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Abstract 

Phenanthrimidazole based ligands with various substitution patterns have been used as the 

main ligand for heteroleptic bis cyclometalated iridium(III) complexes. Two series of 

complexes have been prepared by changing the ancillary ligand and their electroluminescent 

properties were studied. The strongly allowed phosphorescence in these complexes is the 

result of significant spin-orbit coupling of the iridium center. The absorption at longer 

wavelength have been assigned to 1MLCT ← S0 and 3MLCT ← S0 transitions of iridium 

complexes and the phosphorescence emission maxima range from 558 to 574 nm. The 

OLEDs with these picolinate complexes exhibit appreciable external quantum efficiencies 

ranging from 6.5 to 15.6 %. Devices based with Ir(tmpmp)2(pic) and Ir(tmpdp)2(pic) show 

better performance in terms of brightness of 110421 cd/m2 and 124568 cd/m2 at 18 V, 

respectively. Device with Ir(tmpdp)2(pic) shows a high power efficiency of 25.6 lm/w at 7.0 

V and current efficiency of 47.5 cd/A at 8.0 V. Introduction of dimethylamino group in                       

2-picolinate complexes, Ir(tmpmp)2(Npic) (ηc – 44.6, 8 V; ηp – 26.0, 7 V) and 

Ir(mpdp)2(Npic) (ηc – 49.9, 8 V; ηp – 27.2, 7 V) resulting in a highly phosphorescent green 

emitter with high electroluminescence efficiency.   
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1. Introduction 

     Electroluminescent heavy metal materials, namely iridium, platinum, ruthenium, and 

osmium complexes, have attracted considerable attention due to their potential applications 

in full color flat panel displays and solid-state lighting [1-6]. Among phosphorescent 

emitters, the best performing phosphorescent materials were those based on iridium(III) 

complexes because of the relatively short triplet lifetime and potential high device 

efficiency. Iridium(III)-based phosphorescent cyclometalated complexes are used as 

efficient dopants for applications in phosphorescent organic light-emitting diodes 

(PhOLEDs) [7-12], light-emitting electrochemical cells [13-16] and chemosensors [17,18]. 

The efficiency, brightness and emission wavelength of iridium(III) complexes depend 

strongly on the structure of the cyclometalated ligand. The emission wavelength of the 

iridium(III) complexes can normally be tuned by changing the electronic nature and position 

of the substituents on the ligands [19].  

   There is a crucial issue of phase separation between iridium(III) complexes and host 

materials that influence the doped device performance. This is overcome by increasing the 

bulkiness of the iridium(III) complexes which improve the dispersibility and thus high 

efficiency emission. A series of high efficiency iridium(III) complexes have been reported 

by introducing bulky cyclometalated ligands to effectively suppress the aggregation effect 

and improved the dispersibility [20-25]. Introduction of π-conjugated fluorenyl substituted 

triarylamine on the cyclometalated ligand improved the performance of the devices and also 

enhanced the solubility of the materials [21-24]. The dispersibility of iridium(III) complexes 

are also enhanced by modifying the ancillary ligand [26-30]. Phenylpyrazole based 

iridium(III) complexes,  Ir(ppz)3n shows deep blue emission at 77 K in CH2Cl2 but quite 

poor emission at room temperature [31,32]. Their picolinate complex, Ir(ppz)2(pic) shows 

relatively stronger green emission (526 nm) at room temperature and the emission color 
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changed from blue (422 nm) to orange red (587 nm) at low temperature (77 K) [33]. 

Continuing our interest to develop efficient green phosphors for application in OLEDs, 

herein we report a synthesis, characterization and electroluminescence of green emitting 

Ir(III) complexes containing bulky phenanthrimidazole ligands with picolinic acid (1 - 4) 

and 4-N,N-dimethylaminopicolinic acid (5, 6) as ancillary ligands. The emission properties 

of the synthesised iridium(III) complexes were studied and the device performance was 

examined for applications to OLEDs. Introduction of dimethylamino group in 2-picolinate 

resulting in a highly phosphorescent green emitter with high electroluminescence efficiency.   

2. Experimental  

2.1. Optical measurements and compositions analysis 

     The 1H and 13C NMR spectra at 400 and 100 MHz, respectively were obtained at room 

temperature using a Bruker 400 MHz NMR spectrometer (Bruker biospin, California, USA). 

