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Abstract 

Highly efficient red phosphorescent iridium(III) complexes, (MPQ)2Ir(Pppy) and 

(MPQ)2Ir(TMSppy) based on 4-methyl-2-phenylquinoline (MPQ) as a cyclometalated main 

ligand and 2-[(1,1'-biphenyl)4-yl]pyridine (Pppy) or 2-[4-(trimethylsilyl)phenyl]pyridine 

(TMSppy) as a second cyclometalated ligand were synthesized for use in organic light-

emitting diodes (OLEDs). The iridium(III) complex with MPQ and acetylacetone (acac) as an 

ancillary ligand, (MPQ)2Ir(acac), was also synthesized for comparison. The geometrical 

configuration of the heteroleptic complex (MPQ)2Ir(acac)is N,N-trans, whereas 

(MPQ)2Ir(Pppy) and (MPQ)2Ir(TMSppy)show all-facial geometries. Among the iridium(III) 

complexes, red OLEDs using the (MPQ)2Ir(Pppy) exhibited significantly more improved 

luminance and external quantum efficiency with markedly prevented concentration self-

quenching at high doping concentration by introduction of Pppy. Moreover, a high maximum 

external quantum efficiency (EQEmax) of 28.0% with a high color-rendering index (CRI) of 

81 was achieved in the white OLEDs (WOLED) fabricated using the bis[2-(4,6-

difluorophenyl)pyridinato-C2,N](picolinato)iridium(III) [FIrpic], tris(2-

phenylpyridine)iridium(III) [Ir(ppy)3], and (MPQ)2Ir(Pppy), and it is one of the highest 

values among the reported three primary color component WOLED. Also, the WOLED 

fabricated using the (MPQ)2Ir(Pppy) showed excellent spectral stability at different voltages. 

Keywords: iridium complex; organic light-emitting diodes; phosphorescence 

 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

3 

 

1. Introduction 

Since the successful commercialization of organic light-emitting diodes (OLEDs) using three 

primary color emissions in smart phone displays, the market for products such as OLEDs 

television sets using white OLEDs (WOLED) has expanded [1-5]. Recently, in the fields of 

WOLED techniques, lighting using WOLED have been attractive due to potentially cheap 

energy costs and eco-friendly for lighting and various designs as efficient solid-state lighting 

applications. Also, the use of WOLED techniques in automotive brake light and traffic signal 

lights is also increasing [6-8]. 

Generally, WOLED are emitted by combination the two or three (red, green, and blue) 

primary color components as all-fluorescent, fluorescent-phosphorescent hybrid, and all-

phosphorescent methods. Among them, all-phosphorescent three primary color component 

WOLED give broad white emission and high color-rendering index (CRI) [9-14]. Three 

primary color component WOLED are desirable in applications such as WOLED televisions 

because of the high color quality from small light loss after three color filters [15]. The 

emissive layers in all-phosphorescent WOLED based on three primary color mixing use 

typical phosphors of blue emitter such as bis[2-(4,6-difluorophenyl)pyridinato-

C2,N](picolinato)iridium(III) [FIrpic], green emitter such as fac-tris(2-

phenylpyridine)iridium(III) [Ir(ppy)3], and red emitter such as bis(2-

phenylquinoline)(acetylacetonate)iridium(III) [(pq)2Ir(acac)] or bis(1-

phenylisoquinoline)(acetylacetonate)iridium(III) [(piq)2Ir(acac)] [16-20]. In particular, 

(pq)2Ir(acac) and (piq)2Ir(acac) are currently widely used as red emitters in OLEDs because 

they have suitable red emission regions [21,22]. However, the use of acetylacetone (acac) as 

an ancillary ligand in (pq)2Ir(acac) or (piq)2Ir(acac) causes various problems, such as poor 

thermal stability, low photoluminescence (PL) quantum efficiency (ФPL), and concentration 
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self-quenching at high doping concentrations of organic light-emitting device [23,24]. New 

red emitter materials with high thermal stabilities, high ФPL values, and suppressed self-

quenching effects are needed to solve these problems for OLEDs applications. Among the 

previous reports, Lee et. al. Reported an iridium(III) complex with a bulky pinene-substituted 

cyclometalated main ligand to reduce concentration self-quenching at very high dopant 

concentrations [25]. 

In this study, we designed new iridium(III) complexes containing a 2-phenylpyridine-based 

second cyclometalated ligand instead of acac to give high thermal stability and improved 

quantum efficiency for red and white phosphorescent OLEDs. We identified their 

geometrical configurations using X-ray crystallography. In general, iridium(III) complexes 

containing the 2-phenylpyridine ligand  have been known to exhibit a broad full width at 

half maximum (FWHM) and high phosphorescent quantum efficiencies [26]. We synthesized 

new iridium(III) complexes based on 4-methyl-2-phenylquinoline (MPQ) as the main 

cyclometalated ligand and 2-[(1,1'-biphenyl)-4-yl]pyridine (Pppy) or 2-[4-

(trimethylsilyl)phenyl]pyridine (TMSppy) as the second cyclometalated ligand. Two 

iridium(III) complexes containing Pppy or TMSppy as the second cyclometalated ligand 

showed significantly improved thermal stabilities and ФPL values compared with those of the 

corresponding iridium(III) complex containing an acac ancillary ligand. We also found that 

the second cyclometalated ligands are important in preventing self-quenching at high dopant 

concentrations in red and white phosphorescent OLEDs. 

2. Experimental Section 

2.1. Materials 
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Phenyl boronic acid, 2-chloro-4-methylquinoline, 2-(4-bromophenyl)pyridine, acetylacetone, 

iridium(III) chloride hydrate, tetrakis(triphenylphosphine)palladium(0), chlorotrimethylsilane, 

and silver trifluoromethanesulfonate were purchased from Aldrich and Alfa Asear. All 

chemicals were used without further purification. 

