,4’- and &jpyridine
bridging by a carbazole core through C(3) and N¢@gspectively (Scheme 1). The three
compounds are differed by their connectivity ofybigine. The central carbazole is attached to
the 5-position of 2,4’-bipyridine i5Cz-24Bpy, whereas3Cz-44Bpy and 2Cz-44Bpy have the
carbazole attached to the 3- and 2-position of-Higyridine, respectively, givingrtho- and
metalinkage with respect to the disubstituted pyridifidne different connectivity not only
produces different electronic coupling betweenkieand ET blocks but also alters molecular
geometry due to different steric repulsion and $etal different packing motif in thin film.
Therefore, theEr and charge transport capability of these isomersewine-tuned. PhOLED
devices based orbCz-24Bpy, 3Cz-44Bpy and 2Cz-44Bpy were fabricated for green
(ppy)lr(acac), yellow (bdir(acac), and red (mpgj(acac) phosphors. A maximum current
efficiency (CE) of 79.8 cd A and a EQE of 22.0% were achieved for green PhOh&fded by
2Cz-44Bpy. Furthermore, high efficiencies of 57.3 cd'And 22.4 % were obtained f8€z-

44Bpy-based yellow device.



2. Results and Discussion

2.1. Synthesis

Scheme 1 depicts the synthesis5Gfz-24Bpy, 3Cz-44Bpy, and 2Cz-44Bpy. The carbazole
donor () was obtained through a Suzuki-Miyaura couplingMeen 3-bromocarbazole and 4-
diphenylaminophenyl boronic acid. Similarly, bimline derivatives da and 2c) were
synthesized by copper-catalyzed regioselectivé€C @€oupling between dibromo substituted
pyridine and 4-pyridinylboronic acid®” We preparedb through a Suzuki coupling of 4-
pyridinylboronic acid with 3-bromo-4-iodopyridinehich was in turn synthesized by iodination
of LDA deprotonated 3-bromopyridine at —95¢€! Finally, the target compound&Cz-24Bpy,
3Cz-44Bpy and 2Cz-44Bpy were obtained by Ullmann coupling betwekrand 2a-c at high
temperature in a sealed tube using a literaturéopod (Scheme 1)? Detailed synthetic
procedures are summarized in the Supporting infoomaAll these compounds were purified
through column chromatography and further througbuum sublimation and their molecular
structures were unambiguously determined on thés lEfsvarious spectroscopic techniques.

Single crystal structures were obtained36z-24Bpy and2Cz-44Bpy.

2.2. Thermal properties

Thermal and morphological stability are importanérpquisites to give OLED devices with
higher operational stability. Glass transition temgure Ty) should be sufficiently high to
prevent any morphological change assisted by thdeJbeating during device operation.
Thermal properties of the synthesized compoundse weetamined by thermogravimmetric
analysis (TGA) and differential scanning caloriggtibSC) under nitrogen (Table 1). All these
compounds are characterized by impressive therrtailisy where the 5% weight loss

temperaturesTy) are recorded as 425, 324 and 420 °C respectiveBCz-24Bpy, 3Cz-44Bpy



and2Cz-44Bpy (Table 1). The loweTy of 3Cz-44Bpy as compared to the two other congeners
is probably due to its inherent puckered structaesing weaker intermolecular forces in the
solid matrix. Both5Cz-24Bpy and2Cz-44Bpy possess a highy (~110 °C) which is promising
for host material in terms of morphological stapilin device. NoTy was observed foBCz-

44Bpy.

2.3. Photophysical properties

Photophysical properties &Cz-24Bpy, 3Cz-44Bpy and2Cz-44Bpy were investigated
in dilute solution as well as in neat film (Figutg All photophysical data are summarized in
Table 1. Absorption spectra of three isomeric claphores in both solution and neat film are
quite similar. The broad absorption band from 3®@®@0 nm is contributed by both carbazole-
triphenylamine and carbazole-bipyridine moietieerdas the higher energy peak at around 250
nm is mainly attributed to carbazole-bipyridine dddransitions according to the absorption
spectra of model molecules (Chart S1 and Figure Big fluorescence of these donor-acceptor
chromophores is highly sensitive to the dielectmwironment (Figure S2). For examphz-
24Bpy shows significant solvent-dependent emission fd@® to 532 nm in solvents going from
cyclohexane to THF with decrease of photolumineseequantum yield (PLQY) from 0.25 to
0.05, respectively (Table 1). These emission ptasesuggest charge transfer (CT) character in
the excited state which can be easily formed améssed by photo-induced electron transfer
(PET) process. Similar emission behaviour can bisdound for3Cz-44Bpy and2Cz-44Bpy.
The PET process is very efficient and fast for thlee compounds as indicated by their
predominant CT emission in toluene (Figure la)isInhoted that3Cz-44Bpy exhibited dual
emission at 387 and 518 nm (in toluene at room &atpre). The higher energy emission band

