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Abstract

Highly efficient red phosphorescent iridium(lll) roplexes, (MPQJr(Pppy) and
(MPQXIr(TMSppy) based on 4-methyl-2-phenylquinoline (MP&3 a cyclometalated main
ligand and 2-[(1,1-biphenyl)4-yl]pyridine (Pppy)r ®-[4-(trimethylsilyl)phenyl]pyridine
(TMSppy) as a second cyclometalated ligand werghsgized for use in organic light-
emitting diodes (OLEDs). The iridium(lll) complextiv MPQ and acetylacetone (acac) as an
ancillary ligand, (MPQJr(acac), was also synthesized for comparison. geemetrical
configuration of the heteroleptic complex (MB@acac)is N,N-trans, whereas
(MPQ)Ir(Pppy) and (MPQIr(TMSppy)show allfacial geometries. Among the iridium(lll)
complexes, red OLEDs using the (MB@Pppy) exhibited significantly more improved
luminance and external quantum efficiency with redlit prevented concentration self-
guenching at high doping concentration by introaurcof Pppy. Moreover, a high maximum
external quantum efficiency (EQE) of 28.0% with a high color-rendering index (CRI)
81 was achieved in the white OLEDs (WOLED) fabmchtusing the bis[2-(4,6-
difluorophenyl)pyridinato-&N](picolinato)iridium(l11) [Flirpic], tris(2-
phenylpyridine)iridium(lll) [Ir(ppy}], and (MPQ)Ir(Pppy), and it is one of the highest
values among the reported three primary color corapo WOLED. Also, the WOLED

fabricated using the (MP@J)(Pppy) showed excellent spectral stability afetiént voltages.
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1. Introduction

Since the successful commercialization of orgaigiatiemitting diodes (OLEDS) using three
primary color emissions in smart phone displays, riiarket for products such as OLEDs
television sets using white OLEDs (WOLED) has exjgh[1-5]. Recently, in the fields of
WOLED techniques, lighting using WOLED have beemaative due to potentially cheap
energy costs and eco-friendly for lighting and oas designs as efficient solid-state lighting
applications. Also, the use of WOLED techniqueautomotive brake light and traffic signal
lights is also increasing [6-8].

Generally, WOLED are emitted by combination the taothree (red, green, and blue)
primary color components as all-fluorescent, flsoent-phosphorescent hybrid, and all-
phosphorescent methods. Among them, all-phosphemeéghree primary color component
WOLED give broad white emission and high color-remalg index (CRI) [9-14]. Three
primary color component WOLED are desirable in agpions such as WOLED televisions
because of the high color quality from small ligbss after three color filters [15]. The
emissive layers in all-phosphorescent WOLED basedhoee primary color mixing use
typical phosphors of blue emitter such as bis[B-@fluorophenyl)pyridinato-
C? N](picolinato)iridium(ll1) [FIrpic], green emitter «&h as fac-tris(2-
phenylpyridine)iridium(lil) [Ir(ppy}], and red emitter such as  bis(2-
phenylquinoline)(acetylacetonate)iridium(lll) [(pr{acac)] or bis(1-
phenylisoquinoline)(acetylacetonate)iridium(lll) pi§)Ir(acac)] [16-20]. In particular,
(pqklIr(acac) and (pigjr(acac) are currently widely used as red emitier® LEDs because
they have suitable red emission regions [21,22]véi@r, the use of acetylacetone (acac) as
an ancillary ligand in (pglr(acac) or (piggir(acac) causes various problems, such as poor

thermal stability, low photoluminescence (PL) quantefficiency (Pp ), and concentration



self-quenching at high doping concentrations ofaarg light-emitting device [23,24]. New
red emitter materials with high thermal stabilifigsgh ®p values, and suppressed self-
guenching effects are needed to solve these prabfemOLEDs applications. Among the
previous reports, Leet. al. Reported an iridium(lll) complex with a bulky gne-substituted
cyclometalated main ligand to reduce concentraseti-quenching at very high dopant
concentrations [25].

In this study, we designed new iridium(lll) compdsxcontaining a 2-phenylpyridine-based
second cyclometalated ligand instead of acac te gigh thermal stability and improved
guantum efficiency for red and white phosphoresc@itEDs. We identified their
geometrical configurations using X-ray crystallqgrg. In general, iridium(lll) complexes
containing the 2-phenylpyridine ligand have beaovin to exhibit a broad full width at
half maximum (FWHM) and high phosphorescent quangfficiencies [26]. We synthesized
new iridium(lll) complexes based on 4-methyl-2-pflegninoline (MPQ) as the main
cyclometalated ligand and  2-[(1,1-biphenyl)-4-yijgine  (Pppy) or 2-[4-
(trimethylsilyl)phenyl]pyridine (TMSppy) as the smwl cyclometalated ligand. Two
iridium(lll) complexes containing Pppy or TMSppy #s second cyclometalated ligand
showed significantly improved thermal stabilitiesda@p, values compared with those of the
corresponding iridium(lll) complex containing anaacancillary ligand. We also found that
the second cyclometalated ligands are importaptewenting self-quenching at high dopant

concentrations in red and white phosphorescent GLED

2. Experimental Section

2.1. Materials



Phenyl boronic acid, 2-chloro-4-methylquinoline(2bromophenyl)pyridine, acetylacetone,
iridium(lll) chloride hydrate, tetrakis(triphenylpBphine)palladium(0), chlorotrimethylsilane,
and silver trifluoromethanesulfonate were purchafedh Aldrich and Alfa Asear. All

chemicals were used without further purification.

2.2. General procedure for iridium(I11) complexes
2.2.1. Synthesis of 4-methyl-2-phenylquinoline (MPQ)

2-Chloro-4-methylquinoline (5.0 g, 28.1mmol), phebgronic acid (4.12 g, 33.8 mmol), and
[Pd(PPh)4] (0.97 g, 0.84 mmol) were dissolved in tetrahydrah. A solution of 2M KCO;

and Aliquat 336 (1.1 g, 2.72mmol) was added, aedixture was refluxed with stirring for

12 h under a nitrogen atmosphere. The reactionun@xt/as cooled to room temperature, the
mixture was extracted with ethyl acetate, and tfyamic layer was washed with water. The
organic layer was dried over MgaOrhe solvent was removed under reduced pressure to
give a crude residue. The crude product was pdrifiecolumn chromatography on silica gel
(ethyl acetate/hexane, 1/3, v/v) to obtain MPQ34776.8%). *H NMR (300 MHz, CDC},

