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Abstract

Orange phosphorescent iridium(lll) complexes, (DNiBTacac) and (TBT)r(acac),
based on either 2-(3,4-dimethylphenyl)benitibiiazole  (DMBT)  or
2-(4-(trimethylsilyl)phenyl)benzafthiazole (TBT) as the cyclometalated main
ligands and acetylacetone (acac) as an ancillaggntl, were synthesized for
solution-processed organic light-emitting diodesLEDs). The Ir(lll) complex,
(BT).Ir(acac), which consists of 2-phenylberditiiiazole (BT) as the main ligand
and acac as the ancillary ligand, was also symtbdsias a reference. The
photophysical, electrochemical, and electrolumieas€EL) properties of these Ir(lll)
complexes were investigated. The OLED fabricatadgu§TBT ),Ir(acac) exhibited
significantly improved luminance and external quamt efficiency (EQE) as
self-quenching at high doping concentrations wascassfully prevented by
introducing bulky trimethylsilyl groups. The EL sgprum of (TBT)Ir(acac) exhibited
an emission maximum at 578 nm with a full-widthkatf-maximum of 74 nm and
Commission Internationale de L'Eclairage coordisaté (0.55, 0.44) at 1000 cd/m
The device with 7 wt% (TBT)r(acac) dopant exhibited a maximum luminance of
6,837 cd/m, maximum luminous efficiency of 25.26 cd/A, povedficiency of 12.37

Im/W, and EQE of 9.94%.

Keywords. benzothiazole; iridium(lll) complex; organic lighmitting diodes;

phosphorescenceulky substituents
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1. Introduction

In recent years, phosphorescent organic light-emgitliodes (OLEDs) have attracted
considerable attention in academia and industraumez of their potential applications
as color emitters in solid-state lighting and fdlor flat panel displays.
Phosphorescent OLEDs exhibit many outstanding ptigsesuch as low operating
voltages for low power consumption, high brightnessggh contrast, and the
possibility to produce thin, large-area, and fléxidevices [1,2].

The use of phosphorescent emitting materials sadh(lfl) [3—7], Pt(ll) [8,9], Ru(ll)
[10-12], and Os(ll) [13,14] complexes in OLEDs ragnificantly improved their
performances because both singlet and triplet @xgitcan be harvested for light
emission. This is a result of the strong spin-ocbiipling caused by the presence of
heavy metals. Thus, high external quantum effiage(EQES) can be achieved using
efficient phosphorescent materials [15-18]. Seversarch groups have focused on
the development of phosphorescent Ir(lll) complexesause of their thermal
stability, high phosphorescence quantum efficierstyrt triplet lifetime, and facile
control of the emission spectrum [3-7, 19].

Among the iridium complexes, (BAlj(acac) has been often used as an orange emitter
of OLEDs, however, it suffers from problems suchpa®r thermal stability, low
photoluminescence (PL) quantum efficiena®p(), and significant concentration
self-quenching at high doping concentrations [20—&2ructural modifications of
cyclometalated ligands in Ir(lll) complexes haveetecarried out to address these
issues. For instance, the introduction of bulky ssibents such as pinene,
trimethylsilyl (TMS), or phenyl on 2-phenylpyridifepy) ligands not only prevented
self-quenching at high doping concentrations bsd anproved the thermal stability
of the devices, thus leading to enhanced devicéonmeances [24,25]. The bulky
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substituents in the Ir(lll) complex suppressed bevolar interactions and thus
effectively reduced self-quenching at high dopingaentrations.

In this study, we designed new orange phosphoresceium(lil) complexes,
(DMBT).lIr(acac) and (TBTr(acac), based on
2-(3,4-dimethylphenyl)benzd]thiazole (DMBT) and
2-(4-(trimethylsilyl)phenyl)benzafthiazole (TBT) as cyclometalated main ligands
and acetylacetone (acac) as the ancillary ligandth B(DMBT)Ir(acac) and
(TBT).lr(acac) exhibited improved electroluminescence )(Bbterformances in
phosphorescent OLEDs as self-quenching at highgdoomcentrations was avoided
by the introduction of the bulky dimethyl or TMSogips. Moreover, the dimethyl and
TMS groups on the cyclometalated ligands of (DM@ acac) and (TBTy)r(acac)
imparted thermal stability and improved solubility common organic solvents
compared to (BThJr(acac). The detailed synthetic routes and chensitactures of

the heteroleptic iridium(lll) complexes are outkihe Scheme 1.
(o) H
+ @E'i} Q " 1:R;=H,R;=H
—_—
DMSO 5 z 2: Ry =CHj3, R, =CH3
R{ R,
Ry

Os_H
@EQ C 1. t-BuLi, THF @: >_©_
DMSO s 2. (CH3),SiCl
F 3

IrCly.H,0 ; ;

1 2 ord SN /CI\ [Ny S Acetylacetone S NJ /O
> b 4 > N =
2-Ethoxyethanol / water 'Ir\ /Ir‘ Na,CO3 r"\o /
Cl 2-Ethoxyethanol
Ry R4 Ry

| R, P B R, Jo L R, 1,
5:R1=H,R;=H (BT),lr(acac): Ry=H R;=H
6: Ry =CHj3, R, =CH; (DMBT),Ir(acac): Ry = CH; R, =CHj
7:R;=H,R,=TMS (TBT),lr(acac): Ry = H, R, = TMS

Scheme 1. Synthesis of (BIf{acac), (DMBT)Ir(acac), and (TBTJr(acac).
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2. Materials and methods

2.1. Materials

Iridium chloride trihydrate (IrGl3H,0), benzaldehyde, 3,4-dimethylbenzaldehyde,
4-fluorobenzaldehyde, 2-aminobenzenethieti-butyllithium, sodium carbonate, and
chlorotrimethylsilane were purchased from Sigmarigld and Alfa Aesar. All

chemicals were used without further purification.