The mass spectra of the samples were obtained using a Thermo Fischer LC-Mass 

spectrometer in fast atom bombardment (FAB) mode. The ultraviolet-visible (UV-vis) 

spectra of the phosphorescent iridium complexes were measured in an UV-vis 

spectrophotometer (Perkin Elmer Lambda 35) and corrected for background absorption due 

to solvent. Photoluminescence (PL) spectra were recorded on a fluorescence spectrometer 

(Perkin Elmer LS55). The PL quantum yields were measured by comparing 

phosphorescence intensities (integrated areas) of a standard sample (Coumarin 46) and the 

unknown sample using the formula, Фunk = Фstd
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where, Фunk is the 

phosphorescence quantum yield of the sample, Фstd is the quantum yield of the standard; Iunk 

and Istd are the integrated emission intensities of the sample and the standard, respectively. 

Aunk and Astd are the absorbances of the sample and the standard at the excitation 
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wavelength, respectively. ηunk and ηstd are the refractive indexes of the sample and standard 

solutions, respectively [34-36].  

     Cyclic voltammetry (CV) analysis were performed by using CHI 630A potentiostat 

electrochemical analyzer. Measurements of oxidation and reduction were undertaken using 

0.1mol/L tetra(n-butyl)ammoniumhexafluorophosphate as the supporting electrolyte, at scan 

rate of 0.1Vs-1. The potentials were measured against an Ag/Ag+ (0.01 mol/L AgNO3) 

reference electrode using ferrocene/ferrocenium (CP2Fe/CP2Fe+) as the internal standard.  

The onset potentials were determined from the intersection of two tangents drawn at the 

rising current and background current of the cyclic voltammogram. The lifetime was 

measured with a nanosecond time correlated single photon counting (TCSPC) spectrometer 

Horiba Fluorocube-01-NL lifetime system with Nano LED (pulsed diode excitation source) 

as the excitation source and TBX-PS as detector.  DFT calculations were carried out in gas 

phase. All calculations were performed using density functional theory (DFT) as 

implemented with Guassian-03 software package using the Becke3-Lee-Yang-Parr 

(B3LYP) functional [37] supplemented with LanL2DZ basis set [38] and LANL2DZ 

pseudopotentials were used for iridium metal and 6-31G* for carbon, hydrogen, oxygen, 

nitrogen and fluoro atoms 

2.2. Device fabrication 

     The EL devices based on iridium(III) complexes were fabricated by vacuum deposition 

of the materials at 5 x 10-6 torr onto a clean glass precoated with a layer of indium tin oxide 

(ITO) with a sheet resistance of 20Ω/square. Prior to use, the ITO surface was cleaned by 

sonication successively in a detergent solution, acetone, methanol and deionized water. 

Organic layers were deposited onto the substrate at a rate of 0.1 nm s-1. The thickness of the 

organic materials and the cathode layers were controlled using a quartz crystal thickness 

monitor. A series of devices (I - VI) with configuration of ITO/NPB (30 nm)/iridium 
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complex: CBP (7%) (30 nm)/BCP (10 nm)/Alq3 (40 nm)/Mg:Ag were fabricated. The 

device measurements of current, voltage and light intensity were made simultaneously 

using a Keithley 2400 sourcemeter. The EL spectra of the devices were carried out in 

an ambient atmosphere without further encapsulations. 

2.3. General procedure for the synthesis of phenanthrimidazole ligands 

     A mixture of phenanthrene-9, 10-dione (40 mmol), ammonium acetate (30 mmol),                    

4-trifluoromethylbenzaldehyde (30 mmol) and the corresponding arylamine (30 mmol) was 

refluxed in ethanol at 80°C in the presence of indium (III) fluoride (InF3) as Lewis acid 

catalyst for 30 minutes. The reaction was monitored by thin layer chromatography and the 

crude phenanthrimidazoles were extracted with dichloromethane, purified by column 

chromatography using benzene-ethyl acetate (9:1) as the eluent. Yield: 95% (1), 96% (2), 

94% (3) and 95% (4).  