8): 8.18 (m, 3H), 7.97 (d, 1H), 7.78 (t, 1H), 7.0 {H), 7.53 (m, 4H), 2.75 (s, 3H, @H'°C

NMR (75 MHz, CDC4, 6): 157.05, 148.14, 144.83, 139.84, 130.29, 129126,23, 128.82,

127.58, 127.27, 126.05, 123.66, 119.77, 19.02.
2.2.2. Synthesis of 2-(4-(phenyl)phenyl)pyridine (Pppy)

Pppy was prepared from 2-(4-bromophenyl)pyridinegithe same procedure as was used to
synthesize MPQ (2.06 g, 69.6%).NMR (300 MHz, acetonesdd): 8.70 (d, 1H), 8.25 (d,

2H), 7.98 (d, 1H), 7.90 (t, 1H), 7.78 (m, 4H), 7.492H), 7.41 (d,1H), 7.33 (m, 1H¥’C



NMR (75 MHz, CDC4, §): 157.01, 149.73, 141.70, 140.56, 138.26, 136128,87, 127.57,

127.49, 127.34, 127.12, 122.17, 120.49.
2.2.3. Synthesis of 2-[ 4-(trimethylsilyl)phenyl] pyridine (TMSppy)

Under the protection of nitrogensBuLi (7.7 mL, 15.4 mmol, 2.0 M solution in hexanejs
added dropwise via a syringe to 2-(4-bromophenyifinye (3.0 g, 12.8 mmol) in
tetrahydrofuran at -78. The mixture was stirred at -78 for 1 h, and chlorotrimethylsilane
(2.45 mL, 19.2 mmol) was added in one portion. fidaction mixture was allowed to warm
to room temperature overnight. After the reactiarture was quenched with methanol, the
mixture was extracted with ethyl acetate and tlgawic layer was washed with water. The
organic layer was dried over MgaOrhe solvent was removed under reduced pressure to
give a crude residue. The crude product was pdrifiecolumn chromatography on silica gel
(ethyl acetate/hexane, 1/3, v/v) to obtain TMSpm86 g, 63.7%)H NMR (300 MHz,
CDCl, 8): 7.75 (d, 1H), 7.99 (d, 2H), 7.73 (m, 2H), 7.65 2H), 7.22 (m, 1H), 0.30 (s, 9H,
CHs); *C NMR (75 MHz, CDC}, 8): 157.45, 149.72, 141.41, 139.70, 136.71, 133.86,13,

122.16, 120.58, 1.08.
2.2.4. Synthesis of iridium(l11) x-chloro bridged dimer [Ir(MPQ).CI] »

A mixture of iridium(lll) chloride trihydrate (2.@, 6.70 mmol) and MPQ (3.23 g, 14.7
mmol) in 2-ethoxyethanol/water (3/1, v/v) was €itrat reflux under a nitrogen atmosphere
for 20 h. The mixture was cooled to room tempertmnd the precipitate was collected and
washed with water and petroleum ether several timedford a dark-red powder. The solid
was driedin vacuo to give the cycolmetalated Iridium(lI})-chloro bridged dimer complex

[Ir(MPQ).ClI]2, which was used directly in the next step, withourtification.



2.25. Synthesis of bi s(4-methyl-2-phenylquinoline)irdium(l11)(acetylacetonate)

(MPQ)2lr (acac)

The [Ir(MPQ)CI], dimer complex (0.5g, 0.38 mmol), sodium carborf@td9g, 3.76 mmol),
and acetylacetone (0.23 g, 2.26 mmol) were dissalv@-ethoxyethanol and refluxed under
nitrogen for 12 h. After cooling to room temperatuthe crude solution was poured into
water, and extracted with dichloromethane/brinee ®hganic layer was dried over Mg{O
and concentratenh vacuo. The residue was purified using column chromatalgyeon silica
gel with dichloromethane/hexane as the eluent, thed recrystallized in dichloromethane
and methanol to afford the product as an orangesatid (0.17 g, 62.8%)'H NMR (300
MHz, CDCk, 8): 8.52 (d, 2H), 7.97 (d, 2H), 7.86 (s, 2H), 7.@82H), 7.47 (m, 4H), 6.85 (t,
2H), 6.58 (t, 2H), 7.54 (d, 2H), 4.62 (s, 1H), 2(826H, ArCH), 1.54 (s, 3H, Ch), 1.49 (s,
3H, CH); 3¢ NMR (75 MHz, CDC4, 3): 185.31, 169.63, 150.88, 147.20, 145.82, 136.04,
129.94, 128.50, 127.21, 127.06, 125.56, 125.53,7482320.69, 117.40, 99.99, 97.77, 28.32,
19.31; Anal. calcd for &Hs1lrN2O.: C; 61.05, H; 4.29, N; 3.85, O; 4.40. Found: C,081 H;
4.29, N; 3.64; MALDI-TOF (M?*, Cs/Hs1rN,0,): calcd for 728.20, found; 728.67; HPLC

purity : 99.6%.

2.2.6. Synthesis of bi s(4-methyl-2-phenylquinoline)irdium(l11)[ 2-(4-

(phenyl)phenyl)pyridine] (MPQ)2lr(Pppy)

A solution of silver trifluoromethanesulfonate (0.8, 0.83 mmol) in 2-propanol (30 mL)

was added to a solution of [Ir(MP£Q)], dimer complex (0.5 g, 0.38 mmol) in

dichloromethane (100 mL). The mixture was stirredoam temperature for overnight. The
deep-red solution was filtered with Celite 545 émpve insoluble material and the crude
solution was concentrated vacuo. The resulting solid, i.e., [I(MPQICHsCN), triflate]

(0.45 g, 0.50mmol) and Pppy (0.17 g, 0.75 mmol)endissolved in ethanol (200 mL) and



refluxed under nitrogen atmosphere for 16 h. Afteoling to room temperature, the crude
solution was poured into water, and extracted witthloromethane/brine; the organic layer
was dried over MgSPand concentrateth vacuo. The residue was purified using column
chromatography on silica gel with dichloromethae@me as the eluent, and then
recrystallized in dichloromethane and methanolfford the product as a red solid (0.29 g,
69.1%).'H NMR (300 MHz, CDC}, §): 8.21 (d, 1H), 8.07 (s, 1H), 8.03 (s, 1H), 7.88 @H),
7.81 (t, 2H),7.72 (t, 2H), 7.63 (d, 1H), 7.52 (H)17.44 (d,1H), 7.29 (m, 3H), 6.99 (m, 3H),
6.92 (m, 3H), 6.75 (m, 9H), 2.82 (s, 3H, Ar@H2.76 (s, 3H, ArCh); *C NMR (75 MHz,
CDCls, 9): 166.9, 166.5, 166.2, 163.8, 160.4, 157.3, 14B48.4, 147.3, 146.9, 145.8, 144.5,
144.3, 144.1, 143.7, 141.8, 141.4, 140.8, 139.8,313137.6, 136.8, 130.2, 129.6, 129.5,
129.1, 128.5, 127.9, 127.6, 127.1, 126.2, 125.6,212124.8, 124.5, 124.3, 123.6, 122.1,
121.9,121.1, 119.8, 119.3, 118.9, 118.5, 20.18;¥nal. Calcd for GyHz6lrN3: C; 68.51, H;
4.22, N; 4.89. Found: C; 68.56, H; 4.14, N; 4.68AIMDI-TOF (M**, CagH3¢lrN3): calcd for

859.25, found; 859.29. HPLC purity : 99.7%.