can be assigned to the locally (Franck-Condon)teddiLE) state which has a non-negligible
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concentration in the reversible excited state<:EICT reaction. The residual LE emission of
3Cz-44Bpy indicates a less efficient PET process amongliteetcompounds presumably due
to supressed electronic coupling between the damaor the acceptor in the highly twisted
conformation.

The solid-state phosphorescent spectrum is corslder better translate ther of the
material in a PhOLED device. Therefore, the lowestof 5Cz-24Bpy, 3Cz-44Bpy and 2Cz-
44Bpy were probed from their phosphorescent spectralid seat-films at 10 K instead of the
solution matrix. The triplet energy, measured fritwa first vibronic band in the phosphorescence
spectra are found to be in the range of 2.57-2\6théhe frozen 2-MeTHF and 2.43-2.46 eV in
the neat films. These values are sufficient to fggeen phosphorescent dopants. The singlet-
triplet energy gapAEsr) for the relevant chromophores are found to bidénrange of 0.56-0.59
eV and 0.51-0.67 eV in the frozen medium and néat, frespectively. It is noted that the
phosphorescence spectra of the title compoundsabnest identical with that of a pure
carbazole-bipyridine hybrid and triphenylamine (sBgure S3, supporting information),
indicating that the triphenylamine (TPA) moiety pted with carbazole serves as the lowest

triplet energy sink.
2.4. Computational studies

The ground electronic states of the title compouwvdse modelled in dichloromethane
solvent reaction field using the density functiotfeory (DFT) algorithm as implemented in the
Gaussian09 program packdde. Relevant calculations were performed using the CAM
B3LYP/cc-pVDz functional/basis-set combination waitih imposing any symmetry constraint.
241 The various excited states and the associatetlabscistrengths were calculated using the

time-dependent DFT (TDDFT) code at the same lef/éheory. As the synthesized compounds
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are aimed to be used as bipolar hosts, it woulthteeesting to examine their frontier molecular
orbitals (FMOs). Spatial disposition of the FMOs assential for uninterrupted carrier transport
using a single transporting material. Indeed, wd fhat in all our simulated structures, HOMOs
have coefficients exclusively along the carbazdfATarms g-type) and LUMOs are mostly
based on the* orbitals of the bipyridine functionalities. Asdfe is almost no mixing between
the FMOs we assume that the n-type (bipyridine) argpe (TPA) functionalities would
function rather independently towards charge carrénd the title compounds would merit as
bipolar hosts. Analysis of the TDDFT data shows tHOMO—LUMO excitation in all the
structures has insignificant coefficient. This isatly in accord to the experimental observation
which determines that the low energy absorptiondbignprimarily due to the carbazole-TPA
based transitionstf type). The HOMGO-LUMO excitation involves a charge transfer characte
from the donor arm to the bipyridine which is ruled out for the title chromophores lthse

the almost polarity independent absorption spectra.
2.5 Electrochemical properties

The redox behaviour of the synthesized compoundsexamined in dilute solution (~ 1
mM) using cyclic voltammetry with the following e#ode combination: Ag|AgCl reference
electrode, glassy carbon working electrode andsRha counter electrode. The oxidation scans
were performed in dichloromethane using tetiatylammonium) hexafluorophosphate
(TBAPR;) as the electrolyte and the reduction scans ixytgmated dimethylformamide using
tetrafr-butylammonium) perchlorate (TBAP) as the suppgrtatectrolyte. Corresponding data
are summarized in Table 1 and the cyclic voltamraogr are presented in Figure 3. All the
compounds exhibit quasi-reversible oxidation witlo toxidative signals at ~0.80 V and ~1.1 V