 2.4. General procedure for the synthesis of chloro bridged dimers and iridium(III) 

complexes 

     IrCl3. xH2O (1 mmol) was dissolved in a mixture of 2-ethoxyethanol/H2O (3:1) by 

heating under nitrogen atmosphere around 90 °C for 30 min. The phenanthrimidazole ligand 

(2.3 mmol) in 2-ethoxyethanol was added and the solution was stirred at 120 °C for 12h. 

After cooling to room temperature, water was added and the precipitate was filtered, washed 

with water and ether and dried. The formed dimer was used without further purification.  

     The dimeric iridium(III) complex (0.54 mmol) was dissolved in 2-ethoxyethanol                  

(2.5 ml). To this solution 2-picolinic acid (1-4) / 4-N,N-dimethylaminopicolinic acid (5, 6) 

(1.4 mmol) and K2CO3 (1.16 mmol) was added. The reaction mixture was refluxed under 

nitrogen atmosphere at 120 °C for 12h. After being cooled to room temperature, water was 

added; the precipitated green colour solid was collected by filtration and washed with 
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ethanol and hexane repeatedly. The residue was dissolved in dichloromethane and the solid 

was filtered and analysed [39] (Scheme-1). 

 

Scheme 1. Synthetic route of iridium complexes 

2.4.1. Iridium(III)bis(2-(4-trifluoromethylphenyl)-1-phenyl-1H-phenanthro[9,10-d] 

imidazolato-N,C
2′) (picolinate), [Ir(tmpp)2 (pic)], (1) 

     Yield: 79%. 1H NMR (400 MHz, CDCl3): δ 9.17 (d, 1H, J = 8.0 Hz), 8.62 (dd, 2H), 8.48 

(dd, 1H), 8.38 (d, 1H, J = 8.0 Hz), 8.27 (d, 1H, J = 8.0 Hz), 8.09 (d, 1H, J = 8.0 Hz),                 
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7.89-7.93 (m, 6H), 7.79 (t, 1H), 7.70 (d, 1H, J = 8.0 Hz), 7.64 (d, 1H, J = 8.0 Hz), 7.57                

(t, 1H), 7.46-7.43 (m, 4H) 7.39 (t, 1H), 7.18-7.24 (m, 3H), 7.13 (d, 1H, J = 8.0 Hz), 7.07             

(d, 1H, J = 8.0 Hz), 7.01 (d, 1H, J = 8.0 Hz), 6.72 (t, 1H), 6.63 (d, 1H, J = 8.0 Hz),               

6.34-6.45 (m, 4H). 13C NMR (100 MHz, CDCl3): δ 27.36, 77.61,106.31, 108.44, 108.63, 

108.90, 119.97, 120.24, 121.67, 121.89, 122.24, 122.39, 122.89, 123.39, 123.56, 123.99, 

124.14, 124.40, 125.29, 125.44, 125.77, 125.65, 125.72, 126.09, 126.19, 126.46, 126.68, 

126.76, 126.78, 127.00, 127.40, 127.51, 128.47, 128.53, 128.74, 128.84, 129.23, 129.72, 

129.94, 130.92, 131.09, 131.22, 131.46, 131.54, 131.70, 132.56, 133.33, 134.25, 137.49, 

137.78, 146.24, 149.90, 150.66, 150.72, 152.75,  160.69, 160.80, 161.02, 162.12, 163.20, 

163.54, 172.28, 192.45.  Anal. calcd. for C60H36F2IrN5O2: C, 66.16; H, 3.33; N, 6.43. Found: 

C, 66.67; H, 3.59; N, 6.54. MS: m/z  1089.73 [M+]. 

2.4.2. Iridium(III)bis(2-(4-trifluoromethylphenyl)-1-p-tolyl-1H-phenanthro[9,10-d] 

imidazolato-N,C
2′) (picolinate), [Ir(tmptp)2(pic)], (2) 

     Yield: 90%. 1H NMR (400 MHz, CDCl3): δ 9.17 (d, 1H, J = 8.0 Hz), 8.61 (dd, 2H),                

8.47 (dd, 1H), 8.24 (dd, 2H), 8.08 (d, 1H, J = 8.0 Hz), 7.43-7.73 (m, 14H), 7.36 (t, 1H),             

7.18-7.24 (m, 3H), 7.14 (d, 1H, J = 7.6 Hz), 7.00 (d, 1H, J = 8.0 Hz), 6.70 (t, 1H), 6.63                 