 

2.2. General procedure for iridium(III) complexes 

 2.2.1. Synthesis of 4-methyl-2-phenylquinoline (MPQ) 

2-Chloro-4-methylquinoline (5.0 g, 28.1mmol), phenyl boronic acid (4.12 g, 33.8 mmol), and 

[Pd(PPh3)4] (0.97 g, 0.84 mmol) were dissolved in tetrahydrofuran. A solution of 2M K2CO3 

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

12 h under a nitrogen atmosphere. The reaction mixture was cooled to room temperature, the 

mixture was extracted with ethyl acetate, and the organic layer was washed with water. The 

organic layer was dried over MgSO4. The solvent was removed under reduced pressure to 

give a crude residue. The crude product was purified by column chromatography on silica gel 

(ethyl acetate/hexane, 1/3, v/v) to obtain MPQ (4.73 g, 76.8%).  1H NMR (300 MHz, CDCl3, 

δ): 8.18 (m, 3H), 7.97 (d, 1H), 7.78 (t, 1H), 7.70 (s, 1H), 7.53 (m, 4H), 2.75 (s, 3H, CH3); 
13C 

NMR (75 MHz, CDCl3, δ): 157.05, 148.14, 144.83, 139.84, 130.29, 129.36, 129.23, 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)pyridine using the same procedure as was used to 

synthesize MPQ (2.06 g, 69.6%).1H NMR (300 MHz, acetone-d6, δ): 8.70 (d, 1H), 8.25 (d, 

2H), 7.98 (d, 1H), 7.90 (t, 1H), 7.78 (m, 4H), 7.49 (t, 2H), 7.41 (d,1H), 7.33 (m, 1H); 13C 
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NMR (75 MHz, CDCl3, δ): 157.01, 149.73, 141.70, 140.56, 138.26, 136.82, 128.87, 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 nitrogen, n-BuLi (7.7 mL, 15.4 mmol, 2.0 M solution in hexane) was 

added dropwise via a syringe to 2-(4-bromophenyl)pyridine (3.0 g, 12.8 mmol) in 

tetrahydrofuran at -78 oC. The mixture was stirred at -78 oC for 1 h, and chlorotrimethylsilane 

(2.45 mL, 19.2 mmol) was added in one portion. The reaction mixture was allowed to warm 

to room temperature overnight. After the reaction mixture was quenched with methanol, the 

mixture was extracted with ethyl acetate and the organic layer was washed with water. The 

organic layer was dried over MgSO4. The solvent was removed under reduced pressure to 

give a crude residue. The crude product was purified by column chromatography on silica gel 

(ethyl acetate/hexane, 1/3, v/v) to obtain TMSppy (1.86 g, 63.7%). 1H NMR (300 MHz, 

CDCl3, δ): 7.75 (d, 1H), 7.99 (d, 2H), 7.73 (m, 2H), 7.65 (d, 2H), 7.22 (m, 1H), 0.30 (s, 9H, 

CH3); 
13C NMR (75 MHz, CDCl3, δ): 157.45, 149.72, 141.41, 139.70, 136.71, 133.80, 126.13, 

122.16, 120.58, 1.08. 

 2.2.4. Synthesis of iridium(III) µ-chloro bridged dimer [Ir(MPQ)2Cl]2 

A mixture of iridium(III) chloride trihydrate (2.0 g, 6.70 mmol) and MPQ (3.23 g, 14.7 

mmol) in 2-ethoxyethanol/water (3/1, v/v) was stirred at reflux under a nitrogen atmosphere 

for 20 h. The mixture was cooled to room temperature and the precipitate was collected and 

washed with water and petroleum ether several times to afford a dark-red powder. The solid 

was dried in vacuo to give the cycolmetalated Iridium(III) µ-chloro bridged dimer complex 

[Ir(MPQ)2Cl]2, which was used directly in the next step, without purification. 
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 2.2.5. Synthesis of bis(4-methyl-2-phenylquinoline)irdium(III)(acetylacetonate) 

(MPQ)2Ir(acac) 

The [Ir(MPQ)2Cl]2 dimer complex (0.5g, 0.38 mmol), sodium carbonate (0.39g, 3.76 mmol), 

and acetylacetone (0.23 g, 2.26 mmol) were dissolved in 2-ethoxyethanol and refluxed under 

nitrogen for 12 h. After cooling to room temperature, the crude solution was poured into 

water, and extracted with dichloromethane/brine. The organic layer was dried over MgSO4, 

and concentrated in vacuo. The residue was purified using column chromatography on silica 

gel with dichloromethane/hexane as the eluent, and then recrystallized in dichloromethane 

and methanol to afford the product as an orange-red solid (0.17 g, 62.8%). 1H NMR (300 

MHz, CDCl3, δ): 8.52 (d, 2H), 7.97 (d, 2H), 7.86 (s, 2H), 7.78 (d, 2H), 7.47 (m, 4H), 6.85 (t, 

2H), 6.58 (t, 2H), 7.54 (d, 2H), 4.62 (s, 1H), 2.92 (s, 6H, ArCH3), 1.54 (s, 3H, CH3), 1.49 (s, 

3H, CH3); 
13C NMR (75 MHz, CDCl3, δ): 185.31, 169.63, 150.88, 147.20, 145.82, 136.04, 

129.94, 128.50, 127.21, 127.06, 125.56, 125.53, 123.74, 120.69, 117.40, 99.99, 97.77, 28.32, 

19.31; Anal. calcd for C37H31IrN2O2: C; 61.05, H; 4.29, N; 3.85, O; 4.40. Found: C; 61.04, H; 

4.29, N; 3.64; MALDI-TOF (M+1, C37H31IrN2O2): calcd for 728.20, found; 728.67; HPLC 

purity : 99.6%. 

 2.2.6. Synthesis of bis(4-methyl-2-phenylquinoline)irdium(III)[2-(4-

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

A solution of silver trifluoromethanesulfonate (0.21 g, 0.83 mmol) in 2-propanol (30 mL) 

was added to a solution of [Ir(MPQ)2Cl]2 dimer complex (0.5 g, 0.38 mmol) in 

dichloromethane (100 mL). The mixture was stirred at room temperature for overnight. The 

deep-red solution was filtered with Celite 545 to remove insoluble material and the crude 

solution was concentrated in vacuo. The resulting solid, i.e., [Ir(MPQ)2(CH3CN)2
+triflate] 

(0.45 g, 0.50mmol) and Pppy (0.17 g, 0.75 mmol) were dissolved in ethanol (200 mL) and 
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refluxed under nitrogen atmosphere for 16 h. After cooling to room temperature, the crude 

solution was poured into water, and extracted with dichloromethane/brine; the organic layer 

was dried over MgSO4 and concentrated in vacuo. The residue was purified using column 

chromatography on silica gel with dichloromethane/hexane as the eluent, and then 

recrystallized in dichloromethane and methanol to afford the product as a red solid (0.29 g, 