2.2. Synthesis of ligand and phosphorescent iridtomplex

2.2.1. 2-Phenylbenzold]thiazolé)(

Benzaldehyde (3.00 g, 28.3 mmol) and 2-aminoberibang(3.54 g, 28.3 mmol)
were dissolved in DMSO (60 mL) and heated at 12@ii@er nitrogen for 24 h. After
cooling to room temperature, the mixture was exécavith dichloromethane/brine.
The combined organic extracts were dried over Mg3idered, and concentrated in
vacuo. The resulting solid was recrystallized inthraaol to obtain compounti as a
pale violet solid (4.20 g, 70.4%H NMR (300 MHz, CDCYJ) & (ppm): 8.08 (m, 3H),
7.89 (d, 1HJ = 7.5 Hz), 7.48 (m, 4H), 7.36 (dd, 1Bi= 8.4, 7.5 Hz)*C NMR (75
MHz, CDCk) & (ppm): 168.1, 154.2, 135.0, 133.4, 131.1, 12829.3, 126.1, 125.1,

123.2, 121.7; MALDI-TOF (M, C;3HgNS): caled. 211.05, found 211.05.

2.2.2. 2-(3,4-Dimethylphenyl)benzo[d]thiazco® (

Compound (4.20 g, 78.5%) was prepared from 3,4-dimethylbattehyde using the
same procedure as that for the synthesis. 8H NMR (300 MHz, CDCJ) & (ppm):
8.11 (m, 2H), 7.91 (d, 1H] = 7.5 Hz), 7.50 (m, 4H), 2.08 (s, 3H), 2.01 (s)3HC
NMR (75 MHz, CDC}) & (ppm): 168.2, 154.0, 138.9, 135.3, 133.5, 1312R.4,

5
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128.0, 126.3, 125.0, 124.5, 123.0, 121.7, 21.53;2ALDI-TOF (M, C;sH13NS):

calcd. 239.08, found 239.10.

2.2.3. 2-(4-Fluorophenyl)benzo[d]thiazol®) (

Compound3 (3.60 g, 64.9%) was prepared from 4-fluorobenzalde using the
same procedure as that for the synthesis of contpbuiti NMR (300 MHz, CDCJ)

§ (ppm): 8.07 (d, 1HJ = 8.4 Hz), 7.96 (d, 2H] = 8.7 Hz), 7.91 (d, 1H] = 7.5 Hz),
7.63 (d, 2H,J = 8.7 Hz), 7.51 (dd, 1H] = 8.4, 7.5 Hz), 7.40 (dd, 1H,= 8.4, 7.5 Hz);
13C NMR (75 MHz, CDCJ) & (ppm): 166.5, 164.4, 154.0, 136.0, 130.0, 1296.4,
125.2, 123.2, 121.7, 116.1; MALDI-TOF (MC;3HgFNS): calcd. 229.04, found 229.

03.

2.2.4. 2-(4-(Trimethylsilyl)phenyl)benzo[d]thiaz ¢
2-(4-Fluorophenyl)benzd]thiazole @) (3.5 g, 15.3 mmol) was dissolved in
tetrahydrofuran and stirred at —70 °C. Additiort-&uLi (10.6 mL, 23.0 mmol, 1.7 M
in pentane) over 30 min resulted in a red solutiéfier stirring for 1 h at this
temperature, chlorotrimethylsilane (2.3 mL, 18.1 oynwas added into the reaction
mixture and the solution was stirred for an addaiohour. The mixture was then
allowed to warm to room temperature and stirred4fdr. Subsequently, the mixture
was extracted with ethyl acetate/brine and the aoetborganic extracts were dried
over MgSQ. After filtration, the solvent was removed undeduced pressure and the
resulting liquid was purified by column chromatqggng on silica gel (ethyl
acetate/hexane = 1/7) to obtain compodras a pale yellow liquid (2.73 g, 63%
NMR (300 MHz, CDCJ) & (ppm): 8.10 (m, 3H), 7.90 (d, 1H,= 8.4 Hz), 7.67 (d,
2H,J=7.5Hz), 7.50 (dd, 1H),= 8.4, 7.5 Hz), 7.40 (dd, 1H,= 8.4, 7.5 Hz), 0.34 (s,

6



142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

16l

162

163

164

165

166

9H); °C NMR (75 MHz, CDCJ) § (ppm): 168.0, 154.6, 154.2, 135.2, 131.0, 127.4,
126.2, 125.7, 125.1, 123.3, 121.4, 5.82; MALDI-TQ®*, CieH1/NSSi): calcd.

283.09, found 283.07.

2.2.5. Synthesis of Ir(lll)—chloro-bridged dimer complexes{)

Typical procedure A mixture of iridium(lll) chloride trihydrate (80 g, 1.7 mmol)
and 2-phenylbenzd]thiazole () (0.85 g, 4.0 mmol) in 2-ethoxyethanol/water (40
mL, 3/1, v/v) was refluxed under nitrogen for 1&t120 °C. After cooling to room
temperature, the precipitate was collected and echsieveral times with water and
petroleum ether to afford a red powder. The solab wiried in vacuo to obtain the
iridium(lll) u-chloro-bridged dimeb in 77% yield. The other dimers, complexgs
(64%) and7 (59%), were prepared from the corresponding 2-plbenzothiazole
derivatives2 and4, respectively, by following the same proceduree Thude Ir(lIl)
u-chloro-bridged dimers were used directly in thextnstep without further

purification.

2.2.6. Synthesis of Ir(lll) complexes

Typical procedure A mixture of iridium(lll) x-chloro-bridged dimeb (0.5 g, 0.39
mmol), 2,4-pentadione (0.15 g, 1.5 mmol), and sodaarbonate (0.38 g, 3.6 mmol)
was heated at 135 °C in 2-ethoxyethanol for 24 theumitrogen atmosphere. After
cooling to room temperature, the solvent was remawvader reduced pressure. The
mixture was then extracted with dichloromethanes dlganic extract was dried over
anhydrous MgS@and the filtrate was evaporated in vacuo. Theltiagusolid was
purified by column chromatography on silica gelngsethyl acetate/hexane (1/5, v/v)
as the eluent. The resulting solid was recrystdlirom dichloromethane/ hexane to

7



167 obtain (BT)Ir(acac) as a red solid (0.35 g, 64%). (DMHBfMpacac) and
168  (TBT).lr(acac) were prepared from the correspondingl)r{fichloro-bridged dimers
169 6 and7, respectively, by following the same procedure.