(vs Fc/FQ), indicating formation of stable cation radicaden the electrochemical condition. On
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the other hand, the anion radicals are not staimegh under the same condition as revealed by
their irreversible reductions. That the oxidatiow aeduction occur almost exclusively from the
donor and acceptor arms of the synthesized D/A slya@ understood on the basis of the
electrochemical properties ®1C56 (Chart S1)and 2,2-bipyridine. The model compoundC56
which is devoid of the bipyridine fragment exhibitsry similar oxidation behaviour to that of
5Cz-24Bpy, 3Cz-44Bpy and2Cz-44Bpy with two oxidative components at 0.79 V and 1.13 V
(vs Fc/FE). This observation infers that oxidation occuaniran orbital which is almost similar
in energy in all the compounds under investigatitre acceptor functionality has a little
influence on the donor arm and both the D/A fragmmeare largely decoupled in the ground
electronic state. Similar conclusion is also drawmthe basis of polarity insensitive absorption
spectra of the relevant compounds. Both these wolis@ns are further supported by the quantum
chemical simulation studies which illustrate sdadiatribution of the frontier molecular orbitals
as shown in Figure 2. The HOMO energies were egtdndrom the oxidation half-wave
potentials using the formula of —4.8 — (& — 0.47). As we could not observe precise reduction
half waves for all compounds, we estimated LUMOrgpdrom the relationship of LUMO =
HOMO + E; where E is the optical band gap. These values are sumetamzTable 1. However,
in order to obtain the HOMO levels that are betegresent the solid state environment in a
PhOLED device, we have also estimated the HOMOgniavels of24Bpy, 3Cz-44Bpy and
2Cz-44Bpy thin films by photoelectron spectroscopy (Riken-ACwhich yields very similar

values to that obtained by electrochemical stuchp(@ 1).

2.6 Crystal structure

Solid-state morphology plays a crucial role in deviperformance of OLEDs as the

intermolecular non-covalent interactions have sulstfluences on carrier mobility, migration of
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excitons and importantly thin film formation abylitSingle crystals suitable for X-ray diffraction
structure analysis were obtained &&z-24Bpy and2Cz-44Bpy from dichloromethane-hexane
mixture. Unfortunately, we were not able to get dyaquality 3Cz-44Bpy crystal for X-ray
analysis. Relevant structures and crystal dats@amamnarized in supporting information (Figure
S4, Table S1)5Cz-24Bpy crystallizes in C2/c space group in monoclinicteys whereas
molecules 0f2Cz-44Bpy packs under triclinic P-1 space symmetry, bothasymmetric units
containing a full molecule. Interestingly, the datsstructure o2Cz-44Bpy is more planar than
that of 5Cz-24Bpy. The dihedral angles between carbazole and pheayieg and between
carbazole and pyridine are ~40° and ~73°5(0r-24Bpy, respectively, whereas these values are
found to be ~10° and ~30°, respectively, 8z-44Bpy. Various non-covalent interactions in
the crystal structure d3Cz-24Bpy were revealing that the molecules pack in a raduge to
face manner (Figure 4a). The inner pyridine ringe (bne attached to the carbazole) of a
molecule interact with the inner pyridine ring afi adjacent anti-parallel aligned molecule
through weak C(32)-H(32A)- - -N(3) interactialg.(.n~ 3.4 A, <C—H--- N 152 °). A very weak
C(40)-H(40A)- -x interaction (d...cg~ 3.7 A,<C—H---Cg 159 °) was also observed between
the outer pyridine ring of a molecule and the caobaring of an adjacent parallel molecule. In
contrast, the crystal ®2Cz-44Bpy has a linear packing motif where two inversion Byetry
related molecules forms a dimer in an anti-parafehion (Figure 4b) through C(10)-
H(10A)- - -N(3) interaction between the carbazole @idthe outer pyridine N3i{...n~ 3.48 A,
<C-H---N= 167 °). These dimers are further connected thra@0)—H(30A)- -xn(C36=C37)
interactions between triphenylamine phenylene ridgs.cy~ 3.6 A, <C—H--- g~ 165 °) of two
adjacent molecules to form a linear chain whicmtbhgpands in three dimension through non-

covalent interactions.
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2.7 Chargecarrier mobility