(d, 1H, J = 8.8 Hz), 6.44-6.52 (m, 3H), 6.35 (t, 1H), 2.71 (s, 3H), 2.68 (s, 3H). 13C NMR        

(100 MHz, DMSO): δ 21.74, 21.80, 108.22, 108.45, 108.62, 108.85, 120.31, 120.56, 121.75, 

122.10, 122.49, 122.93, 122.99, 123.33, 123.50, 123.93, 124.09, 124.35, 125.21, 125.36, 

125.50, 125.70, 125.79, 126.13, 126.22, 126.41, 126.73, 126.82, 126.96, 127.01, 127.36, 

127.57, 128.15, 128.44, 128.70, 128.84, 129.19, 129.55, 129.67, 131.49, 131.80, 131.87, 

132.12, 132.65, 133.25, 134.20, 135.05, 135.07, 137.44, 141.28, 141.78, 146.24, 149.92, 

150.58, 150.65, 152.74,  160.66, 160.86, 162.17, 163.16, 163.52, 172.28.  Anal. calcd. for 

C62H40F2IrN5O2: C, 66.65; H, 3.61; N, 6.27. Found: C, 66.78; H, 3.68; N, 6.32. MS: m/z  

1117.60 [M+]. 
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2.4.3.Iridium(III)bis(2-(4-trifluoromethylphenyl)-1-(4-methoxyphenyl)-1H-phenanthro 

[9,10-d]imidazolato-N,C
2′)(picolinate),[Ir(tmpmp)2(pic)], (3) 

     Yield: 86%. 1H NMR (400 MHz, CDCl3): δ 9.16 (d, 1H, J = 8.0 Hz), 8.63 (dd, 2H), 

8.50 (dd, 1H), 8.27 (d, 2H, J = 7.2 Hz), 8.20 (d, 1H, J = 8.0 Hz), 8.07 (d, 1H, J = 8.0 Hz), 

7.79 (d, 1H, J = 8.0 Hz), 7.22-7.63 (m, 18H), 6.98 (d, 1H, J = 7.6 Hz), 6.74 (t, 1H), 6.49-

6.57 (m, 4H), 6.38 (t, 1H), 4.11 (s, 3H), 4.09 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 55.85, 

55.94, 107.73, 107.86, 108.28, 108.50, 109.82, 115.79, 115.90, 116.17, 116.28, 116.59, 

122.10, 122.94, 122.96, 123.54, 123.94, 124.11, 124.34, 125.20, 125.38, 125.50, 125.69, 

126.70, 126.83, 126.93, 127.02, 127.35, 127.68, 128.23, 128.43, 128.72, 129.53, 129.69, 

129.83, 130.06, 130.14, 130.24, 130.97, 137.44, 146.24, 150.02, 150.73, 152.87, 159.19, 

161.07, 161.21, 161.44. Anal. calcd. for C62H40F2IrN5O4: C, 64.80; H, 3.51; N, 6.09. Found: 

C, 64.77; H, 3.60; N, 6.15. MS: m/z  1149.53 [M+]. 

2.4.4. Iridium(III)bis(2-(4-trifluoromethylphenyl)-1-(3,5-dimethylphenyl)-1H-phenanthro 

[9,10-d]imidazolato-N,C
2′) (picolinate), [Ir(tmpdp)2(pic)], (4) 

     Yield: 91%. 1H NMR (400 MHz, DMSO): δ 9.19 ( d, 1H, J = 6.8 Hz), 8.56 (dd, 2H),              

8.27 (dd, 1H), 7.92 (dd, 2H), 7.73 (d, 1H, J = 9.6 Hz), 7.48-7.69 (m, 14H), 7.40 (t, 1H),              

7.25-7.28 (m, 6H), 7.23 (d, 1H, J = 8.0 Hz), 7.09 (d, 1H, J = 8.8 Hz), 6.72 (t, 1H), 6.64                

(d, 1H, J = 8.4 Hz), 6.46-6.52 (m, 3H), 6.38 (t, 1H), 4.11 (s, 3H), 4.09 (s, 3H). 13C NMR            

(100 MHz, DMSO): δ 21.71, 21.76, 29.72, 29.87, 108.21, 108.44, 108.61, 108.85, 120.31, 