170

171 (BT)Jlr(acac) (64%):*H NMR (300 MHz, CDCY) & (ppm): 8.08 (m, 2H), 7.90 (m,
172 2H), 7.64 (d, 2H,) = 7.5 Hz), 7.43 (m, 4H), 6.85 (dd, 28i= 7.5, 7.4 Hz), 6.63 (dd,
173 2H,J=7.8, 7.4 Hz), 6.40 (d, 2H,= 7.8 Hz), 5.12 (s, 1H), 1.75 (s, 6HJC NMR (75
174 MHz, CDCk) & (ppm): 185.5, 180.2, 150.9, 147.6, 142.5, 14248,2, 131.5, 127.1,
175 125.8, 125.1, 124.4, 122.2, 120.5, 101.6, 28.4; MATLOF (M", CziH23IrN»S,0,):
176  calcd. 712.08, found 712.00 (HPLC purity: 99.8%).

177 (DMBT)Jlr(acac) (64%):*H NMR (300 MHz, CDCJ) & (ppm): 8.05 (m, 2H), 7.86
178 (m, 2H), 7.35 (m, 6H), 6.16 (s, 2H), 5.09 (s, 1RP8 (s, 6H), 1.91 (s, 6H), 1.73 (s,
179  6H); °C NMR (75 MHz, CDC}): 185.5, 181.0, 151.0, 144.9, 143.2, 139.7, 136.1,
180 131.1, 129.5, 127.1, 126.7, 124.6, 122.1, 119.9,61@28.5, 20.4, 19.5; MALDI-TOF
181 (M*, CasHzulrN,0,S,): caled. 768.15, found 768.10 (HPLC purity: 99.8%)

182 (TBT)Jlr(acac) (58%):*H NMR (300 MHz, CDCJ) & (ppm): 8.15 (m, 2H), 7.92 (m,
183 2H), 7.58 (d, 2H)J = 7.5 Hz), 7.42 (m, 4H), 6.97 (d, 2B,= 7.2 Hz), 5.51 (s, 2H),
184 5.18 (s, 1H), 1.79 (s, 6H), 0.35 (s, 18£C NMR (75 MHz, CDCJ): 185.5, 180.2,
185  150.9, 147.6, 142.5, 142.3, 140.2, 131.5, 127.5,82125.1, 124.4, 122.2, 120.1,
186 101.6, 30.2, 28.5; MALDI-TOF (M Cs/HsglrN,O>S,Si): calcd. 856.16, found
187  856.16 (HPLC purity: 99.7%).

188

189  2.3. Fabrication of OLED devices

190 The device structure of the fabricated OLEDs wadium tin oxide (ITO; 50
191  nm)/PEDOT:PSS (40 nm)/TCTA (20 nm)/TCTA:TPBi:orargmpant (50:5626) (40
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nm)/TPBi (40 nm)/LiF (1 nm)/Al (120 nm). In theseewices, the dopants were
(BT)ar(acac), (DMBT}Ir(acac), and (TBTJ)r(acac); the doping ratio of
tris(4-carbazoyl-9-ylphenyl)amine (TCTA) to
2,2,2"-(1,3,5-benzinetriyl)-tris(1-phenylH-benzimidazole) (TPBi) was 1:1, and the
concentrations of the dopant€4) were 3, 5, 7, and 11%. The ITO substrate was
cleaned by sonication in acetone and isopropylhalctollowed by ultraviolet/ozone
treatment for 10 min.  After treatment with  oxygen lagma,
poly(3,4-ethylenedioxythiophene)  doped  with  poly(ehesulfonic  acid)
(PEDOT:PSS, Al4083) was spin-coated onto the cl@ad® substrates. TCTA,
which served as the hole-transport layer (HTL), waposited onto the PEDOT:PSS
layer. The emissive layer consisting of TCTA, TP&nd the Ir(lll) complex in the
composition ratio of TCTA:TPBI:Ir(1ll) = 50:5&: was spin-coated onto TCTA layer
and then annealed at 120 °C for 30 min to remoeeréBidual solvent. TPBi, which
acted as a high triplet-energy exciton blockingetagHBL) with electron transport
properties, was then deposited on the emissiver.ldyiaally, a layer of lithium
fluoride (LiF) as the electron injecting layer (Eland that of aluminum (Al) as the
cathode were sequentially deposited by thermalaatipn on top of the film through

a mask under high vacuum (below 2.0 x°Ibrr, 0.27 mPa).

2.4. Measurements

'H and*C NMR spectra were recorded on a Varian Mercury BBz (75 MHz)
spectrometer in CDGI Thermogravimetric analysis (TGA) was performethgsan
SDT Q600 V20.9 Build 20 instrument under nitrogéma@sphere at a heating rate of
10 °C min*. Matrix-assisted laser desorption/ionization-tiaidlight (MALDI-TOF)
mass spectra were obtained using a ZMS-DX303 maastremeter (JEOL Ltd.).