Carrier mobility of the title compounds were measurby time-of-flight transient
photocurrent technique (TORJ using injection blocking contacts with the commoaevide
structure of ITO/compound/Ag (200 nm) where the gl@nthickness for5Cz-24Bpy, 3Cz-
44Bpy and2Cz-44Bpy were 1.37um, 2.85um and 0.91um, respectively, which are sufficiently
thick to produce a thin sheet of charge carriers. al the compounds have a significant
absorption coefficient in the region of 300-350 rphpto-generation of the carriers using our
337 nm laser set-up could proceed without the méech extra charge generation layer. Typical
TOF transient photocurrents for holes at room tnapire are shown in supporting information
(Figure S5). Figure 5 reveals that the hole mab(lit,) of 5Cz-24Bpy varies from 1.8 x 10 to
4.1 x 10° cn? V' s as the field bias sweeps from 2.2 X 10 5.9 x 10 V cmi™’. The same
values for3Cz-44Bpy and2Cz-44Bpy are found to be 2.0 x 1T0to 4.6 x 10° cn? V™ s (field:

5.3 x 16 t0 10.9 x 18V cm™) and 2.3 x 1P to 7.5 x 10° cn? V' s (field: 4.4 x 16 to 9.9 x
10°V cm™Y), respectively. Unfortunately, the transient pleotoent signal for electron was too
weak for all these materials to obtain the electnoobility data using the TOF technique.
Therefore, we fabricated electron-only devices tompare electron mobility of the title
compounds using the common structure: ITO/BCP (®()/lmost/TPBI (20 nm)/LiF/Al where
BCP (2,9-dimethyl-4,7-diphenyl-1,10-phenanthrolif)layer with a deep HOMO (~ 6.5 eV)
serves as the hole blocking layere(+ 107 cnfVis® and TPBI (1,3,5-tris(N-
phenylbenzimidazol-2-yl)benzengy as the electron-transport layer, (1 10° cnfV='s™). The
J-V plots (Figure 5b) shows that the current dgnsfit2Cz-44Bpy is appreciably higher than
those of the two other homologues, which is pogsible to preferable electron hopping channel

through its 1-D linear chain as shown in the ciystaucture. Therefore, it can be realized that
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the connection topology in the title compounds play important role in their bipolar behavior
where the hole and electron mobility for the thceenpounds follow the orders 8€Cz-44Bpy >

2Cz-44Bpy > 5Cz-24Bpy and2Cz-44Bpy > 3Cz-44Bpy = 5Cz-24Bpy respectively.
2.8 Electroluminescent properties

To evaluate these new compounds as host matedalphfosphorescent emitters, we
selected three phosphorescent dopants: green phsf@/pyridinato) iridium(lll)
acetylacetonate  [(pppy(acac)]*® vyellow  bis(2-phenylbenzothiazolato) iridium(lIl)
(acetylacetonate) [(bif(acac)] *® and red (2-(3-methylquinolin-2-yl)phenyl) iridiunhil
acetylacetonate (mpg(acac)®” in the structure of ITO/Tris-PCz:Re@60 nm)/Tris-PCz (15
nm)/host:10 wt% dopant (25 nm)/CN-T2T (50 nm)/Lig/AScheme 2 shows the schematic
diagram of the device structure and the molecutactires used in the device. 9,9’,9”-triphenyl-
9H,9'H,9"H-3,3":6’,3"-tercarbazole (Tris-PCz) with high triplet level Er= 2.76 eV) and wide
bandgap g = 3.5 eV) can efficiently confine the triplet egg of phosphors, is selected as the
HTL. % To lower hole injection barrier from ITO to 9,9’ @iphenyl-9H,9'H,9"H-3,3:6’,3"-
tercarbazole (Tris-PCz), we used rhenium oxideOgRas a dopant material in Tris-PCz to
improves the hole injection efficienc§”) A further 15 nm thick layer of Tris-PCz functions a
the electron blocking layer (EBL). The emitting éay(EML, 25 nm) which consists of 10 wt%
of the phosphor dopants dispersed in the host xn@i@z-24Bpy, 3Cz-44Bpy and2Cz-44Bpy)
was subsequently implemented through vacuum deémosiTo further confine the holes or
generated excitons within the emissive region, amothick layer of CN-T2T% (Er: 2.82 eV;
HOMO/LUMO: 6.7/2.8 eV) is selected as the electtoansport layer (ETL) to block the
excitons within the EML. 8-Hydroxyquinolinolatolitm (Lig) ©* and Al are used as electron

injection layer (EIL) and cathode, respectively.
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Figure 6 shows the current density—voltage—briggen@—V—-L) characteristics and
efficiency versus brightness curves of the devidéwe key characteristics of the devices are
listed in Table 2. To make the description simpke kave used the notations 1, 2 and 3 for
devices hosted bpCz-24Bpy, 3Cz-44Bpy and 2Cz-44Bpy respectively. (ppy)r(acac) was
used to fabricate the green emitting devices G1Sa8ilarly, the yellow and red PHOLEDs are
named as Y1-Y3 and R1-R3 respectively. Notablythedl devices exhibit a low turn-on voltage
of 1.8-2.0 V indicating a barrier-free hole-injexti in the device. In all the three hosts the
dopants exhibit similar spectral behaviour whicHigates effective confinement of the triplet
excitons within the emitting layer and that the rggetransfer from host to guest is complete
(Figure S6).