69.1%). 1H NMR (300 MHz, CDCl3, δ): 8.21 (d, 1H), 8.07 (s, 1H), 8.03 (s, 1H), 7.88 (m, 2H), 

7.81 (t, 2H),7.72 (t, 2H), 7.63 (d, 1H), 7.52 (t, 1H), 7.44 (d,1H), 7.29 (m, 3H), 6.99 (m, 3H), 

6.92 (m, 3H), 6.75 (m, 9H), 2.82 (s, 3H, ArCH3), 2.76 (s, 3H, ArCH3); 
13C NMR (75 MHz, 

CDCl3, δ): 166.9, 166.5, 166.2, 163.8, 160.4, 157.3, 148.6, 148.4, 147.3, 146.9, 145.8, 144.5, 

144.3, 144.1, 143.7, 141.8, 141.4, 140.8, 139.6, 138.3, 137.6, 136.8, 130.2, 129.6, 129.5, 

129.1, 128.5, 127.9, 127.6, 127.1, 126.2, 125.6, 125.2, 124.8, 124.5, 124.3, 123.6, 122.1, 

121.9, 121.1, 119.8, 119.3, 118.9, 118.5, 20.1, 19.8; Anal. Calcd for C49H36IrN3: C; 68.51, H; 

4.22, N; 4.89. Found: C; 68.56, H; 4.14, N; 4.68; MALDI-TOF (M+1, C49H36IrN3): calcd for 

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

 2.2.7. Synthesis of bis(4-methyl-2-phenylquinoline)irdium(III)(2-biphenyl-4-yl)[2-(4-

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

(MPQ)2Ir(TMSppy) was prepared from the[Ir(MPQ)2Cl]2 dimer complex by the same 

procedure as was used to synthesize(MPQ)2Ir(Pppy) (0.28 g, 67.8%). 1H NMR (300 MHz, 

CDCl3, δ): 8.27 (d, 1H), 8.09 (s, 1H), 7.95 (s, 1H), 7.84 (m, 5H), 7.68 (d, 2H), 7.62 (d, 1H), 

7.48 (t, 1H), 7.23 (m, 2H), 6.94 (m, 2H), 6.82 (m, 2H), 6.74 (m, 4H), 6.67 (m, 3H) 2.83 (s, 

3H, ArCH3), 2.74 (s, 3H, ArCH3), 0.04 (s, 9H, CH3). 
13C NMR (75 MHz, CDCl3, δ): 166.5, 

166.4, 166.1, 163.5, 160.9, 156.9, 148.7, 148.0, 147.8, 146.6, 145.1, 144.8, 144.3, 144.2, 

143.8, 141.2, 141.0, 139.2, 137.0, 136.4, 135.5, 129.8, 129.1, 129.0, 128.2, 127.6, 127.4, 

125.8, 125.7, 125.4, 124.6, 124.5, 124.1, 123.6, 121.9, 121.8, 120.0, 119.6, 118.9, 118.7, 
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118.6, 19.3, 19.1, 1.25. Anal.Calcd for C46H40IrN3Si: C; 64.61, H; 4.71, N; 4.91. Found: C; 

65.38, H; 4.71, N; 4.82. MALDI-TOF (M+1, C46H40IrN3Si): calcd 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 (50 nm)/PEDOT:PSS (40 nm)/TAPC (20 

nm)/mCP (10 nm)/TCTA:TPBi:red dopant (12.5:12.5:x%)/TSPO1 (35 nm)/LiF (1 nm)/Al 

(200 nm). In these devices, the red dopants were (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and 

(MPQ)2Ir(TMSppy); the doping ratio of TCTA to TPBi was 1:1, and the doping 

concentrations of the red dopants (x%) were 5%, 10%, and 15%. Prior to use, the ITO 

substrate was cleaned by sonication in distilled water and isopropanol followed by UV/ozone 

treatment for 10 min. After treatment with oxygen plasma, poly(3,4-ethylenedioxythiophene) 

doped with poly(styrenesulfonic acid) (PEDOT:PSS, Bayer AG, Germany) was spin-coated 

onto the cleaned ITO substrates. 1,1-Bis[(di-4-tolyamino)phenyl]cyclohexane (TAPC) and 

1,3-bis(N-carbazolyl)benzene (mCP), which serves as the hole-transport layer (HTL), were 

deposited onto the PEDOT:PSS layer. The red emissive layer was prepared by co-

evaporating host TCTA and TPBi with x% red dopant. Next, 4-

(triphenylsilyl)phenyldiphenylphosphine oxide (TSPO1), which acts as a high triplet-energy 

exciton blocking layer (HBL) with electron transport properties, was deposited on the 

emissive layer. Finally, lithium fluoride (LiF) was deposited as an electron injecting layer 

(EIL), and aluminum was deposited by vacuum evaporation on top of the film through a 

mask at less than 2.0 × 10-6Torr.  

 2.3.2. White phosphorescent OLEDs Fabrication 
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The structure of the WOLED was ITO (50 nm)/PEDOT:PSS (40 nm)/TAPC (20 nm)/mCP 

(10 nm)/mCP:FIrpic (x%):Ir(ppy)3 (y%)/TCTA:TPBi:red dopant (z%)/TSPO1 (5 nm)/TPBi 

(30 nm)/LiF (1 nm)/Al (200 nm). The blue, green, and red dopants in W1, W2, and W3 were 

FIrpic, Ir(ppy)3, and red dopant, respectively. The optimal doping concentrations of Ir(ppy)3 

(0.5%) and red dopant (15%) in W1, W2, and W3 were fixed and the doping concentration of 

FIrpic in each device was controlled from 5% to 15%. The ITO treatment procedure was the 

same as that for the red phosphorescent OLEDs. PEDOT:PSS was spin-coated onto the 

cleaned ITO substrates and then TAPC and mCP, which act as a HTL, were deposited onto 

the PEDOT:PSS layer. A blue and green light emissive layer was prepared by co-evaporating 

mCP, as the host, and FIrpic and Ir(ppy)3, as blue and green dopants, respectively. The red 

emissive layer was prepared by co-evaporating host TCTA and TPBi, and red dopant. Next, 

TSPO1 and TPBi, which acts as a high triplet-energy exciton blocking layer with electron 

transport properties, were deposited on the emissive layer. Finally, LiF was deposited as an 

EIL, and aluminum was deposited by vacuum evaporation on top of the film through a mask 

at less than 2.0 × 10-6Torr. 