9
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High-performance liquid chromatographic analysisP(l&€) was performed on a
Shimadzu Prominence instrument. UV-Visible absorpspectra were recorded on a
Shimadzu UV-3600 spectrophotometer, whereas phoiokscence (PL) spectra
were recorded on a Shimadzu RF 5301 PC fluorom€walic voltammetry (CV)
measurements were carried out with a CHI600D systérpotential scan rate of
50-100 mV-S in a dichloromethane (G#l,) solution containing 0.1 M
tetrabutylammonium perchlorate as the supportimgtedlyte at room temperature
(Ag/AgNO; as reference electrode, Pt wire as counter elbgtridt disc as working
electrode (2 mm diameter), and £p/CpFe" redox couple as a secondary internal
reference). The current density—voltage—luminanke/-L) characteristics were
measured and electroluminescence (EL) spectraeopltiosphorescent OLEDs were
recorded using a Keithley 2400 source measurememt and CS-1000
spectrophotometer. All devices were fabricated kplut®n processing and
encapsulated with a glass lid and CaO getter befevece measurements. A Keithley
2400 source measurement unit and CS-1000 speatroretkr were used to evaluate

the device performances.

3. Resultsand discussion

3.1. Synthesis and characterization

The heteroleptic Ir(lll) complexes, (Bdi)(acac), (DMBT}Ir(acac), and
(TBT).Ir(acac), were synthesized according to the prasedhown in Scheme 1. The
cyclometalated main ligands, BT, DMBT, and TBT wesgnthesized via a
cycloaddition reaction between benzaldehyde devestand 2-aminobenzenethiol
[20-22]. The Ir(lll) u-chloro-bridged dimers were formed by the reactainthe
cyclometalating ligands, BT, DMBT, and TBT, withClg-3H,O in a mixture of
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2-ethoxyethanol and water [26]. The Ir(l}chloro-bridged dimers were then reacted
with acac as an ancillary ligand in 2-ethoxyethateohkfford the heteroleptic Ir(lll)
complexes. These complexes were characterized'tby and *C-NMR, and
MALDI-TOF mass spectroscopy measurements (Figureail®l S2). The materials
were purified by vacuum sublimation before deviedrication. The purity after
sublimation was confirmed to be >99.5% based on GiffEigure S3). The thermal
properties of (BTjr(acac), (DMBT)Ir(acac), and (TBT)Jr(acac) were investigated
by TGA under a nitrogen atmosphere. The 5% weigbs-ItemperaturesT{) of
(BT).Ir(acac), (DMBTXIr(acac), and (TBT)r(acac) were 327, 361, and 338 °C,
respectively (Figure S4), indicating that they wbille thermally stable under the
OLED fabrication conditions. Th&y values showed that the Ir(lll) complexes with
either DMBT or TBT as the cyclometalated ligandgevihermally more stable than

the corresponding Ir(lll) complex containing BTthe main ligand.

3.2. X-ray Crystallography

The crystal structure of (DMBTly(acac) was investigated using single-crystal X-ra
crystallography. The crystallographic refinementapaeters, selected bond distances
as well as bond angles are summarized in TableS&&nd the crystal structure is
shown in Figure S11. The crystallographic data fODMBT).lr(acac) has been
deposited in the Cambridge Structural Database CQ@B24937). The iridium atom
adopts a distorted octahedral coordination geomeitly two C”N cyclometalated
ligands and one OO ligand. The geometrical coméiton of (DMBT)lr(acac) was
N,N-trans, which is the same configuration as that of (BTacac) standard material
[22]. Although the single crystal sample of (TBIfjacac) has not been obtained, a
similar conformation can be assumed in view of gisuctural similarity to

11
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(DMBT).Ir(acac). Detailed crystallographic data (cif) @MBT).lr(acac) can be

found in the Supporting Information.

3.3. Photophysical properties

The photophysical properties of the Ir(lll) compdsxwvere investigated by conducting
UV-Vis absorption and PL spectroscopic measuremenfs their dilute
dichloromethane solutions (fOM) and thin films at room temperature. The UV-Vis
absorption spectra of the Ir(lll) complex solutiomere almost the same as those of
the corresponding films (Figure S5). All the Irflicomplexes showed a strong
absorption band below 350 nm and a weak broad ptserband in the longer
wavelength region above 380 nm. The absorption banithe shorter wavelength
region corresponds to spin-allowed ligand-centér@asitions tr-n*) of main ligands
(Figure 1(a)), and the weak and broad absorptio$a the range of 380-550 nm to
metal-to-ligand charge transferMLCT and *MLCT) and spin-orbit coupling
enhanced®r-n*; these assignments were made by comparison withset of
previously reported Ir(lll) complexes [20-23]. Tloptical properties of the Ir(lll)
complexes are summarized in Table 1. Complexes (DMBacac) and
(TBT)2Ir(acac) exhibited red-shifted absorption in consgaar to that of (BTylr(acac)
because of the substitution of electron-donatimgedyl or trimethylsilyl groups on
the phenyl ring of the main ligand. The optical thagap energiesE(™™) of
(BT).Ir(acac), (DMBT)Ir(acac), and (TBT)r(acac) were determined to be 2.25,
2.21, and 2.19 eV, respectively, according to theed of the absorption edge.

The PL maxima of (BTRJr(acac), (DMBT}Ir(acac), and (TBT)r(acac) were
observed at 563, 569, and 576 nm, respectivelysd heeasurements were conducted
with dilute dichloromethane solutions of the conxgle at room temperature (Figure

12



292  1(b)). (DMBT)lIr(acac), and (TBTJr(acac) exhibited 7—12 nm red-shifted emission
293  compared to that of (BJly(acac) with the same effect as observed in tlsmibion
294  spectra. The PL quantum yieldsy) of (DMBT).lr(acac) and (TBT)r(acac)
295  measured using their 1IM degassed dichloromethane solution and ¢B{Bcac) as
296 a reference®p = 0.26) were determined to be 0.38 and 0.49, réispdc[20-22].
297 The higher ®p values of (DMBT)Ir(acac) and (TBTJr(acac) than that of
298  (BT).lr(acac) were attributed to the reduced free rotabf the compounds because
299  of the bulky dimethyl or trimethylsilyl substituent

300

301  3.4. Theoretical calculations

302  We performed theoretical calculations based on iterignctional theory (DFT),
303 using the B3LYP/6-31G(d) hybrid exchange-correlatianctional and LANL2DZ
304  basis sets, for a better understanding of the sfleicDMBT and TBT cyclometalated
305 ligands in iridium(lll) complexes. The calculationsere conducted using the
306 Gaussian 09 package [27]. Figure 2 shows the eleatiensities and calculated
307 energy levels of the highest occupied molecularitaido (HOMOs) and lowest
308 unoccupied molecular orbitals (LUMOs) of (Blffacac), (DMBT}Ir(acac), and
309 (TBT)Jr(acac). The HOMOs of (BEk(acac), (DMBT}Ir(acac), and (TBT)r(acac)
310 were similarly localized on the phenyl ring of tfimain ligand and thd orbital of the
311  Ir metal. Thus, electron donating substituents fen ghenyl ring of the main ligand
312 could be expected to raise the HOMO energy leveé TUMOSs in all synthesized
313 Ir(lll) complexes were largely localized over thenzothiazole and phenyl rings.