22.7. Synthesis of  bis(4-methyl-2-phenylquinoline)irdium(lI1)(2-biphenyl-4-yl)[ 2-(4-

(trimethylsilyl)phenyl)pyriding] (MPQ)2Ir(TMSppy)

(MPQ)Ir(TMSppy) was prepared from the[lr(MP£)]. dimer complex by the same
procedure as was used to synthesize(MP@ppy) (0.28 g, 67.8%)H NMR (300 MHz,
CDCl;, §8): 8.27 (d, 1H), 8.09 (s, 1H), 7.95 (s, 1H), 7.84 6H), 7.68 (d, 2H), 7.62 (d, 1H),
7.48 (t, 1H), 7.23 (m, 2H), 6.94 (m, 2H), 6.82 (@h), 6.74 (M, 4H), 6.67 (m, 3H) 2.83 (s,
3H, ArCHs), 2.74 (s, 3H, ArCh), 0.04 (s, 9H, Ch). 2*C NMR (75 MHz, CDC}, 3): 166.5,
166.4, 166.1, 163.5, 160.9, 156.9, 148.7, 148.0,.814146.6, 145.1, 144.8, 144.3, 144.2,
143.8, 141.2, 141.0, 139.2, 137.0, 136.4, 135.9,812129.1, 129.0, 128.2, 127.6, 127.4,

125.8, 125.7, 125.4, 124.6, 124.5, 124.1, 123.6,9.2121.8, 120.0, 119.6, 118.9, 118.7,



118.6, 19.3, 19.1, 1.25. Anal.Calcd foggB40lrN3Si: C; 64.61, H; 4.71, N; 4.91. Found: C;
65.38, H; 4.71, N; 4.82. MALDI-TOF (IVr, CaeHa0lrN3Si): caled for 855.26, found; 855.73

(HPLC purity : 99.6%.)
2.3. Fabrication of red and white OLEDs
2.3.1. Red Phosphorescent OLEDs Fabrication

The device structure of the red OLEDs was ITO (8/REDOT:PSS (40 nm)/TAPC (20
nm)/mCP (10 nm)/TCTA:TPBi:red dopant (12.5:12.5:XP®PO1 (35 nm)/LiF (1 nm)/Al
(200 nm). In these devices, the red dopants were@Mr(acac), (MPQ)r(Pppy), and
(MPQ)Ir(TMSppy); the doping ratio of TCTA to TPBi was 11: and the doping
concentrations of the red dopants (x%) were 5%, ,18861 15%. Prior to use, the ITO
substrate was cleaned by sonication in distilletewand isopropanol followed by UV/ozone
treatment for 10 min. After treatment with oxygdagma, poly(3,4-ethylenedioxythiophene)
doped with poly(styrenesulfonic acid) (PEDOT:PS&y& AG, Germany) was spin-coated
onto the cleaned ITO substrates. 1,1-Bis[(di-4d@otino)phenyl]cyclohexane (TAPC) and
1,3-bis(N-carbazolyl)benzene (mCP), which serveshashole-transport layer (HTL), were
deposited onto the PEDOT:PSS layer. The red ensiskyer was prepared by co-
evaporating host TCTA and TPBi with x% red dopantNext, 4-
(triphenylsilyl)phenyldiphenylphosphine oxide (TSPOwhich acts as a high triplet-energy
exciton blocking layer (HBL) with electron transpquroperties, was deposited on the
emissive layer. Finally, lithium fluoride (LiF) wageposited as an electron injecting layer
(EIL), and aluminum was deposited by vacuum evapmmraon top of the film through a

mask at less than 2.0 x §Torr.

2.3.2. White phosphorescent OLEDs Fabrication



The structure of the WOLED was ITO (50 nm)/PEDOTSP@0 nm)/TAPC (20 nm)/mCP
(20 nm)/mCP:Flrpic (x%):Ir(ppy) (y%)/TCTA:TPBi:red dopant (z%)/TSPO1 (5 nm)/TPBI
(30 nm)/LiF (1 nm)/Al (200 nm). The blue, greendaerd dopants in W1, W2, and W3 were
Flrpic, Ir(ppy), and red dopant, respectively. The optimal dogiogcentrations of Ir(ppy)
(0.5%) and red dopant (15%) in W1, W2, and W3 viied and the doping concentration of
Flrpic in each device was controlled from 5% to 15%e ITO treatment procedure was the
same as that for the red phosphorescent OLEDs. HEHEES was spin-coated onto the
cleaned ITO substrates and then TAPC and mCP, wdutlas a HTL, were deposited onto
the PEDOT:PSS layer. A blue and green light eméskiyer was prepared by co-evaporating
mCP, as the host, and Firpic and Ir(ppys blue and green dopants, respectively. The red
emissive layer was prepared by co-evaporating hG3tA and TPBI, and red dopant. Next,
TSPO1 and TPBI, which acts as a high triplet-enexggiton blocking layer with electron
transport properties, were deposited on the engidsiyer. Finally, LiF was deposited as an
EIL, and aluminum was deposited by vacuum evapmratn top of the film through a mask

at less than 2.0 x T0orr.
2.4. Measurements

'H and**C NMR spectra were recorded in CRQising a Varian Mercury 300 MHz (75
MHz) spectrometer. MALDI-TOF mass spectra were iolet using a ZMS-DX303 mass
spectrometer (JEOL Ltd.). HPLC was performed using/atersTM 600 Controller with a
WatersTM 486 tunable absorbance detector. TGA wa®mned using an SDT Q600 V20.9
Build 20 instrument under a nitrogen atmosphera laeating rate of 18C/min. UV-visible

absorption spectra were recorded using a Shimad#3800 spectrophotometer, while PL
spectra were recorded on a Shimadzu RF 5301 P@fheter. CV was performed using a

CH Instruments 600D voltammetric analyzer at a ipide scanning rate of 50-100 mV/s at

10



room temperature in a dichloromethane solution aomg 0.1 M tetrabutylammonium

perchlorate as the supporting electrolyte. A Ag/Agé€ference electrode, platinum wire
counter electrode, and ferrocene/ferrocenium (Fy/fRternal standard were used. The J-V-L
characteristics and EL spectra of the phosphoré$aeBDs were obtained using a Keithley
2400 source measurement unit and CS 1000 spectoopiter. All devices were fabricated
by vacuum thermal evaporation and were encapsugteda glass lid and CaO getter before
device measurements. A Keithley 2400 source measme unit and CS 1000

spectroradiometer were used to investigate the cdeperformances. A Lambertian

distribution of light emission was assumed in &IEEmeasurements.