2.4. Measurements 

1H and 13C NMR spectra were recorded in CDCl3 using a Varian Mercury 300 MHz (75 

MHz) spectrometer. MALDI-TOF mass spectra were obtained using a ZMS-DX303 mass 

spectrometer (JEOL Ltd.). HPLC was performed using a WatersTM 600 Controller with a 

WatersTM 486 tunable absorbance detector. TGA was performed using an SDT Q600 V20.9 

Build 20 instrument under a nitrogen atmosphere at a heating rate of 10 oC/min. UV-visible 

absorption spectra were recorded using a Shimadzu UV-3600 spectrophotometer, while PL 

spectra were recorded on a Shimadzu RF 5301 PC fluorometer. CV was performed using a 

CH Instruments 600D voltammetric analyzer at a potential scanning rate of 50-100 mV/s at 
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room temperature in a dichloromethane solution containing 0.1 M tetrabutylammonium 

perchlorate as the supporting electrolyte. A Ag/AgCl reference electrode, platinum wire 

counter electrode, and ferrocene/ferrocenium (Fc/Fc+) internal standard were used. The J-V-L 

characteristics and EL spectra of the phosphorescent OLEDs were obtained using a Keithley 

2400 source measurement unit and CS 1000 spectrophotometer. All devices were fabricated 

by vacuum thermal evaporation and were encapsulated with a glass lid and CaO getter before 

device measurements. A Keithley 2400 source measurement unit and CS 1000 

spectroradiometer were used to investigate the device performances. A Lambertian 

distribution of light emission was assumed in all EQE measurements. 

3. Results and Discussion 

3.1. Synthesis and Thermal Properties 

The heterolepticiridium(III) complexes, (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and 

(MPQ)2Ir(TMSppy) were synthesized according to the procedure shown in Scheme 1. The 

MPQ cyclometalated main ligand was prepared via a Suzuki coupling reaction between 2-

chloro-4-methylquinoline and phenylboronic acid. The second cyclometalated ligands, i.e., 

Pppy and TMSppy, were prepared from 2-(4-bromophenyl)pyridine and phenylboronic acid 

or chlorotrimethylsilane, respectively, via a Suzuki coupling or silylation reaction. 

(MPQ)2Ir(acac) was synthesized using the conventional two-step reaction reported by 

Thompson’s group [22]. The Ir(III)-µ-chloro-bridged dimer was formed by reaction of the 

cyclometalated main ligand MPQ with IrCl3·H2O in a mixture of 2-ethoxyethanol and water 

(3:1, v/v). The Ir(III)-µ-chloro-bridged dimer was then reacted with acac in 2-ethoxyethanol 

to afford (MPQ)2Ir(acac) in 63%. In the syntheses of (MPQ)2Ir(Pppy) and 

(MPQ)2Ir(TMSppy), a solution of silver trifluoromethanesulfonate in 2-propanol was added 

to a solution of the Ir(III)-µ-chloro-bridged dimer in dichloromethane and the mixture was 
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stirred at room temperature for 12 h. It was then reacted at 80 oC for 12 h with 2.2 equiv. of 

Pppy or TMSppy in ethanol to give (MPQ)2Ir(Pppy) and (MPQ)2Ir(TMSppy) in yields of 

69% and 68%, respectively. The synthesized iridium(III) complexes were fully characterized 

using 1H and 13C NMR spectroscopies, elementary analysis, and matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (see Figure S1 in the 

Supporting Information). They were purified by the vacuum sublimation using a train 

sublimator before device fabrication. High-performance liquid chromatography (HPLC) 

analysis showed that their purities were greater than 99.6% (Figure S2).  

The thermal stabilities of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy) were 

investigated using thermogravimetric analysis (TGA). The 5% weight-loss temperatures (Td) 

of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy) were 367, 415, and 406 oC, 

respectively (Figure S3). The Td values show that the iridium(III) complexes with Pppy or 

TMSppy as the second cyclometalated ligand are thermally more stable than the 

corresponding iridium(III) complex containing acac as the ancillary ligand. 

 

 

Scheme 1. Synthesis and chemical structures of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy),and 

(MPQ)2Ir(TMSppy). 
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3.2. X-ray Crystallography 

The structures of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy)were 

investigated using single-crystal X-ray crystallography. Figure 1 and Table 1 shows the 

single crystal and crystal packing structure of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and 

(MPQ)2Ir(TMSppy) as well as the selected bond lengths. The crystal structures of the 

iridium(III) complexes with acac or 2-phenylpyridine-based second cyclometalated ligands 

show different configurations with distorted octahedral geometries around the iridium(III) 

atom. The geometrical configuration of the heteroleptic complex (MPQ)2Ir(acac) is N,N-trans, 

whereas (MPQ)2Ir(Pppy) and (MPQ)2Ir(TMSppy) have facial geometries. All the σ-donor 

carbon atoms in (MPQ)2Ir(Pppy) (C11, C33, and C49) and (MPQ)2Ir(TMSppy) (C16, C32, 

and C40) are located trans to nitrogen atoms (N1, N2, and N3) in both the cyclometalated 

main ligand and second cyclometalated ligands. The lengths of Ir-C bonds between the 

iridium atom and two cyclometalated main ligands in (MPQ)2Ir(Pppy) [Ir(1)-C(33); 1.985(8) 

Å, Ir(1)-C(49); 2.000(8) Å] and (MPQ)2Ir(TMSppy) [Ir(1)-C(16); 2.012(4) Å, Ir(1)-C(32); 

2.007(4) Å] are slightly longer than those in (MPQ)2Ir(acac) [Ir(1)-C(16); 1.978(5) Å, Ir(1)-

C(27); 1.973(5) Å]. Also, the lengths of the Ir-N bonds in (MPQ)2Ir(Pppy) [Ir(1)-N(2); 

2.181(6) Å, Ir(1)-N(3); 2.224(7) Å] and (MPQ)2Ir(TMSppy) [Ir(1)-N(1); 2.236(3) Å, Ir(1)-

N(2); 2.198(3) Å] are also relatively longer than that in (MPQ)2Ir(acac) [Ir(1)-N(1); 2.063(4) 

Å, Ir(1)-N(2); 2.069(4) Å]; this could be because the steric hindrance effects of the second 

cyclometalated ligand spacers with relatively bulky Pppy or TMSppy groups are greater than 

that of the acac ancillary ligand. The Ir-C and Ir-N bonds between the iridium atom and 

second cyclometalated ligands in (MPQ)2Ir(Pppy) [Ir(1)-C(11); 2.015(8) Å, Ir(1)-N(1); 
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2.142(6) Å] and (MPQ)2Ir(TMSppy) [Ir(1)-C(40); 2.009(4) Å, Ir(1)-N(3); 2.145(3) Å] were 

similar. 