314  The calculated HOMO/LUMO energy levels of (BIffacac), (DMBT}Ir(acac), and
315 (TBT)Jlr(acac) were —5.15/-1.88, —4.94/-1.72 eV, and5/5204 eV, respectively.
316 The calculated HOMO energy level of (DMBTjacac) was higher than that of
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341

(BT).Ir(acac) because of the electron donating dimegingups on the phenyl ring.
The increased HOMO and decreased LUMO energy lexfellse synthesized Ir(lIl)
complexes using DMBT and TBT led to a narrower bayap, and therefore,
(DMBT).Ir(acac) and (TBT)Ir(acac) could be expected to exhibit red-shifted

emission compared to that of (Blffacac).

3.5. Electrochemical properties

The electrochemical properties of the synthesiz@tl)icomplexes were investigated
using CV. The measurements were conducted using diulloromethane solutions
with tetrabutylammonium perchlorate as the elegteohnd the results are shown in
Figure 3. Complexes (BTly(acac), (DMBT}Ir(acac), and (TBT)r(acac) showed
reversible electron oxidations at positive potdstia the region of 0.50-0.65 V. The
onset potentials of the first oxidations"y(&se) of (BT).Ir(acac), (DMBT}Ir(acac),
and (TBT)Ir(acac) were 0.65, 0.54, and 0.60 V vs. AgiAgspectively. The Bonset
values of (DMBT)Ir(acac) and (TBTJr(acac) are clearly lower than that of the
parent complex (BTE)r(acac). The HOMO energy levels of (Blffacac),
(DMBT).lIr(acac), and (TBT)r(acac) were estimated to be —5.35, —5.24, and80-5.
eV vs. Fc/FE respectively. The LUMO energy levels of (BIfjacac),
(DMBT).Ir(acac), and (TBT)r(acac), obtained from the differences between the
optical band gaps and the HOMO energy levéBynd gag= ELumo-Enomo), were
found to be —3.10, —3.03, and —-3.11 eV, respegtivdle HOMO and LUMO energy
levels of the synthesized Ir(lll) complexes werellweatched with those of TCTA
(HOMO: -5.8 eV, LUMO: -2.50 eV) and TPBi (HOMO: 36. eV, LUMO: -2.70
eV) as host materials. The electrochemical properaf the Ir(lll) complexes are
summarized in Table 1.
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3.6. Electrophosphorescent OLEDs

The performances of the Ir(lll) complexes in theogbhorescent OLEDs were
evaluated by fabricating multi-layered devices withe structure ITO (50
nm)/PEDOT:PSS (40 nm)/TCTA (20 nm)/TCTA:TPBi:dopa(®0:50x%) (40
nm)/TPBi (40 nm)/LiF (1 nm)/Al (120 nm). We fabriea devices using TCTA and
TPBIi as mixed-hosts in the emissive layer for efit carrier injection and charge
balance [28]. Doping concentrations of 5 wt% forT{Br(acac), 7 wt% for
(DMBT)2lr(acac), and 7 wt% for (TB3lr(acac) gave the optimal device
performances (Table 2). The optimized doping cotraéions of (DMBT)Ir(acac)
and (TBT)Ir(acac) were higher than that of (BFfacac), which suggested that the
introduction of relatively bulky dimethyl or trimeglsilyl groups on the phenyl ring
of main ligand effectively suppressed self-quenghieven at high concentrations.
The electroluminescent (EL) spectra of the optimhizehosphorescent OLEDs
fabricated using (BT)r(acac), (DMBT}Ir(acac), and (TBTr(acac) (Figure 4)
showed emission maxima at 563, 571, and 578 nnpecéisely. The emission
maxima of the (DMBT)Ir(acac) and (TBT)r(acac) devices were changed by only 1
nm as the dopant concentration was increased freanl3% while the (BT)r(acac)
device showed a red-shift of 2 nm under the sameitions. This indicated that the
(BT).r(acac) device had a higher degree of dopant ggtjmm and stronger
intermolecular interactions at a high dopant cotregion than (DMBT)Ir(acac) and
(TBT)2Ir(acac) devices. (Figure S7) The Commission Irgeomale de LEclairage
(CIE) coordinates of the (BJly(acac), (DMBT}Ir(acac), and (TBTJr(acac) devices
at the optimal doping concentrations were (0.49)0.80.52,0.47), and (0.55,0.44),
respectively, at 1,000 cdfm
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Figure 5(a) shows the current density-voltage-lamae {-V-L) curves of the
phosphorescent OLEDs. The current densities of @e€EDs increased with
increasing concentration of (DMBJA)(acac) and (TBT)r(acac) dopants because of
improved charge hopping at high dopant concentrati@9]. TheVium-on @nd Lmax
values of the Ir(lll) complexes with bulky subsénis on the cyclometalated ligands
were 4.5 V/4,532 cd/ffor the (DMBT)lIr(acac) device and 4.5 V/6,837 cd/iior
the (TBT)lr(acac) device. The highektn.x of the (TBT)lIr(acac) device could be
attributed to its better recombination efficiencithwhigher ®p. as compared to the
(DMBT).lr(acac) and (BT)r(acac)-based devices. The (DMBIFjacac) and
(TBT).lr(acac) devices exhibited higher maximum extergahntum efficiencies
(EQEnay/maximum current efficiencies (Gi) of 7.8%/21.4 cd/A and 9.9%/25.3
cd/A, respectively, compared to that of (Blf(jacac) (4.4%/13.0 cd/A) (Figure 5(b)).
The low driving voltage and high EQE of the (TBIf(acac) device improved the PE
value to 12.37 Im/W, which was the highest valueoag the three Ir(lll)
complex-based devices.