Devices with3Cz-44Bpy and2Cz-44Bpy as hosts exhibit much higher efficiencies than
the 5Cz-24Bpy hosted device, which are consistent with the PLE)X(re S7). Th&Cz-44Bpy
based green device G3 revealed the best devicerpenice, with a maximum luminandgty)
of 249400 cd i (at 8.4 V), a maximum forward-viewing external gtuan efficiency (EQE) of
22.0 %, a peak current efficiency (CE) of 79.8 ¢d @nd, a peak power efficiency (PE) of 102.5
Im W™ In addition, the roll-off of efficiency is extresty low with EQE of 21.6% at 1000 cd
m?2 (2.8 V) and 18.6% at 10000 cd 1{3.5 V), respectively. For a highly efficient OLED,
ideally, the operating voltage should approximateigtch to the photon energhvf of the
emitted photons. In this study, the device G3 ehid turn-on voltage of as low as 1.8 V, and
the operating voltage at 100 cd’nis only 2.4 V, which almost equals to the emittjslgpton
energy (2.37 eV, calculated from the (ppy)2Ir(acgmctrum peak (522 nm)), resulting the high

power efficiency (PE of 102.5 Im Wat 100 cd if). Such high power efficiency is ascribed to
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the efficient electron-hole capture without addiibcarrier injection barrier and carrier balance
in EML.

Inspiringly, a promising result was also realized the 3Cz-44Bpy doped with
(bt)Ir(acac) device Y2, which reveals_a.y of 135000 cd m? at 7.8 V and relatively high EL
efficiencies (22.4 %, 57.3 cd™Aand 72.5 Im WA. It is clear that the EQE (22.4 %) of our
present yellow OLED with th&Cz-44Bpy host are close to the best data ever reported for
(bt)Ir(acac)-based devices so far, especially amongethwith a single bipolar host* In
contrast the relevant observables for the R3 delwasted by the same hofCz-44Bpy) are
found to be 45400 cd That 8.2V with EQE of 17.8 %. This observation cohklexplained in
the following manner. The HOMO (-5.6 eV) and LUMG3(0) of the green emitter
(ppy)lr(acac)™@ are perfectly aligned with the adjacent layersveithy direct formation of the
excitons in the dopant. However, in case of thedepant energy of HOMO estimated by the
photoelectron spectroscopy (AC-2) is found to b2 -€¥ and that of LUMO is —3.0 eV (LUMO
= HOMO+E,y). It can thus be understood from the energy leiaram shown in Scheme 2 that
the excitons in the red OLED probably form partlythe host and partly in the dopant. The
excitons in the host are then transferred intodibygant which then decays radiatively. However,
this process might induce some sort of nonradidtdgses as compared to exciton formation
directly at the dopant and this might influence diegice performance.

In the PHOLEDs the triplet manifoRMLCT is either directly formed through carrier
recombination (75% probability) or through intetgya crossing from the singléMLCT

excitons (25% statistical ratio). The internal quam efficiency §in) is defined as*

k k
Nint = YNrecllpL = Vrec kp+_1;(nr [T1] = VNrec kp+_z;(nr (0.25¢;5¢ + 0.75)
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following the statistical ratio where is the carrier ratioy,.. is the fraction of carriers that
generate the excitons instead of diffusing to thpposite electrodesyy;, is the
photoluminescence quantum yield, k,, are the radiative and nonradiative modes @agd is

the intersystem crossing efficiency. The almostiwal electron and hole mobility of the
materials CN-T2T and Tris-PC3* infers that in our device structuye, .. is at least= 0.9
indicating a good carrier balance. Similarly, asivaee not observed any fluorescence emission
from the dopants under our experimental conditwa,conclude thap,s. is nearly 100% in all
the cases. Assuming thigt, is almost temperature independent, we can conc¢hatehe green
and yellow emitting devices would achieve highdelinal quantum efficiency as indicated by
the PLQY data of the corresponding doped films. Thd devices might possess more
nonradiative modes than the green and yellow de\possibly due to the energy gap law (Table
2). Indeed, high internal quantum efficiency of a070-80% (considering an outcoupling
efficiency of 20-30%) could be realized in tB€z-44Bpy and 2Cz-44Bpy hosted devices
whereas th&Cz-24Bpy hosted devices achieve a relatively lower valugably due to poorer