The distances between the two nearest iridium atoms in the crystal-packing structures of 

(MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy) are 10.80, 15.32, and 10.94 Å, 

respectively. The distances between the two nearest parallel MPQ planes in (MPQ)2Ir(acac), 

(MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy) are 3.43, 9.74, and 3.49 Å, respectively. In 

particular, the distance between the two nearest iridium atoms and two nearest parallel MPQ 

planes in (MPQ)2Ir(Pppy) are relatively longer than those in (MPQ)2Ir(acac) and 

(MPQ)2Ir(TMSppy). These results indicate that (MPQ)2Ir(Pppy) has weak intermolecular π-π 

interactions between the two nearest iridium atoms and two nearest MPQ ligands, which 

could minimize bimolecular interactions by sterically hindered Pppy spacers. Minimum 

bimolecular interactions between iridium(III) complexes can generally prevent self-

quenching in phosphorescence [25]. Complete crystal data (cif) for (MPQ)2Ir(acac), 

(MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy) can be found in Supporting Information. 

 

3.3. Photophysical Properties 

The photophysical properties of the iridium(III) complexes with second cyclometalated 

ligands were investigated using UV-visible absorption and PL spectroscopy in dilute toluene 

solution at 298 K. The UV-visible absorption and PL spectra are shown in Figure 2, and the 

results are summarized in Table 2. The intense absorption peaks in the short wavelength 

region below 340 nm in the spectra of all the synthesized iridium(III) complexes are 

attributed to spin allowed π-π* transitions, which closely resembles the corresponding 

transition in the MPQ cyclometalated main ligand. (MPQ)2Ir(acac) has absorption bands with 

low extinction coefficients in the range 350-600 nm; these are assigned to singlet and triplet 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

15 

 

metal-to-ligand charge transfer (1MLCT and 3MLCT) states. The 1MLCT/3MLCT bands of 

the iridium(III) complexes with second cyclometalated ligands are highly and clearly 

separated, at 398/446 nm for (MPQ)2Ir(Pppy) and 402/450 nm for (MPQ)2Ir(TMSppy). 

(MPQ)2Ir(Pppy) and (MPQ)2Ir(TMSppy) show a high and prominent absorption band above 

350 nm, from efficient MLCT. The energy band gaps (Eg) of (MPQ)2Ir(acac), 

(MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy) were calculated to be 2.09, 2.14, and 2.12 eV, 

respectively, from the UV-visible absorption edge.  

The maximum PL emission peaks of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and 

(MPQ)2Ir(TMSppy) occur at 589, 597, and 597 nm, respectively, in dilute toluene solution at 

298 K. The maximum PL emission peaks from (MPQ)2Ir(Pppy) and (MPQ)2Ir(TMSppy) are 

red-shifted compared with that of (MPQ)2Ir(acac). Also,  red-shifts of the maximum PL 

emission peaks from solution to the neat film state were observed for (MPQ)2Ir(acac) (595 

nm), (MPQ)2Ir(Pppy) (601 nm), and (MPQ)2Ir(TMSppy) (602 nm); this could be caused by 

aggregation effects of the iridium(III) complexes. 

The maximum low-temperature PL emission peaks of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and 

(MPQ)2Ir(TMSppy) in dilute toluene solution at 77 K are at 580, 576, and 578 nm, 

respectively (Figure S4). The maximum emissions of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and 

(MPQ)2Ir(TMSppy) at 77 K are hypsochromically shifted by 9, 19, and 18 nm compared to 

those of a solution at 298 K, because of the rigidochromic effect [27-29]. Also, the maximum 

emission wavelength at 77 K for (MPQ)2Ir(Pppy) and (MPQ)2Ir(TMSppy) are relatively 

more hypsochromically shifted than that of (MPQ)2Ir(acac), because of the steric effects of 

the relatively bulky Pppy and TMSppy groups. The triplet energies (T1) of (MPQ)2Ir(acac), 

(MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy) are 2.14, 2.13, and 2.13 eV, respectively, 

determined from their emission spectra at 77 K, suggesting that the T1 energies of the 

synthesized iridium(III) complexes mainly depend on the cyclometalated MPQ ligand. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

16 

 

The PL quantum yields of the synthesized iridium(III) complexes in dilute degassed 2-

methyltetrahydrofuran solution were compared with that of (pq)2Ir(acac) as a standard (ФPL = 

0.10) [30]. The measured ФPL values of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and 

(MPQ)2Ir(TMSppy) were 0.11, 0.16, and 0.13, respectively. The higher ФPL values of 

(MPQ)2Ir(Pppy) and (MPQ)2Ir(TMSppy) compared with those of  (MPQ)2Ir(acac) and 

(PQ)2Ir(acac) suggest that the second cyclometalated ligands are better than the acac ancillary 

ligand at enhancing the PL quantum efficiencies of the red emitters. In particular, Pppy is an 

excellent candidate as the second cyclometalated ligand for highly luminescent iridium(III) 

complexes. 

 

3.4. Theoretical Calculations 

We performed theoretical calculations based on density functional theory (DFT), using the 

B3LYP hybrid exchange-correlation functional and 6-31G(d) basis sets, to improve our 

understanding of the effects of Pppy and TMSppy second cyclometalated ligands in 

iridium(III) complexes. The calculations were conducted using the Gaussian 09 package [31]. 