These results showed that the (DMBi(acac) and (TBTJr(acac) complexes with
bulky substituents on the phenyl ring of the cyckdatated main ligands significantly
improved the device performances such as EQE, @&,RE as compared to the
(BT)2lr(acac)-doped device. Introduction of bulky sutosnts on the phenyl ring of
(DMBT).Ir(acac) and (TBT)r(acac) complexes could effectively prevent the
concentration self-quenching at high doping conegiohs and suppress the
triplet-triplet annihilation in the device [24,25]n particular, a trimethylsilyl
substituent on the 4-position of the phenyl ringj te better device performances than
the dimethyl substituents on 3,4-position of themph ring. The device characteristics
at other doping concentrations of (BIfjacac), (DMBT}Ir(acac), and (TBT)r(acac)
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392 are shown in Figures S8, S9, and S10.

393

394 4. Conclusions

395 In this study, we successfully synthesized dimetlayld trimethylsilyl-substituted
396  2-phenylbenzothiazole-based heteroleptic Ir(lIlmpbexes, (DMBT)Ir(acac) and
397 (TBT)Jr(acac), for their application in solution-procedsorange phosphorescent
398 OLEDs. Compared to (Bily(acac), the synthesized (DMB:i(acac) and
399  (TBT)lr(acac) complexes exhibited improved thermal $itsgland emission quantum
400 efficiency. The introduction of bulky dimethyl atidmethylsilyl substituents on the
401  phenyl ring of the main ligand in these complexeds ko reduced molecular
402  aggregation in the emissive layer of the devicei¢albed by solution processing.
403  Consequently, the triplet-triplet annihilation metorange phosphorescent OLEDs was
404  effectively suppressed. The devices fabricated gqusiibMBT).Ir(acac) and
405  (TBT).lr(acac) showed better performances than thoséecédbd using (BT)Jr(acac).
406 The device based on the (TBIFjacac) complex, which had a trimethylsilyl
407  substituent on the phenyl ring, exhibited the Ipestormance with the highest EQE,
408 Lmax CE, and PRax In particular, among all the fabricated phosphoeait OLEDS,
409 the (TBT)lr(acac) device exhibited the highest CE of 25.8fAcat a high doping
410  concentration of 7%.

411

412 Acknowledgements

413  This research was supported by the Ministry of &rdddustry and Energy (MOTIE,
414  Korea) under the Industrial Technology InnovatiorogPlam. No. 10067715, and
415 National Research Foundation (NRF) grants, fundgdthe Korean government
416  [Grant No. NRF2017R1A2A2A05001345 and No. 2011-@13 through GCRC

17



417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

SOP].

References

[1] M. Pope, H. P. Kallmann, and P. Magnate, Etdatninescence in Organic
Crystals, J. Chem. Phys. 38 (1963), 2042-2043.

[2] C. W. Tang and S. A. VanSlyke, Organic eleatminescent diodes, Appl. Phys.
Lett. 51 (1987), 913-915.

[3] J.P. Duan, P.P. Sun, and C.H. Cheng, New Ind@@iomplexes as Highly Efficient
Orange—Red Emitters in Organic Light Emitting Diodéglv. Mater. 15 (2003),
224-228.

[4] C.H. Yang, C.C. Tai, and I. W. Sun, Synthesit a high-efficiency red
phosphorescent emitter for organic light-emittingdes, J. Mater. Chem. 14 (2004),
947-950.

[5] X.W. Chen, J. L. Liao, Y.M. Liang, M.O. AhmedH.E. Seng, and S.A. Chen,
High-Efficiency Red-Light Emission from Polyfluores Grafted with
Cyclometalated Iridium Complexes and Charge Trariddoiety, J. Am. Chem. Soc.
125 (2003), 636-637.

[6] W.S. Huang, J.T. Lin, C.H. Chien, Y.T. Tao, SSun, and Y.S. Wen, Highly
Phosphorescent Bis-Cyclometalated Iridium ComplexesContaining
Benzoimidazole-Based Ligands, Chem. Mater. 16 (RQ2B0-2488.

[7] S. Lamansky, P. Djurovich, D. Murphy, F. Abdeazzaqg, H.-E. Lee, C. Adachi,
P.E. Burrows, S.R. Forrest, and M.E. Thompson, HigliPhosphorescent
Bis-Cyclometalated Iridium ComplexesSynthesis, Photophysical Characterization,
and Use in Organic Light Emitting Diodes, J. Am.eGh Soc. 123 (2001),
4304-4312.

18



442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

[8] W. Lu, B.X. Mi, M.C. W. Chan, Z. Hui, N.Y. ZhuS.T. Lee, and C.M. Che,
[(C, N, N)Pt(C[triple bond, length as +ash]C)nR] (HEC N N =
6-aryl-2,2-bipyridine, n = 1-4, R = aryl, SiMe3) as a newsslaof light-emitting
materials and their applications in electrophospboent devices, Chem. Commun. 3
(2002), 206-207.

[9] B.W. D’Andrade, J. Brooks, V. Adamovich, M.Eh@mpson, and S.R. Forrest,
White Light Emission Using Triplet Excimers in Elesphosphorescent Organic
Light- Emitting DevicesAdv. Mater. 14 (2002), 1032-1036.