120.56, 121.93, 122.01, 122.49, 122.92, 123.01, 123.33, 123.50, 123.92, 124.08, 124.34, 

125.20, 125.35, 125.49, 125.69, 126.40, 126.73, 126.80, 126.90, 126.99, 127.36, 127.57, 

128.14, 128.43, 128.70, 128.83, 129.18, 129.67, 131.47, 131.82, 131.86, 132.10, 133.25, 

134.19, 135.05, 135.07, 137.42, 160.65, 160.87, 162.18, 163.19, 172.25.  Anal. calcd. for 

C64H44F2IrN5O2: C, 67.12; H, 3.87; N, 6.11. Found: C, 67.14; H, 3.84; N, 6.15. MS: m/z  

1145.47 [M+]. 
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2.4.5. Iridium(III)bis(2-(4-trifluoromethylphenyl)-1-(4-methoxyphenyl)-1H-phenanthro 

[9,10-d]imidazolato-N,C
2′)(4-N,N-dimethylaminopicolinate) [Ir(tmpmp)2(Npic)], (5) 

    Yield: 86%. 1H NMR (400 MHz, DMSO): δ 9.11 (d, 1H, J = 8.0 Hz), 8.58 (dd, 2H), 

8.45 (dd, 1H), 8.22 (d, 2H, J = 7.2 Hz), 8.15 (d, 1H, J = 8.0 Hz), 8.02 (d, 1H, J = 8.0 Hz), 

7.74 (d, 1H, J = 8.0 Hz), 7.18-7.58 (m, 18H), 6.93 (d, 1H, J = 7.6 Hz), 6.70 (t, 1H), 6.46-

6.53 (m, 4H), 6.34 (t, 1H), 4.8 (s, 3H), 4.03 (s, 3H), 3.08 (s, 6H). 13C NMR (100 MHz, 

DMSO): δ 39.6, 55.80, 55.89, 107.68, 107.81, 108.23, 108.45, 109.77, 115.74, 115.85, 

116.12, 116.23, 116.54, 122.05, 122.89, 122.91, 123.50, 123.88, 124.07, 124.29, 125.15, 

125.33, 125.45, 125.64, 126.65, 126.77, 126.88, 126.07, 127.30, 127.63, 128.17, 128.38, 

128.67, 129.48, 129.64, 129.78, 129.00, 130.08, 130.18, 130.93, 137.39, 146.18, 149.93, 

150.67, 152.82, 159.12, 161.05, 161.15, 161.38. Anal. calcd. for C38H30F3IrN4O3: C, 54.34; 

H, 3.60; F, 6.79; N, 6.67. Found: C, 54.32; H, 3.58; F, 6.78; N, 6.65. MS: m/z  839.88 [M+]. 

2.4.6. 2-(4-trifluoromethylphenyl)-1-(3,5-dimethylphenyl)-1H-phenanthro[9,10-d] 

imidazolato-N,C
2′) (4-N,N-dimethylaminopicolinate) [Ir(mpdp)2(Npic)], (6) 

     Yield: 91%. 1H NMR (400 MHz, DMSO): δ 9.14 (d, 1H, J = 6.8 Hz), 8.51 (dd, 2H),              

8.22 (dd, 1H), 7.87 (dd, 2H), 7.67 (d, 1H, J = 9.6 Hz), 7.43-7.64 (m, 14H), 7.35 (t, 1H),              

7.20-7.23 (m, 6H), 7.19 (d, 1H, J = 8.0 Hz), 7.03 (d, 1H, J = 8.8 Hz), 6.68 (t, 1H), 6.59                

(d, 1H, J = 8.4 Hz), 6.41-6.48 (m, 3H), 6.33 (t, 1H), 4.08 (s, 3H), 4.03 (s, 3H), 3.04 (s, 6H). 

13C NMR (100 MHz, DMSO): δ 21.67, 21.71, 29.67, 29.82, 39.40, 108.17, 108.39, 108.55, 

108.80, 120.26, 120.51, 121.88, 121.94, 122.44, 122.87, 122.98, 123.27, 123.45, 123.87, 

124.01, 124.29, 125.15, 125.30, 125.44, 125.64, 126.35, 126.68, 126.76, 126.84, 126.94, 

127.31, 127.52, 128.08, 128.38, 128.66, 128.78, 129.11, 129.60, 131.42, 131.79, 131.81, 

132.05, 133.21, 134.12, 135.00, 135.02, 137.38, 160.61, 160.82, 162.11, 163.13, 172.20.  