Figure 3 shows the electron distributions and calculated energy levels of the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) for 

(MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy). The electron densities in the 

HOMO of (MPQ)2Ir(acac) are mainly distributed over the phenyl ring in MPQ and the 

iridium atom, and the LUMO is mostly distributed over the quinoline moiety. In most cases, 

the acac ancillary ligand in the iridium(III) complex does not affect the HOMO and LUMO 

distributions. However, in the case of (MPQ)2Ir(Pppy) and (MPQ)2Ir(TMSppy), the electron 

densities in the HOMOs are mainly localized on the phenyl rings of the MPQ moieties, 

iridium atoms, and phenyl units in the second cyclometalated ligands (Pppy and TMSppy). In 

contrast, the electron densities in the LUMOs are mainly distributed over the quinoline 
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moiety, as in (MPQ)2Ir(acac). The theoretical calculations show that the Pppy and TMSppy 

second cyclometalated ligands do not contribute to the LUMOs, but selectively contribute to 

the HOMOs of the iridium(III) complexes. 

The calculated HOMO/LUMO energy levels of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and 

(MPQ)2Ir(TMSppy) were -4.84/-1.65, -4.80/-1.59, and -4.79/-1.58 eV, respectively. The 

HOMO and LUMO energy levels of the iridium(III) complexes containing second 

cyclometalated ligands were slightly higher than those of the iridium(III) complex containing 

the acac ancillary ligand. 

 

3.5. Electrochemical Properties 

The electrochemical behaviors in dichloromethane of the synthesized iridium(III) complexes 

were investigated using cyclic voltammetry; the results are shown in Figure S5. 

(MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy)show reversible electron 

oxidations at positive potentials in the region 0.40-0.60 V. The onset potentials of the first 

oxidations (Eoxi
onset) of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy) are at 0.49, 

0.44, and 0.41 V (vs Ag/Ag+), respectively. The Eoxi
onset values of (MPQ)2Ir(Pppy) and 

(MPQ)2Ir(TMSppy) are clearly lower than that of the parent complex (MPQ)2Ir(acac). The 

HOMO energy levels of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy) are -5.21, 

-5.16, and -5.13 eV, respectively. The HOMO energy levels of the iridium(III) complexes 

containing second cyclometalated ligands are slightly higher than those of (MPQ)2Ir(acac). 

The LUMO energy levels of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy) are -

3.12, -3.02, and -3.01 eV, respectively, based on a combination of the HOMO energy levels 

and optical band gaps. These HOMO and LUMO energy levels for the iridium(III) complexes 

are consistent with the theoretically calculated results.  
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These HOMO and LUMO energy levels are well matched with those of tris(4-carbazoyl-9-

ylphenyl)amine (TCTA; HOMO:–6.0 eV, LUMO: –2.70 eV) and 1,3,5-tris(1-phenyl-1H-

benzimidazol-2-yl)benzene (TPBi; HOMO: –6.70 eV, LUMO: –2.70 eV) as host materials. 

The HOMO and LUMO energy levels of the iridium(III) complexes are summarized in Table 

2. 

 

3.6. Electrophosphorescent OLEDs 

The performances of the synthesized iridium(III) complexes in red phosphorescent OLEDs 

were evaluated by fabricating multi-layered devices with the structure ITO (50 

nm)/PEDOT:PSS (40 nm)/TAPC (20 nm)/mCP (10 nm)/TCTA:TPBi:red dopant 

(12.5:12.5:x%)/TSPO1 (35 nm)/LiF (1 nm)/Al (200 nm). We fabricated devices using TCTA 

and TPBi as the mixed-hosts in the emissive layer for efficient carrier injection and charge 

balance [32]. Doping concentrations of 5% for (MPQ)2Ir(acac), 15% for (MPQ)2Ir(Pppy), 

and 15% for (MPQ)2Ir(TMSppy) gave the optimal performances. The doping concentration 

of iridium(III) complexes with Pppy or TMSppy second cyclometalated ligands were higher 

than that of the iridium(III) complex containing an acac ancillary ligand. It has been known 

that the thermally evaporated iridium complex host would exist as an aggregated form rather 

than a discrete molecule in the host-guest thin film even at low doping concentration [33]. So 

the above results suggest that the introduction of relatively bulky Pppy or TMSppy groups 

into the iridium(III) complex effectively suppresses concentration self-quenching especially 

at high doping concentrations. The various doping concentrations and detailed device 

characteristics of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy) are summarized 

in Table 3. 
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Figure 4a shows that the optimized red phosphorescent OLEDs fabricated using 

(MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy) have electroluminescent (EL) 

maximum emission peaks at 592, 600, and 600 nm, respectively. The maximum emission 

peaks of the (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy) devices red-shift 

slightly as the doping concentration increases from 5% to 15%; this may be the result of 

increased dopants aggregation and strong intermolecular interactions at high doping 

concentration (Figure S6). The red-shifts of the maximum emission peaks at high doping 

concentrations of all the synthesized iridium(III) complexes are consistent with the 

aggregation effect observed for neat films, described in photophysical properties. The 

Commission Internationale de L’Eclairage (CIE) coordinates of the (MPQ)2Ir(acac), 

(MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy) devices at the optimal doping concentration are 

observed to be (0.59,0.41), (0.60,0.40), and (0.58,0.41), respectively, at 1,000 cd/m2. 

Figure 4b shows the current density-voltage-luminance (J-V-L) curves of the red 

phosphorescent OLEDs. The current density of the OLEDs increased with increases doping 

concentration of (MPQ)2Ir(Pppy) and (MPQ)2Ir(TMSppy), due to improved charge hopping 

at high doping concentrations [34]. The turn-on voltage (Vturn-on; defined as the bias at a 

luminance of 1 cd/m2) and maximum luminance (Lmax) of the (MPQ)2Ir(acac) device are 4.5 

V and 5,235 cd/m2, respectively. On the other hand, (MPQ)2Ir(Pppy) and (MPQ)2Ir(TMSppy) 

dramatically change the device performances of red phosphorescent OLEDs. The Vturn-on and 

Lmax values of the iridium(III) complexes with second cyclometalated ligands are 4.0 V and 

14,690 cd/m2, respectively, for the (MPQ)2Ir(Pppy) device, and 3.5 V and 12,220 cd/m2 for 

the (MPQ)2Ir(TMSppy) device. 