3. Results and Discussion

3.1. Synthesis and Thermal Properties

The heterolepticiridium(lll)  complexes, (MP{Jacac), (MPQIr(Pppy), and
(MPQ)Ir(TMSppy) were synthesized according to the procedshown in Scheme 1. The
MPQ cyclometalated main ligand was prepaveala Suzuki coupling reaction between 2-
chloro-4-methylquinoline and phenylboronic acid.eTéecond cyclometalated ligands, i.e.,
Pppy and TMSppy, were prepared from 2-(4-bromophpysidine and phenylboronic acid
or chlorotrimethylsilane, respectivelyyia a Suzuki coupling or silylation reaction.
(MPQ)lr(acac) was synthesized using the conventional-dtep reaction reported by
Thompson’s group [22]. The Ir(lll}-chloro-bridged dimer was formed by reaction of the
cyclometalated main ligand MPQ with 1,0 in a mixture of 2-ethoxyethanol and water
(3:1, v/v). The Ir(lll)u-chloro-bridged dimer was then reacted with aca2-athoxyethanol
to afford (MPQ)Ir(acac) in 63%. In the syntheses of (MR@Pppy) and
(MPQ)Ir(TMSppy), a solution of silver trifluoromethand&umate in 2-propanol was added

to a solution of the Ir(lllu-chloro-bridged dimer in dichloromethane and thetore was

11



stirred at room temperature for 12 h. It was theacted at 86C for 12 h with 2.2 equiv. of
Pppy or TMSppy in ethanol to give (MP@OJPppy) and (MPQIr(TMSppy) in yields of
69% and 68%, respectively. The synthesized iridiijigomplexes were fully characterized
using *H and *C NMR spectroscopies, elementary analysis, and ixredsisted laser
desorption/ionization time-of-flight (MALDI-TOF) nss spectrometry (see Figure S1 in the
Supporting Information). They were purified by thacuum sublimation using a train
sublimator before device fabrication. High-perforroa liquid chromatography (HPLC)
analysis showed that their purities were greatan $9.6% (Figure S2).

The thermal stabilities of (MP@Jj(acac), (MPQ)Ir(Pppy), and (MPQJr(TMSppy) were
investigated using thermogravimetric analysis (TGR)e 5% weight-loss temperaturesg)(T
of (MPQ)lr(acac), (MPQ)Ir(Pppy), and (MPQ)r(TMSppy) were 367, 415, and 40€,
respectively (Figure S3). They Values show that the iridium(lll) complexes withbgy or
TMSppy as the second cyclometalated ligand arenthly more stable than the

corresponding iridium(lll) complex containing acsthe ancillary ligand.

1rCl3-3H,0

] SN 2-ethoxyethanol:water|
- (3:1,vlv)

acetylacetone, NazCoé O Ir<°;\§
2-ethoxyethanol : IN o

| ]2

MPQ Ir(IIT)-p~chloro-bridged dimer (MPQ),Ir(acac)

Pppy

ethanol

Silver triflate

MC/TPA (3:1,viv)

2 = ‘-
Q-0
Ir(IT)-m-chloro-bridged dimer TMSppy

ethanol

L J I'
(MPQ),Ir(TMSppy)

Scheme 1. Synthesis and chemical structures (& PQ).lr(acac), (MPQ).lr(Pppy),and
(MPQ)2Ir(TM Sppy).

12



3.2. X-ray Crystallography

The structures of (MPQJ(acac), (MPQIr(Pppy), and (MPQJr(TMSppy)were
investigated using single-crystal X-ray crystallgny. Figure 1 and Table 1 shows the
single crystal and crystal packing structure of @M®(acac), (MPQJIr(Pppy), and
(MPQ)Ir(TMSppy) as well as the selected bond lengthse Thystal structures of the
iridium(lll) complexes with acac or 2-phenylpyriéi#based second cyclometalated ligands
show different configurations with distorted octdted geometries around the iridium(lll)
atom. The geometrical configuration of the hetgrtecomplex (MPQr(acac) isN,N-trans,
whereas (MPQJr(Pppy) and (MPQIr(TMSppy) havefacial geometries. All thes-donor
carbon atoms in (MPQly(Pppy) (C11, C33, and C49) and (MB@)TMSppy) (C16, C32,
and C40) are located trans to nitrogen atoms (N2, ad N3) in both the cyclometalated
main ligand and second cyclometalated ligands. [Engths of Ir-C bonds between the
iridium atom and two cyclometalated main ligandg§NMPQ)Ir(Pppy) [Ir(1)-C(33); 1.985(8)
A, Ir(1)-C(49); 2.000(8) A] and (MPQI(TMSppy) [Ir(1)-C(16); 2.012(4) A, Ir(1)-C(32);
2.007(4) A] are slightly longer than those in (MBI@cac) [Ir(1)-C(16); 1.978(5) A, Ir(1)-
C(27); 1.973(5) A]. Also, the lengths of the Ir-Mors in (MPQ)Ir(Pppy) [Ir(1)-N(2):
2.181(6) A, Ir(1)-N(3); 2.224(7) A] and (MP@)YTMSppy) [Ir(1)-N(1); 2.236(3) A, Ir(1)-
N(2); 2.198(3) A] are also relatively longer thdrat in (MPQ)Ir (acac) [Ir(1)-N(1); 2.063(4)
A, Ir(1)-N(2); 2.069(4) AJ; this could be becausetsteric hindrance effects of the second
cyclometalated ligand spacers with relatively bulppy or TMSppy groups are greater than
that of the acac ancillary ligand. The Ir-C andNIibonds between the iridium atom and

second cyclometalated ligands in (MB@Pppy) [Ir(1)-C(11); 2.015(8) A, Ir(1)-N(1);

13



2.142(6) A] and (MPQ)r(TMSppy) [Ir(1)-C(40); 2.009(4) A, Ir(1)-N(3); 245(3) A] were
similar.