[10] M. Buda, G. Kalyuzhny, and A. J. Bard, Thidrxi Solid-State
Electroluminescent Devices Based On Tris(2,2'-aghge)ruthenium(ll) Complexes,
J. Am. Chem. Soc. 124 (2002), 6090-6098.

[11] E.S. Handy, A. J. Pal, and M.F. Rubner, Sdtdte Light-Emitting Devices
Based on the Tris-Chelated Ruthenium(ll) ComplexTs(bipyridyl)ruthenium(ll)
as a High-Brightness Emitter, J. Am. Chem. Soc.(1289), 3525-3528.

[12] C.M. Elliott, F. Pichot, C.J. Bloom, and L.Bider, Highly Efficient Solid-State
Electrochemically = Generated  Chemiluminescence  frorgster-Substituted
Trisbipyridineruthenium(ll)-Based Polymers, J. AnChem. Soc. 120 (1998),
6781-6784.

[13] X.Z. Jiang, A.XK.-Y. Jen, B. Carlson, and L.RDalton, Red
electrophosphorescence from osmium complexes, Applys. Lett. 80 (2002),
713-715.

[14] X.Z. Jiang, A.K.-Y. Jen, B. Carlson, and L.RDalton, Red-emitting
electroluminescent devices based on osmium-compldgped blend of
poly(vinylnaphthalene) and 1,3,4-oxadiazole demsatAppl. Phys. Lett. 81 (2002),
3125-3127.

19



467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

[15] M. A. Baldo, M. E. Thompson, and S. R. Forrasigh-efficiency fluorescent
organic light-emitting devices using a phosphoressensitize, Nature. 403 (2000),
750-753.

[16] Y. Sun, N. C. Giebink, H. Kanno, B. Ma, M.Ehdmpson, and S. R. Forrest,
Management of singlet and triplet excitons for@éint white organic light-emitting
devices, Nature. 440 (2006), 908-912.

[17] Q. Wang, J. Ding, D. Ma, Y. Cheng, L. Wang, Jag, and F. Wang, Harvesting
Excitons Via Two Parallel Channels for Efficient WéhOrganic LEDs with Nearly
100% Internal Quantum Efficiency: Fabrication andigsion Mechanism Analysis
Adv. Funct. Mater. 19 (2009), 84-95.

[18] M.A. Baldo, D.F. O'Brien, Y. You, A. Shoustikp S. Sibley, M.E. Thompson,
and S.R. Forrest, Highly efficient phosphorescenhission from organic
electroluminescent devices, Natug85 (1998), 151-154.

[19] X. Li, T. Zang, L. Yu, D. Zhang, G. Lu, H. Ghs. Xiao, Y. Dong, Z. Cui, Z.
Zhang, Z. Hu, A promising phosphorescent hetermepidium complex with
carbazole-functionalized substituent: Synthesist@physical and electroluminescent
performances, Optical Materials. 35 (2012), 300-306

[20] M. L. Xu, R. Zhou, G. Y. Wang, and J. Y. YuplGr tunable phosphorescent
iridium complexes with substituted 2-phenylthiazobes the cyclometalated ligands,
Inorganica Chimica Acta. 362 (2009), 515-518.

[21] Y. Zhou, H. Gao, X. Wang, and H (&Jectrogenerated Chemiluminescence from
Heteroleptic Iridium(lll) Complexes with MulticoloEmission, Inorg. Chem. 54
(2015), 1446-1453.

[22] J. Dai, K. Zhou, M. Li, H. Sun, Y. Chen, S.,SX. Pu, Y. Huang, and Z. Lu,
Iridium(11l) complexes with enhanced film amorphisas guests for efficient orange

20



492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

solution-processed single-layer PhOLEDs with loficefncy roll-off, Dalton Trans.
42 (2013), 10559-10571.

[23] X. Ouyang, D. Chen, S. Zeng, X. Zhang, S. & Z. Ge, Highly efficient and
solution-processed iridium complex for single-layesllow electrophosphorescent
diodes, J. Mater. Chem. 22 (2012), 23005-23011.

[24] H. Z. Xie, M. W. Liu, O. Y. Wang, X. H. Zhan§;. S. Lee, L. S. Hung, S. T. Lee,
P. F. Teng, H. L. Kwong, H. Zheng, C. M. Che, Rdtucof Self Quenching Effect
in Organic Electrophosphorescence Emitting Deviges the Use of Sterically
Hindered Spacers in Phosphorescence Moleculesradier. 13 (2001). 1245-1248.
[25] H. U. Kim, J. —H. Jang, H. J. Park, B. J. JuWj Song, J. Y. Lee, and D. —H.
Hwang, Highly efficient and spectrally stable whibeganic light-emitting diodes
using new red heteroleptic Iridium(lll) complexé&yes and Pigments. 149 (2018).
363-372.

[26] M. Nonoyama, Chelating C-metallation of N-plgkryrazole with rhodium(lll)
and iridium(lll), J. Organomet. Chem. 86 (1975)3Z%7.

[27] M. j. Frisch, G. W. Trucks, H. B. Schlegel, B. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, B. Mennucch. ®etersson, H. Nakatsuji, M.
Caricato, X. Li, H. P. Hratchian, A. F. lzmaylov, Bloino, G. Zheng, J. L.
Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukudddlasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreveh, J. A. Montgomery, J. E.
Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, EotBers, K. N. Kudin, V. N.
Staroverov, R. Kobayashi, J. Normand, K. RaghavachaRendell, J. C. Burant, S.
S. lyengar, J. Tomasi, M. Cossi, N. Rega, J. Mlavtl M. Klene, J. E. Knox, J. B.
Cross, V. Bakken, C. Adamo, J. Jaramillo, R. GorgpdR. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterdki L. Martin, K. Morokuma, V.

21



517

518

519

520

521

522

523

524

525

526

527

G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Darrezg, S. Dapprich, A. D. Daniels,
O. Farkas, J. B. Foresman, J. V. Ortiz, J. CioskowB. J. Fox, Gaussian 09,
Gaussian, Inc. Wallingford CT 2009.