Figure 4c shows the external quantum efficiency-L-current efficiency (EQE-L-CE) curves of 

red phosphorescent OLEDs. The maximum external quantum efficiency (EQEmax)/maximum 

current efficiency (CEmax) of the (MPQ)2Ir(acac) device is 11.1%/20.4 cd/A, and those of the 
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(MPQ)2Ir(Pppy) and (MPQ)2Ir(TMSppy) devices are 21.4%/35.5 cd/A and 18.4%/31.8 cd/A, 

respectively. In particular, the EQEmax and CEmax values of the (MPQ)2Ir(Pppy) device are 

higher than those of (MPQ)2Ir(acac) and (MPQ)2Ir(TMSppy). These results show that the 

iridium(III) complex with a Pppy second cyclometalated ligand significantly improves the 

EQE and CE compared with the corresponding acac ancillary ligand and TMSppy second 

cyclometalated ligand. These results can be explained by significant weak intermolecular π-π 

interactions for (MPQ)2Ir(Pppy), as described in the X-ray crystallography measurement. The 

weak intermolecular π-π interactions of (MPQ)2Ir(Pppy) can effectively prevent 

concentration self-quenching at high doping concentration and suppress triplet-triplet 

annihilation in the device [25]. Relatively high ФPL of the (MPQ)2Ir(Pppy) emitter compared 

with those of the other emitters is another factor for the high EQE of the (MPQ)2Ir(Pppy) 

device. The device characteristics at other doping concentrations of (MPQ)2Ir(acac), 

(MPQ)2Ir(Pppy), and (MPQ)2Ir(TMSppy) are shown in Figure S7 and S8. 

The (MPQ)2Ir(Pppy) emitter, which displayed broad FWHM and high EQE values in red 

phosphorescent OLEDs, is an appropriate red emitter for the fabrication of all-

phosphorescent three primary color component WOLED with high EQE and high CRI. We 

developed WOLED that incorporated FIrpic, Ir(ppy)3, and (MPQ)2Ir(Pppy) as emissive 

dopants at different doping concentrations. The three device structures, i.e., W1, W2, and W3, 

were ITO (50 nm)/PEDOT:PSS (40 nm)/TAPC (20 nm)/mCP (10 nm)/mCP:FIrpic (12.5 nm, 

x = 5% for W1, 10% for W2, 15% for W3):Ir(ppy)3 (0.5%)/TCTA:TPBi:(MPQ)2Ir(Pppy) 

(7.25 nm, 15%)/TSPO1 (5 nm)/TPBi (30 nm)/LiF (1 nm)/Al (200 nm). The doping 

concentrations of Ir(ppy)3 (0.5%) and (MPQ)2Ir(Pppy) (15%) in all white devices were fixed, 

and the doping concentration of FIrpic in each device was controlled at 5%, 10% and 15% for 

W1, W2 and W3, respectively. Figure 5a shows the EL spectra of the WOLED fabricated 

with (MPQ)2Ir(Pppy). The white EL spectra show blue, green, and red emission peaks at 473, 
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505, and 600 nm, respectively. These three emission peaks well match the peak wavelengths 

of FIrpic, Ir(ppy)3, and (MPQ)2Ir(Pppy), respectively. The CIE coordinates of W1, W2, and 

W3 are (0.47,0.42), (0.46,0.43), and (0.44,0.44), respectively, at 1,000 cd/m2, and are close to 

the CIE coordinates of standard warm white light (0.44,0.40). The correlated color 

temperature (CCT) values of W1, W2, and W3 are 2605, 2932, and 3283 K, respectively, at 

1,000 cd/m2. Devices W1, W2, and W3 showed intense and broad white emissions with CRI 

of 78, 81, and 81, respectively. The CRI values of the WOLED device with (MPQ)2Ir(Pppy) 

are therefore greater than the required CRI value of at least 75 for a WOLED to be used in 

general solid-state lighting application [35]. The J-V-L and EQE-L-power efficiency (EQE-

L-PE) characteristics of the WOLED are shown in Figure 5b and 5c, and details of the 

performances of the EL devices are summarized in Table 4. The Vturn-on values of the W1, 

W2, and W3 devices are 6.0, 5.5, and 5.5 V, and the Lmax values are 28,040, 34,500, and 

38,320 cd/m2, respectively. The EQE and PE values are the most important requirements of 

WOLED for lighting applications. The EQEmax and maximum power efficiency (PEmax) 

values of W1, W2, and W3 are 22.6%/19.5 lm/W, 26.1%/23.2 lm/W, and 28.0%/26.0 lm/W, 

respectively. An EQEmax value of 28.0% was obtained for the W3 device. Table 5 shows the 

EQEmax and CIE coordinates of this work as well as those of other WOLEDs reported in the 

literature [17, 36-43]. The EQEmax of the W3 device is the highest value among the reported 

WOLEDs fabricated using three primary color components. 

The WOLED color stability is also important in real applications. We investigated the color 

stability, by observing the EL spectra and CIE coordinates of W1-W3 at various driving 

voltages from 8 to 12 V. As can be seen from Figure S10, the white EL spectra of the 

WOLED were not significantly different at different driving voltages. Changes in the CIE 

coordinates of W1-W3 at various driving voltages were also investigated, as shown in Figure 

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

driving voltages. 

4. Conclusions 

In conclusion, red phosphorescent iridium(III) complexes, (MPQ)2Ir(Pppy) and 

(MPQ)2Ir(TMSppy), were designed and successfully synthesized to investigate the effect of 

second cyclometalated Pppy and TMSppy ligands on their use in phosphorescent OLEDs. 

The devices fabricated using (MPQ)2Ir(Pppy) and (MPQ)2Ir(TMSppy) exhibited EQE of 

21.4% and 18.4%, respectively, at 15% doping concentration. Especially, the second 

cyclometalated Pppy ligand prevented concentration self-quenching and suppressed triplet-

triplet annihilation at high doping concentration. The WOLED fabricated using 

(MPQ)2Ir(Pppy) exhibited the highest EQE of 28.0%. Especially, CIE-X and CIE-Y values at 

different driving voltages of the WOLED fabricated with (MPQ)2Ir(Pppy) showed excellent 

spectral stability. 
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Table captions 

Table 1. Selected bond lengths [Å] of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), and 

(MPQ)2Ir(TMSppy). 

Table 2. Summary of photophysical and electrochemical properties of synthesized iridium(III) 

complexes. 

Table 3. Summary of performances of fabricated red phosphorescent OLEDs. 

Table 4. Summary of performances of fabricated white phosphorescent OLEDs. 

Table 5. Summary of device performances of WOLEDs reported in literature. 
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Table 1.  