The distances between the two nearest iridium atontde crystal-packing structures of
(MPQ)lr(acac), (MPQ)Ir(Pppy), and (MPQ)r(TMSppy) are 10.80, 15.32, and 10.94 A,
respectively. The distances between the two nepezatlel MPQ planes in (MP@Jj(acac),
(MPQ)Ir(Pppy), and (MPQ)r(TMSppy) are 3.43, 9.74, and 3.49 A, respectively
particular, the distance between the two neargbuim atoms and two nearest parallel MPQ
planes in (MPQJr(Pppy) are relatively longer than those in (MR@acac) and
(MPQ)Ir(TMSppy). These results indicate that (MBI{Pppy) has weak intermolecular
interactions between the two nearest iridium at@mg two nearest MPQ ligands, which
could minimize bimolecular interactions by sterigahindered Pppy spacers. Minimum
bimolecular interactions between iridium(lll) corapes can generally prevent self-
guenching in phosphorescence [25]. Complete crydih (cif) for (MPQ)Ir(acac),

(MPQ)Ir(Pppy), and (MPQJr(TMSppy) can be found in Supporting Information.

3.3. Photophysical Properties

The photophysical properties of the iridium(lll) noplexes with second cyclometalated
ligands were investigated using UV-visible absanptand PL spectroscopy in dilute toluene
solution at 298 K. The UV-visible absorption and $iectra are shown in Figure 2, and the
results are summarized in Table 2. The intenserptiso peaks in the short wavelength
region below 340 nm in the spectra of all the sgsthed iridium(lll) complexes are
attributed to spin allowed-n* transitions, which closely resembles the corresjinog
transition in the MPQ cyclometalated main ligandPQ)lIr(acac) has absorption bands with

low extinction coefficients in the range 350-600;rthese are assigned to singlet and triplet
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metal-to-ligand charge transféMLCT and *MLCT) states. ThéMLCT/3MLCT bands of
the iridium(lll) complexes with second cyclometalatligands are highly and clearly
separated, at 398/446 nm for (MB@Pppy) and 402/450 nm for (MPE@XTMSppy).
(MPQ)Ir(Pppy) and (MPQJr(TMSppy) show a high and prominent absorptiondbabove
350 nm, from efficient MLCT. The energy band gapgg) (of (MPQ)lr(acac),
(MPQ)Ir(Pppy), and (MPQJr(TMSppy) were calculated to be 2.09, 2.14, anti22eV,
respectively, from the UV-visible absorption edge.

The maximum PL emission peaks of (MBIpcac), (MPQ)r(Pppy), and
(MPQ)Ir(TMSppy) occur at 589, 597, and 597 nm, respetyivin dilute toluene solution at
298 K. The maximum PL emission peaks from (ME@ppy) and (MPQJr(TMSppy) are
red-shifted compared with that of (MPQJacac). Also, red-shifts of the maximum PL
emission peaks from solution to the neat film staége observed for (MP@j(acac) (595
nm), (MPQXIr(Pppy) (601 nm), and (MP@)(TMSppy) (602 nm); this could be caused by
aggregation effects of the iridium(lll) complexes.

The maximum low-temperature PL emission peaks ®Q¥ir(acac), (MPQ)Ir(Pppy), and
(MPQ)Ir(TMSppy) in dilute toluene solution at 77 K aré 380, 576, and 578 nm,
respectively (Figure S4). The maximum emission$M®PQ)lr(acac), (MPQ)Ir(Pppy), and
(MPQ)Ir(TMSppy) at 77 K are hypsochromically shifted ®y19, and 18 nm compared to
those of a solution at 298 K, because of the righdomic effect [27-29]. Also, the maximum
emission wavelength at 77 K for (MPQ§Pppy) and (MPQJr(TMSppy) are relatively
more hypsochromically shifted than that of (MRgIacac), because of the steric effects of
the relatively bulky Pppy and TMSppy groups. Thplét energies (1) of (MPQ)lr(acac),
(MPQ)Ir(Pppy), and (MPQJr(TMSppy) are 2.14, 2.13, and 2.13 eV, respedyivel
determined from their emission spectra at 77 K,gesting that the T energies of the

synthesized iridium(lll) complexes mainly dependtiba cyclometalated MPQ ligand.
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The PL quantum yields of the synthesized iridiutih(domplexes in dilute degassed 2-
methyltetrahydrofuran solution were compared wiidt of (pgllr(acac) as a standardg, =
0.10) [30]. The measureddp_ values of (MPQJr(acac), (MPQr(Pppy), and
(MPQ)Ir(TMSppy) were 0.11, 0.16, and 0.13, respectiveljre higher®p. values of
(MPQ)Ir(Pppy) and (MPQJIr(TMSppy) compared with those of (MPfQjacac) and
(PQX)Ir(acac) suggest that the second cyclometalateddig are better than the acac ancillary
ligand at enhancing the PL quantum efficienciethefred emitters. In particular, Pppy is an
excellent candidate as the second cyclometalaggahdi for highly luminescent iridium(lll)

complexes.

3.4. Theoretical Calculations

We performed theoretical calculations based onitjefimmctional theory (DFT), using the
B3LYP hybrid exchange-correlation functional and885(d) basis sets, to improve our
understanding of the effects of Pppy and TMSppyoséccyclometalated ligands in
iridium(lll) complexes. The calculations were conthd using the Gaussian 09 package [31].
Figure 3 shows the electron distributions and dated energy levels of the highest occupied
molecular orbital (HOMO) and lowest unoccupied ncalar orbital (LUMO) for
(MPQ)lIr(acac), (MPQr(Pppy), and (MPQJr(TMSppy). The electron densities in the
HOMO of (MPQ}Ir(acac) are mainly distributed over the phenylgrim MPQ and the
iridium atom, and the LUMO is mostly distributedesvthe quinoline moiety. In most cases,
the acac ancillary ligand in the iridium(lll) conepl does not affect the HOMO and LUMO
distributions. However, in the case of (MB@Pppy) and (MPQIr(TMSppy), the electron
densities in the HOMOs are mainly localized on gieenyl rings of the MPQ moieties,
iridium atoms, and phenyl units in the second aydtalated ligands (Pppy and TMSppy). In

contrast, the electron densities in the LUMOs ai@niy distributed over the quinoline
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moiety, as in (MPQJr(acac). The theoretical calculations show that Bppy and TMSppy
second cyclometalated ligands do not contributinéoLUMOSs, but selectively contribute to
the HOMOs of the iridium(lll) complexes.