PLQY.
3. Conclusions

In summary, we have designed and synthesized tieeebipolar molecules and evaluated
their utilization as hosts in multi-color PHOLEDSpatial disposition of the frontier molecular
orbitals are observed in all donor-acceptor hybrigkich is essential for keeping individual
function of hole and electron transporting subunitBe distinct vibronic progression in the
phosphorescent spectra is indicative of triphenifi@rcarbazole hybrid locally excitetkn*

state as the triplet emitting state. Though alééheompounds exhibit similar HOMO/LUMO and
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triplet energy (E ~2.6 eV in frozen medium and ~ 2.5 eV in theim8l), the effect of structural
topology on their thermal stability and carrier ity are found to be substantially different.
The observed glass transition temperature higtaar 190 °C offers thin film with morphological
stability. The charge carrier mobility for the nedeét compounds are in the orders for h8lez-
44Bpy > 2Cz-44Bpy > 5Cz-24Bpy and electron: 2Cz-44Bpy > 3Cz-44Bpy =~ 5Cz-24Bpy.
Green, yellow and red PhOLEDs were fabricated usieg newly synthesized bipolar hosts
where the pertinent devices exhibit a low driviratage (~ 2 V) and very low efficiency roll-off
at high brightness. Particularl2Cz-44Bpy-basedgreen PhOLED achieved a maximum CE of
79.8 cd A' and a EQE of 22.0% arBCz-44Bpy-based yellow device also gave CE of 57.3 cd
A™' and a EQHip to 22.4%. Both 02Cz-44Bpy- and3Cz-44Bpy-based devices showed rather
low operating voltage and limited efficiency rofitoln contrast, the devices hosted 5§z-
24Bpy are found to perform poorer than those hostedhéyther two analogues, which could be

due to lower carrier mobility dCz-24Bpy than others.
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List of figures

Scheme 1 Molecular structures and synthesis of the targetpmundssCz-24Bpy, 3Cz-44Bpy
and2Cz-44Bpy.

Scheme 2 Molecular structures of the various materials used an energy level diagram for the
relevant devices.

Figure 1 Absorption, fluorescence and phosphorescencerspaf@Cz-24Bpy, 3Cz-44Bpy and
2Cz-44Bpy. (a) absorption spectra in dichloromethane at roemperature (298 K, ~ TOM),
fluorescence (broad structureless band at shoreelength) and phosphorescence (structured
band at longer wavelength) spectra in frozen 2-gitettnahydrofuran at 77 K. (b) absorption and
fluorescence (broad structureless) spectra at rmonperature (298 K) and phosphorescence
spectra (structured) at 20 K in neat film.

Figure 2 HOMO (bottom) and LUMO (top) 05Cz-24Bpy, 3Cz-44Bpy and 2Cz-44Bpy as
computed in CAM-B3LYP/cc-pVDz level of theory. Hydyen atoms are omitted for clarity.
Figure 3 Cyclic voltammograms obCZ-24BPY (solid line), 3CZ-44BPY (dashed line) and
2CZ-44BPY (dash dotted line) (oxidation scans, vs Fc) ildimomethane. Scan rate = 0.1V s
1.

Figure 4 Supramolecular non-covalent interactions in thetedystructure of (8§Cz-24Bpy and

(b) 2Cz-44Bpy. Carbon atoms: light grey; nitrogen atoms: dar&ygrMost of the hydrogen
atoms are omitted for clarity.