[28] J. -A. Seo, M. S. Gong, J. Y. Lee, High efficcy yellowish green

phosphorescent emitter derived from phenylbenzotpgridine ligand, Org

Electron. 15 (2014). 2068-2072.

[29] J. Park, H. Oh, S. Oh, J. Kim, H. J. Park,YOKim, J. Y. Lee, Y. Kang, Deep
blue phosphorescent organic light-emitting diodeth vexcellent external quantum

efficiency, Org Electron. 14 (2013). 3228-3233.

22



528

529

530

531

Table captions
Table 1. Optical and electrochemical properties tioé synthesized iridium(lll)
complexes.

Table 2. Performances of the orange phosphoreSidfiDs.
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Table 1.

Optical Electrochemical
Aabs A" FWHM? Op,° = HOMO® LUMO!
Dopant
(nm) (nm) (nm) (%) (eV) (eV) (eV)
313, 326, 356, 404,
(BT)Ir(acac) 563/564 78 0.26 2.25 -5.35 -3.10
440, 480
321, 331, 359, 404,
(DMBT).Ir(acac) 569/571 74 0.38 2.21 -5.24 -3.03
448, 483
319, 333, 364, 415,
(TBT).Ir(acac) 576/578 76 0.49 2.18 -5.30 -3.10

453, 504

3 Maximum PL emission wavelength measured in 1 WOCH,CI, solution.

PMaximum PL emission wavelength measured in the fileastate.

“Values were measured using (B{acac) (0p = 0.26) as a reference in 1 x 1M CH,Cl, solution.
YEnergy gap calculated from the onset of the abisordge.

®Estimated from the cyclic voltammogram.

Estimated from the HOMO energy level and the baapl g
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Table 2.

Amae FWHM Vi’ EQE
Dopant X% CIE? (x,y) Lmax (cd/n?) CE° (cd/A)  PE (Im/W)
(nm) V) (%)
(0.49,
3 561, 70 4.5 2,711 2.74/2.52 7.03/6.45 3.51/2.90
0.50)
(0.49,
5 562, 72 0.50) 4.5 4,948 4.38/4.38 12.96/12.96 7.29/6.79
(BT)alr(acac) (0' o
7 562, 73 o 4.5 2,443 3.63/2.67 10.91/8.00 4.90/3.35
0.49)
(0.50,
11 563, 75 4.5 3,678 3.28/2.79 9.90/8.40 5.57/4.06
0.49)
(0.52,
3 570, 70 4.5 2,535 4.02/3.70 11.30/10.40 5.63/4.67
0.47)
(0.52,
5 571,72 0.47) 4.5 3,881 4.76/3.94 13.02/10.78 7.44/5.21
(DMBT).Ir(acac) (0' o
7 571,72 0 '47)’ 4.5 4,532 7.76/7.76 21.43/21.43 11.10/10.36
(0.52,
11 571,72 0.47) 4.5 3,567 6.67/5.81 18.26/16.18 10.00/7.26
(0.55,
3 578, 74 4.5 3,551 4.27/3.57 10.33/8.63 5.08/3.62
0.44)
(0.55,
5 578, 74 0.44) 45 4,958 5.17/4.48 12.49/10.83 8.38/5.67
(TBT).lIr(acac) (0' 55
7 578, 74 0 '44)' 45 6,837 9.94/9.94 25.26/25.26 12.37/12.21
(0.55,
11 579, 76 0.44) 45 4,351 7.92/6.97 18.63/16.40 9.74/7.36

3Values measured at a luminance of 1,000 &d/m
®Values measured at a luminance of 1 éd/m

¢ Values measured at maximum efficiency and lumieasfcl,000 cd/h
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Figure captions

Fig. 1. (a) UV-Visible absorption and (b) PL spactrof (BT)lr(acac),
(DMBT).lr(acac), and (TBT)r(acac).

Fig. 2. Frontier molecular orbitals HOMO and LUMOf dBT).lr(acac),
(DMBT).lr(acac), and (TBT)r(acac).

Fig. 3. Cyclic voltammograms of (BJlj(acac), (DMBT}Ir(acac), and
(TBT).lIr(acac).

Fig. 4. EL spectra of orange phosphorescent OLEDsdated using (BE)(acac),
(DMBT).lr(acac), and (TBT)r(acac).

Fig. 5. (a) Current density-voltage-luminanc&VfL) and (b) external quantum
efficiency—current density—current efficiency (EQESE) curves of (BTjr(acac),

(DMBT).lr(acac), and (TBT)r(acac)-based devices.
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Fig 2.

Complex (BT),Ir(acac) (DMBT),Ir(acac) (TBT),lr(acac)
E=-188¢V E=-172¢V

E=-2.04eV

LOMO

HOMO

E=-5.15eV E =-4.94 ¢V

E =-5.25¢eV
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Fig. 3.
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Fig. 4.
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Fig. 5.

(a)
~—~ 350
“c  le-(B7)racac) swr
O 3004
<
é 250 4
> 2004
b —
@ 150+
Q J
T 100-
whd
: g
O 504
| .-
| 4
= oA ‘ ' |
Voltage (V)
(b)
11
10 = (BT),Ir(acac) 5wt% .
9_'-0--0-(DMBT)2Ir(acac) Twt% /\ -SOS
g J4~—-(TBT),Ir(acac) 7wt% 3
) o—©0 P
— 7_ >
X
< 6- ./ | £
g 5, 40 O
L o =
o
)
c
[
| .-
(-
>
&)

Current density (mAIcmz)

31



Highlights

e New orange phosphorescent (DMBT).lIr(acac) and (TBT).lr(acac) were synthesized.
e (DMBT)2lr(acac) and (TBT).lr(acac) effectively suppress concentration self-quenching in
the fabricated devices.

e The device using (TBT),lr(acac) exhibited a Ly of 6,837 cd/m? and CEmy Of 25.26 cd/A.