The calculated HOMO/LUMO energy levels of (MB@acac), (MPQ)r(Pppy), and
(MPQXIr(TMSppy) were -4.84/-1.65, -4.80/-1.59, and -4-I%8 eV, respectively. The
HOMO and LUMO energy levels of the iridium(lll) cquexes containing second
cyclometalated ligands were slightly higher thaosthof the iridium(l1l) complex containing

the acac ancillary ligand.

3.5. Electrochemical Properties

The electrochemical behaviors in dichloromethanthefsynthesized iridium(lll) complexes
were investigated using cyclic voltammetry; the utiss are shown in Figure Sb5.
(MPQ)lr(acac), (MPQJIr(Pppy), and (MPQJr(TMSppy)show reversible electron
oxidations at positive potentials in the region0B60 V. The onset potentials of the first
oxidations (B"onse) of (MPQ)lIr(acac), (MPQ)Ir(Pppy), and (MPQ)r(TMSppy) are at 0.49,
0.44, and 0.41 V (vs Ag/Ay, respectively. The B onsetvalues of (MPQJr(Pppy) and
(MPQ)Ir(TMSppy) are clearly lower than that of the pareamplex (MPQlr(acac). The
HOMO energy levels of (MPQIy(acac), (MPQ)Ir(Pppy), and (MPQJr(TMSppy) are -5.21,
-5.16, and -5.13 eV, respectively. The HOMO endaygels of the iridium(lll) complexes
containing second cyclometalated ligands are d$lighgher than those of (MPg(acac).
The LUMO energy levels of (MP@J(acac), (MPQIr(Pppy), and (MPQJr(TMSppy) are -
3.12, -3.02, and -3.01 eV, respectively, based oanabination of the HOMO energy levels
and optical band gaps. These HOMO and LUMO enexggl$ for the iridium(lll) complexes

are consistent with the theoretically calculatesiihes.
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These HOMO and LUMO energy levels are well matcivetti those of tris(4-carbazoyl-9-
ylphenyl)amine (TCTA; HOMO:—6.0 eV, LUMO: -2.70 e\4nd 1,3,5-tris(1-phenylH-
benzimidazol-2-yl)benzene (TPBi; HOMO: —6.70 eV,MO: —2.70 eV) as host materials.
The HOMO and LUMO energy levels of the iridium(ldpmplexes are summarized in Table

2.

3.6. Electrophosphorescent OLEDs

The performances of the synthesized iridium(lllyngdexes in red phosphorescent OLEDs
were evaluated by fabricating multi-layered devicesth the structure ITO (50
nm)/PEDOT:PSS (40 nm)/TAPC (20 nm)/mCP (10 nm)/TOMBi:red dopant
(12.5:12.5:x%)/TSPO1 (35 nm)/LiF (1 nm)/Al (200 nriye fabricated devices using TCTA
and TPBi as the mixed-hosts in the emissive lagerefficient carrier injection and charge
balance [32]. Doping concentrations of 5% for (MRf@acac), 15% for (MPQ)r(Pppy),
and 15% for (MPQJr(TMSppy) gave the optimal performances. The dgmoncentration
of iridium(lll) complexes with Pppy or TMSppy seabgoyclometalated ligands were higher
than that of the iridium(lll) complex containing acac ancillary ligand. It has been known
that the thermally evaporated iridium complex hestild exist as an aggregated form rather
than a discrete molecule in the host-guest thm &len at low doping concentration [33]. So
the above results suggest that the introductiorelattively bulky Pppy or TMSppy groups
into the iridium(lll) complex effectively suppresseoncentration self-quenching especially
at high doping concentrations. The various dopiogicentrations and detailed device
characteristics of (MPQly(acac), (MPQ)Ir(Pppy), and (MPQ)r(TMSppy) are summarized

in Table 3.
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Figure 4a shows that the optimized red phosphontsc@LEDs fabricated using
(MPQ)lIr(acac), (MPQJr(Pppy), and (MPQJr(TMSppy) have electroluminescent (EL)
maximum emission peaks at 592, 600, and 600 nmpectisely. The maximum emission
peaks of the (MPQIr(acac), (MPQIr(Pppy), and (MPQ)r(TMSppy) devices red-shift
slightly as the doping concentration increases f&#h to 15%; this may be the result of
increased dopants aggregation and strong intermalednteractions at high doping
concentration (Figure S6). The red-shifts of theximam emission peaks at high doping
concentrations of all the synthesized iridium(lidpmplexes are consistent with the
aggregation effect observed for neat films, desctibin photophysical properties. The
Commission Internationale de L’Eclairage (CIE) aboates of the (MPQIr(acac),
(MPQ)Ir(Pppy), and (MPQJr(TMSppy) devices at the optimal doping concembratare
observed to be (0.59,0.41), (0.60,0.40), and (0.B&), respectively, at 1,000 cd/m

Figure 4b shows the current density-voltage-lumiean(J-V-L) curves of the red
phosphorescent OLEDs. The current density of th&DH._increased with increases doping
concentration of (MPQIr(Pppy) and (MPQJIr(TMSppy), due to improved charge hopping
at high doping concentrations [34]. The turn-ontagé (Mum-on defined as the bias at a
luminance of 1 cd/A) and maximum luminance idex) Of the (MPQ)Ir(acac) device are 4.5
V and 5,235 cd/m respectively. On the other hand, (MREPppy) and (MPQ)Jr(TMSppy)
dramatically change the device performances optretsphorescent OLEDs. The,M.on and
Lmax Values of the iridium(lll) complexes with secongtlometalated ligands are 4.0 V and
14,690 cd/my, respectively, for the (MP@J(Pppy) device, and 3.5 V and 12,220 ctifior
the (MPQ)Ir(TMSppy) device.

Figure 4c shows the external quantum efficiencydtrent efficiency (EQE-L-CE) curves of
red phosphorescent OLEDs. The maximum externaltgoaefficiency (EQFEa)/maximum

current efficiency (CRay of the (MPQJ)Ir(acac) device is 11.1%/20.4 cd/A, and those ef th
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(MPQ)2Ir(Pppy) and (MPQ)2Ir(TMSppy) devices are424/35.5 cd/A and 18.4%/31.8 cd/A,
respectively. In particular, the EQE and CE.axvalues of the (MPQ)r(Pppy) device are
higher than those of (MP@J)(acac) and (MPQ)r(TMSppy). These results show that the
iridium(lll) complex with a Pppy second cyclometald ligand significantly improves the
EQE and CE compared with the corresponding acaitlaagdigand and TMSppy second
cyclometalated ligand. These results can be exgdidny significant weak intermoleculat
interactions for (MPQJr(Pppy), as described in the X-ray crystallograpgasurement. The
weak intermolecular - interactions of (MPQJr(Pppy) can effectively prevent
concentration self-quenching at high doping conegioin and suppress triplet-triplet
annihilation in the device [25]. Relatively highs, of the (MPQ)Ir(Pppy) emitter compared
with those of the other emitters is another fadtwrthe high EQE of the (MPQ)(Pppy)
device. The device characteristics at other dopiogcentrations of (MPQ(acac),
(MPQ)Ir(Pppy), and (MPQJr(TMSppy) are shown in Figure S7 and S8.