Figure 5 (a) Hole mobility vs B and (b) J-V characteristics of electron-only devior 5Cz-

24Bpy, 3Cz-44Bpy and2Cz-44Bpy.
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Figure 6 (a)(c)(e) Current density-voltage-luminandeM-L) characteristics. (b)(d)(f) External
guantum (EQE) and power efficiencies (PE) as atfanoof brightness fobCz-24Bpy, 3Cz-

44Bpy and2Cz-44Bpy hosted devices.
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Table 1 Summary of the physical propertiess®z-24Bpy, 3Cz-44Bpy and2Cz-44Bpy

5Cz-24Bpy 3Cz-44Bpy 2Cz-44Bpy
TdTd T (°C) 110/425/170 —/324/112 108/ 420+
E1nEyz° (V) @ 0.82/-0.71 0.81/-0.75 0.80+
HOMO/LUMO (eV)”! —547/-2.38 -549/-2.41  -5.48/-2.45
HOMO/LUMO(eV)® —541/-2.44  -540/-2.48 -5.47/-2.37

e (L mol™ cn®) 1@ 48000 39500 54000
Ama™ soln./film (nm) ~ 333/335 328/330 330/335
Amar = (NM)/Dp, @] 420 (CH)/0.25 460 (CH)/0.13 460 (CH)/0.12
470 (Tol)/0.23 518 (Tol)/0.07 512 (Tol)/0.08
532 (THF)/0.05 — (THF) /—  — (THF) /—
503 (Film) / 0.47 504 (Film)/0.27 515 (Film) .09
Er soln./film (eVv)!! 2.60/2.45 2.59/ 2.46 2.5712.43
un (cmfv st 3.6 x 10° 26.2 x 10° 6.9 x 10°

[a] Estimated from the half-wave and onset potéirighe oxidation and reduction scan of the cyetidtammograms, respectively. [b] Calculated from
the electrochemical results with respect to the=€credox couple. [c] HOMO was determined using phietcteon spectroscopy (AC-2). LUMO =
HOMO + E; where F is the optical band gap (0-0 transition) in nélat.f[d] molar extinction coefficient determined THF solution, an average of five
data. [e] CH = cyclohexane, Tol = toluene, THF #raeydrofuran. The photoluminescence quantum yieldshe samples were measured using
anthracene as the standard in ethadof (0.27). Optically matched dilute solutions (Om-©5) were excited under identical instrumentatirsgs. ®p

of the samples are reported in 10% error limit.tffplet energy corresponding to the first vibromiand of the phosphorescence spectra in frozen
2-methyltetrahydrofuran (77 K) and in neat film &) [g] under an electric field of 4.9 x 1% cn™.




Table 2.

EL performances of devices

EML Vor® Limax Imax EQE CE PE EQFatlGcdm? CIE
\Y| [cd m?] [mAcm?  [%] [cdA™] [ImWT] [%, V] [x.y]
G ?&)@'ﬁfg‘;ﬁ(’% 18 235700 (8.4V) 4190 149 535 765 142, 28  0.30,063
vi ?bf)zzl'rz(g?;gm% 18 154900 (8.2V) 3770 138 131 5171 130,28 052,048
R1 fﬁ;&iﬁg’lﬁg’% 18 41400(84vV) 3880 90 86 123 75,34  0.@80.
G2 é)(;;jfgsg;(’% 18 223500 (8.0V) 2970 207 749 883 206,30  0.31,0.63
Y2 ?&i[ﬁi&é’gm% 18 135000 (7.8V) 3190 224 573 725 218,29 052,047
R2 fﬁ;&iﬁg’lﬁg’% 20 37700(84V) 3220 168 164 176 121,38 088
G3 é,ﬁiﬁfgﬁﬁ‘)% 1.8 249400 (8.4V) 4240 220 798 1025 216,28  0.36,0.64
3 (Zb%il'ig?;é’:m% 18 155700(8.2V) 3850 218 587  86.1 209,28 051,048
RS 2Cz-44Bpy:10% ;g 45400 (82v) 3500  17.8  17.9 225 154,34 088

(mpq}lr(acac)

[a] The notation 1,2 and 3 indicate the deviceémifated with host materials &Cz-24Bpy, 3Cz-44Bpy and 2Cz-44Bpy, respectively. [b] Turn-on

voltage at which emission became detectable. c)vahees of driving voltage and EQBf device at 1000 cd Thare depicted in parentheses.
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Highlights:

®  Threebipolar hosts (5Cz-24Bpy, 3Cz-44Bpy and 2Cz-44Bpy) comprising of carbazole-bridged
triphenylamine-bipyridine.
The E; is suitable to serve as a phosphor host from green to red.

Both of 2Cz-44Bpy- and 3Cz-44Bpy-based devices showed rather low operating voltage and

limited efficiency roll-off.