(MPQ)2Ir(acac) (MPQ)2Ir(Pppy) (MPQ)2Ir(TMSppy) 

Bond Length [Å] Bond Length [Å] Bond Length [Å] 

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(1) 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)-O(1) 2.166(3) Ir(1)-N(2) 2.181(6) Ir(1)-N(2) 2.198(3) 

Ir(1)-O(2) 2.165(3) Ir(1)-N(3) 2.224(7) Ir(1)-N(2) 2.145(3) 

 

Table 2. 

Dopant 

Photophysical Electrochemical 

λmax [nm] λem
[a] [nm] ФPL

[b] Eg [eV] T1 [eV] HOMO [eV] LUMO [eV] 

(MPQ)2Ir(acac) 270, 338, 470 589/595 0.11 2.09 2.14 -5.21 -3.12 

(MPQ)2Ir(Pppy) 271, 308, 398, 446 597/601 0.16 2.14 2.13 -5.16 -3.02 

(MPQ)2Ir(TMSppy) 272, 290, 402, 450 597/602 0.13 2.12 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)2Ir(acac) (ФPL = 0.10). 
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Table 3. 

Dopant x% λmax, FWHM [nm] CIE[a] (x,y) Vturn
[b] [V] Lmax [cd/m2] EQE[c][%] CE[c] [cd/A] PE[c] [lm/W] 

(MPQ)2Ir 

(acac) 

5 592, 81 (0.59,0.41) 4.5 5235 11.1/10.2 20.4/18.9 11.1/9.14 

10 595, 81 (0.60,0.40) 4.5 6730 6.28/6.22 10.9/10.8 5.26/4.88 

15 597, 81 (0.60,0.40) 4.5 5464 4.27/3.91 7.02/6.51 3.25/2.64 

(MPQ)2Ir 

(Pppy) 

5 593, 93 (0.57,0.43) 4.0 9712 18.0/16.7 34.4/32.0 25.7/16.4 

10 597, 93 (0.59,0.41) 4.0 14470 18.7/16.8 32.5/29.4 19.3/14.6 

15 600, 93 (0.59,0.41) 4.0 14690 21.4/16.5 35.5/27.3 20.5/13.2 

(MPQ)2Ir 

(TMSppy) 

5 592, 91 (0.57,0.42) 3.5 7863 17.1/14.0 32.3/26.7 28.6/14.4 

10 597, 91 (0.58,0.42) 3.5 10570 17.1/13.5 30.7/24.5 26.7/12.9 

15 600, 91 (0.59,0.41) 3.5 12220 18.4/14.2 31.8/25.0 29.9/12.8 

[a] Values measured at a luminance of 1,000 cd/m2. [b] Values measured at a luminance of 1 cd/m2. [c]Values measured at maximum efficiency 
and luminance of 1,000 cd/m2.  

 

Table 4. 

Device Vturn
a) [V] Lmax[cd/m2] EQEb) [%] CEb) [cd/A] PEb) [lm/W] CCTc) [K] CIEc) (x,y) CRIc) 

W1 6.0 28040 22.6/17.6 39.9/31.0 19.5/12.5 2605 (0.47,0.42) 78 

W2 5.5 34500 26.1/22.6 46.7/41.1 23.2/17.2 2932 (0.46,0.43) 81 

W3 5.5 38320 28.0/23.6 52.3/44.8 26.0/19.2 3283 (0.44,0.44) 81 

a)Values measured at a luminance of 1 cdm-2. b)Values measured at maximum efficiency and luminance of 1000 cdm-2. c)Values measured at a 
luminance of 1000 cdm-2. 
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Table 5.  

Ref. WOLEDa) 
Emissive layer 

(dopant) 

EQEmax 
(%) 

CIE 

(x,y) 

CCT 

(K) 

36 2 colours (B + Y) FIrpic:(fbi)2Ir(acac) 19.1 (0.38,0.44) - 

37 2 colours (B + Y) (fmoppy)2Ir(tfpypz):(dpiq):2Ir(acac) 21.5 (0.44,0.45) 3239 

38 2 colours (B + Y) FIrpic:(bt)2Ir(acac) 22.9 (0.39,0.45) 4140 

39 2 colours (B + Y) FIrpic:(F-bt)2Ir(acac) 26.2 (0.35,0.44) - 

40 2 colours (B + O) FIrpic:(dmppm)2Ir(acac) 28.6 (0.45,0.41) 3585 

41 2 colours (B + O) FIrpic:IrNPPya 23.9 (0.33,0.46) - 

42 3 colours (B + G + R) FIrpic:(ppy)2Ir(acac):(MDQ)2Ir(acac) 21.5 (0.43,0.45) - 

43 3 colours(B + G + R) FIrpic:Ir(ppy)3:(DMPQ)2Ir(Pppy) 21.9 (0.39,0.41) 4518 

17 4 colours (B + G + O + R) FIrpic:(ppy)2Ir(acac):(fbi)2Ir(acac):(piq)2Ir(acac) 10.8 (0.45,0.45) 3100 

This work 3 colours (B + G + R) FIrpic:Ir(ppy)3:(MPQ)2Ir(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 structures of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), 

and (MPQ)2Ir(TMSppy). Solvent molecules and hydrogen atoms are omitted for clarity. 

Fig. 2. (a) UV-visible absorption and (b) PL spectra of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), 

and (MPQ)2Ir(TMSppy). 

Fig. 3. Frontier molecular orbitals HOMO and LUMO of (MPQ)2Ir(acac), (MPQ)2Ir(Pppy), 

and (MPQ)2Ir(TMSppy) calculated using DFT on B3LYP/6-31G(d). 

Fig. 4. (a) EL spectra, (b) current density-voltage-luminance (J-V-L), and (c) external 

quantum efficiency-luminance-current efficiency (EQE-L-CE) curves of (MPQ)2Ir(acac), 

(MPQ)2Ir(Pppy),and (MPQ)2Ir(TMSppy)red phosphorescent OLEDs. 

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

efficiency-luminance-power efficiency (EQE-L-PE) curves of WOLED based on FIrpic, 

Ir(ppy)3, and (MPQ)2Ir(Pppy). 

Fig. 6. CIE-X and CIE-Y values of W1, W2, and W3 devices 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(III) complexes, (MPQ)2Ir(Pppy) and (MPQ)2Ir(TMSppy) were 

synthesized. 

• (MPQ)2Ir(Pppy) exhibited high maximum external quantum efficiency of 28.0% in 

WOLED. 

• (MPQ)2Ir(Pppy) showed excellent spectral stability at different voltages in WOLED.  