The (MPQ)Ir(Pppy) emitter, which displayed broad FWHM anghiEQE values in red
phosphorescent OLEDs, is an appropriate red emitber the fabrication of all-
phosphorescent three primary color component WOWHD high EQE and high CRI. We
developed WOLED that incorporated Flirpic, Ir(ppyand (MPQ)Ir(Pppy) as emissive
dopants at different doping concentrations. Thedltevice structures, i.e., W1, W2, and W3,
were ITO (50 nm)/PEDOT:PSS (40 nm)/TAPC (20 nm)/m{(C® nm)/mCP:Flrpic (12.5 nm,
x = 5% for W1, 10% for W2, 15% for W3):Ir(ppy)0.5%)/TCTA:TPBi:(MPQIr(Pppy)
(7.25 nm, 15%)/TSPO1 (5 nm)/TPBi (30 nm)/LiF (1 ) (200 nm). The doping
concentrations of Ir(ppyX0.5%) and (MPQJr(Pppy) (15%) in all white devices were fixed,
and the doping concentration of Firpic in each dewas controlled at 5%, 10% and 15% for
W1, W2 and W3, respectively. Figure 5a shows thespéctra of the WOLED fabricated

with (MPQ)Ir(Pppy). The white EL spectra show blue, gree, i@d emission peaks at 473,
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505, and 600 nm, respectively. These three emiggaks well match the peak wavelengths
of Flrpic, Ir(ppyk, and (MPQIr(Pppy), respectively. The CIE coordinates of W2, and
W3 are (0.47,0.42), (0.46,0.43), and (0.44,0.48pectively, at 1,000 cdfimand are close to
the CIE coordinates of standard warm white light4400.40). The correlated color
temperature (CCT) values of W1, W2, and W3 are 2@932, and 3283 K, respectively, at
1,000 cd/m. Devices W1, W2, and W3 showed intense and brdzitevemissions with CRI
of 78, 81, and 81, respectively. The CRI valuethefWOLED device with (MPQr(Pppy)
are therefore greater than the required CRI vafust teast 75 for a WOLED to be used in
general solid-state lighting application [35]. Th&/-L and EQE-L-power efficiency (EQE-
L-PE) characteristics of the WOLED are shown inurégg5b and 5c, and details of the
performances of the EL devices are summarized bieTd. The V,m-on Values of the W1,
W2, and W3 devices are 6.0, 5.5, and 5.5 V, andLthg values are 28,040, 34,500, and
38,320 cd/m, respectively. The EQE and PE values are the mgsartant requirements of
WOLED for lighting applications. The EQEx and maximum power efficiency (RE)
values of W1, W2, and W3 are 22.6%/19.5 Im/W, 26232 Im/W, and 28.0%/26.0 Im/W,
respectively. An EQFEax value of 28.0% was obtained for the W3 device.ld&bshows the
EQEvax and CIE coordinates of this work as well as thaisether WOLEDs reported in the
literature [17, 36-43]. The EQEx of the W3 device is the highest value among tipented
WOLEDs fabricated using three primary color compugse

The WOLED color stability is also important in resgdplications. We investigated the color
stability, by observing the EL spectra and CIE domates of W1-W3 at various driving
voltages from 8 to 12 V. As can be seen from Fighi®, the white EL spectra of the
WOLED were not significantly different at differedtiving voltages. Changes in the CIE
coordinates of W1-W3 at various driving voltagegeavalso investigated, as shown in Figure

6. The CIE-X and CIE-Y values of W1-W3 with increagdriving voltage from 8 to 12 V
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were similar. Especially, the CIE coordinates of W34, 0.44) were unchanged at different

driving voltages.

4. Conclusions

In conclusion, red phosphorescent iridium(lll) cdexes, (MPQIr(Pppy) and
(MPQ)Ir(TMSppy), were designed and successfully syn#eesiio investigate the effect of
second cyclometalated Pppy and TMSppy ligands eir thse in phosphorescent OLEDs.
The devices fabricated using (MR®(Pppy) and (MPQJr(TMSppy) exhibited EQE of
21.4% and 18.4%, respectively, at 15% doping camagon. Especially, the second
cyclometalated Pppy ligand prevented concentragelfrquenching and suppressed triplet-
triplet annihilation at high doping concentratiothe WOLED fabricated using
(MPQ)Ir(Pppy) exhibited the highest EQE of 28.0%. Esaiegi CIE-X and CIE-Y values at
different driving voltages of the WOLED fabricatadth (MPQ)Ir(Pppy) showed excellent

spectral stability.
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Table captions

Table 1. Selected bond lengths [A] ofMPQ).lr(acac), (MPQ).lr(Pppy), and
(MPQ)2l r (TM Sppy).

Table 2. Summary of photophysical and electrochahpoperties of synthesized iridium(lll)

complexes.
Table 3. Summary of performances of fabricatedofeasphorescent OLEDSs.
Table 4. Summary of performances of fabricated evpitosphorescent OLEDs.

Table 5. Summary of device performances of WOLEEp®rted in literature.
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Table 1.

(MPQ):Ir(acac) (MPQ):Ir(Pppy) (MPQ)Ir(TMSppy)

Bond Length [A] Bond Length [A] Bond Length [A]
Ir(1)-C(16) 1.978(5) Ir(1)-C(11) 2.015(8) Ir(1)-C(16) 2.012(4)
Ir(1)-C(27) 1.973(5) Ir(1)-C(33) 1.985(8) Ir(1)-C(32) 2.007(4)
Ir(1)-N(2) 2.063(4) Ir(1)-C(49) 2.000(8) Ir(1)-C(40) 2.009(4)
Ir(1)-N(2) 2.069(4) Ir(1)-N(1) 2.142(6) Ir(1)-N(1) 2.236(3)
Ir(1)-0(1) 2.166(3) Ir(1)-N(2) 2.181(6) Ir(1)-N(2) 2.198(3)
Ir(1)-0(2) 2.165(3) Ir(1)-N(3) 2.224(7) Ir(1)-N(2) 2.145(3)

Table 2.
Photophysical Electrochemical

Dopant

Amax [nM] Aem® [NM] ®p ™ E, [eV] T1 [eV] HOMO [eV] LUMO [eV]
(MPQ):Ir(acac) 270, 338, 470 589/595 0.11 2.09 214 -5.21 -3.12
(MPQ)Ir(Pppy) 271, 308, 398, 446 597/601 0.16 214 2.13 -5.16 -3.02
(MPQ),Ir(TMSppy) 272, 290, 402, 450 597/602 0.13 212 2.13 -5.13 -3.01

[a] Maximum emission wavelength, measured in toluene solution (10'5 M) and neat film state.[b] Measured in degassed 2-methyltetrahydrofuran

solution relative to (PQ),lIr(acac) (®p. = 0.10).
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Table 3.

Dopant X%  Amaw FWHM [nm] CIE® (x,y) Vi V] Lmax [cd/M7] EQE"[%)] CEM [cd/A] PE™ [Im/W]
5 592, 81 (0.59,0.41) 45 5235 11.1/10.2 20.4/18.9 11.1/9.14
(MPQ),Ir
10 595, 81 (0.60,0.40) 45 6730 6.28/6.22 10.9/10.8 5.26/4.88
(acac)
15 597, 81 (0.60,0.40) 45 5464 4.27/3.91 7.02/6.51 3.25/2.64
5 593, 93 (0.57,0.43) 40 9712 18.0/16.7 34.4/32.0 25.7/16.4
(MPQ),Ir
10 597, 93 (0.59,0.41) 4.0 14470 18.7/16.8 32.5/29.4 19.3/14.6
(Pppy)
15 600, 93 (0.59,0.41) 4.0 14690 21.4/16.5 35.5/27.3 20.5/13.2
5 592, 91 (0.57,0.42) 35 7863 17.1/14.0 32.3/26.7 28.6/14.4
(MPQ),Ir
10 597, 91 (0.58,0.42) 35 10570 17.1/13.5 30.7/24.5 26.7/12.9
(TMSppy)
15 600, 91 (0.59,0.41) 35 12220 18.4/14.2 31.8/25.0 29.9/12.8

[a] Values measured at a luminance of 1,000 cd/m®. [b] Values measured at a luminance of 1 cd/m”. [c]Values measured at maximum efficiency
and luminance of 1,000 cd/m?.

Table 4.
Device Vi [V] Lmaxcd/m?] EQE” [%] CE” [cd/A] PE” [Im/W] CCTY[K] CIEY (x,y) CRIY
w1 6.0 28040 22.6/17.6 39.9/31.0 19.5/12.5 2605 (0.47,0.42) 78
W2 55 34500 26.1/22.6 46.7/41.1 23.2/17.2 2932 (0.46,0.43) 81
W3 55 38320 28.0/23.6 52.3/44.8 26.0/19.2 3283 (0.44,0.44) 81

Ialues measured at a luminance of 1 cdm™. ®Values measured at maximum efficiency and luminance of 1000 cdm™. “Values measured at a
luminance of 1000 cdm™,
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Table 5.

Emissive layer CIE CCT
Ref. WOLED? E?;;”a*
(dopant) (xy) (K)
36 2 colours (B +Y) Flrpic:(fbi).Ir(acac) 19.1 (0.38,0.44) -
37 2 colours (B +Y) (fmoppy).Ir(tfpypz):(dpiqg):2Ir(acac) 21.5 (0.44,0.45) 3239
38 2 colours (B +Y) Flrpic:(bt).Ir(acac) 22.9 (0.39,0.45) 4140
39 2 colours (B +Y) Flrpic:(F-bt),Ir(acac) 26.2 (0.35,0.44) -
40 2 colours (B + O) Flrpic:(dmppm).lr(acac) 28.6 (0.45,0.41) 3585
41 2 colours (B + O) Flrpic:IrNPPya 23.9 (0.33,0.46) -
42 3 colours (B + G + R) Flrpic:(ppy)Ir(acac):(MDQ).Ir(acac) 215 (0.43,0.45) -
43 3 colours(B+ G +R) Flrpic:Ir(ppy)s:(DMPQ).Ir(Pppy) 21.9 (0.39,0.41) 4518
17 4 colours B+ G+ O +R) Flrpic:(ppy):Ir(acac):(fbi).Ir(acac):(pig).Ir(acac) 10.8 (0.45,0.45) 3100
This work 3 colours (B + G + R) Flrpic:Ir(ppy)s:(MPQ).Ir(Pppy) 28.0 (0.44,0.44) 3283

[a] Component colors: B; blue, G; green, O; orange, R; red.
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Figure captions

Fig. 1. Single-crystal and crystal-packing struetuof (M PQ).lr(acac), (M PQ).lr(Pppy),
and(MPQ).lr(TMSppy). Solvent molecules and hydrogen atoms are onfittedarity.

Fig. 2. (a) UV-visible absorption and (b) PL spactf (M PQ).lr(acac), (MPQ).lr(Pppy),
and(MPQ)2lr (TM Sppy).

Fig. 3. Frontier molecular orbitals HOMO and LUM®(M PQ).lr (acac), (M PQ)lr (Pppy),
and(MPQ).lr (TM Sppy) calculated using DFT on B3LYP/6-31G(d).

Fig. 4. (a) EL spectra, (b) current density-volthgminance J-V-L), and (c) external
guantum efficiency-luminance-current efficiency EQ-CE) curves of(MPQ).lr(acac),
(MPQ)2lr (Pppy),and(MPQ)l r (TM Sppy)red phosphorescent OLEDs.

Fig. 5. (a) EL spectra, (b) current density-volthagminance J-V-L) and (c) external quantum

efficiency-luminance-power efficiency (EQEPE) curves of WOLED based on Flrpic,
Ir(ppy)s, and(M PQ)2lr (Pppy).

Fig. 6. CIE-X and CIE-Y values of W1, W2, and W3/ides at different driving voltages.
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Fig. 1.
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Fig. 2.
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Fig. 3.
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Fig.4.
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Fig. 5.
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Fig. 6.
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Highlights
» New red phosphorescent Ir(111) complexes, (MPQ).lr(Pppy) and (MPQ).Ir(TM Sppy) were
synthesized.

o (MPQ).lr(Pppy) exhibited high maximum external quantum efficiency of 28.0% in
WOLED.

e (MPQ)lr(Pppy) showed excellent spectral stability at different voltages in WOLED.