Anal. calcd. for C39H32F3IrN4O2: C, 55.90; H, 3.85; F, 6.80; N, 6.69. Found: C, 55.88; H, 

3.84; F, 6.77; N, 6.67. MS: m/z  837.91 [M+]. 
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3. Results and discussion 

3.1 Synthesis and Characterization of iridium(III) Complexes 

     The synthetic method used to prepare these complexes involves two steps. In the first 

step, IrCl3⋅3H2O was allowed to react with an excess of the cyclometalated 

phenanthrimidazole ligand to give a chloride-bridged dinuclear complex. The chloride-

bridged dinuclear complexes can be readily converted to emissive, mononuclear complexes 

by replacing the two bridging chlorides with bidentate picolinic acid (1 - 4) and 4-N,N-

dimethylaminopicolinic acid (5, 6) as ancillary ligands. The yield of the reactions is 79-

91%. All the mononuclear complex dopants are thermally stable up to 368-393°C and can 

be sublimed easily at reduced pressure. The synthesised complexes were characterised by 

1H and 13C NMR, mass spectra(MS) and CHN analysis and analysed. 

3.2. Photophysical studies 

     The absorption and emission spectra of iridium(III) complexes in dichloromethane at 

room temperature were shown in figure 1. The intense band around 297 nm in the ultraviolet 

part of the spectrum can be assigned to the allowed ligand centered (π-π*) transitions [40]. 

The weak absorption bands in the range 379-434 nm have been assigned to MLCT 

transitions (1MLCT ← S0 and 3MLCT ← S0) [41-45]. The intensity of 3MLCT ← S0 are 

strongly close to the intensity of 1MLCT ← S0 suggesting that 3MLCT ← S0 is strongly 

allowed by S-T mixing due to spin orbit coupling. Strong spin orbit coupling makes these 

complexes as highly phosphorescent in nature [46,47]. 
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Figure 1. Absorption and emission spectra of the iridium complexes 1−−−−6 in CH2Cl2 

     Emission from these mononuclear metal complexes reveal that the phosphorescence is 

attributed to a mixture of both metal-ligand charge-transfer 3(MLCT) and 3(π-π*) states. The 

wavefunction of the excited triplet state (ΦT), is responsible for the phosphorescence                    

i.e., ΦT = a ΦT (π- π*) + b ΦT  (MLCT), where ‘a’ and ‘b’ are the normalized co-efficient, 

ΦT (π- π*) and ΦT (MLCT) are the wavefunction of 3(π- π*) and 3(MLCT) excited states, 

respectively. For these iridium complexes, the wavefunction of the triplet state (ΦT) is 

responsible for the phosphorescence and the equation implies that the excited triplet state of 

these iridium complexes are a mixture of ΦT (π- π*) and ΦT (MLCT). The triplet state is 

attributed to dominantly 3π- π* excited state when a > b and dominantly 3MLCT excited 

state when b > a [48-50]. According to our previous studies [44,45], phosphorescence 

spectra from the ligand centered 3π-π* state display vibronic progressions and those from 

the 3MLCT state are broad in shape. In the present study, complexes 1-3, 5 and 6 display 

vibronic progressions having excited state with large contribution of 3π- π* whereas the 

emission spectrum of complex Ir(tmpdp)2(pic) 4  is broad in shape and has excited state 

with large contribution of 3MLCT. All these complexes show dominant emission at 558, 

574, 569, 577, 559 and 562 nm and shoulder peak around 565 (1), 579 (2) and 574 nm (3) in 

dichloromethane, respectively (Table 1). Molecules having intramolecular donor-acceptor 
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(DA) systems exhibit bathochromic shift in electronic spectra. Phenanthrimidazole 

derivative has a DA character [51] resulting from the interaction between the electron rich 

phenanthrimidazole moiety and an electron deficient trifluoromethylphenyl group. The 

introduction of an electron releasing methyl and methoxy groups into the 

phenanthrimidazole moiety is considered to enhance the DA character of the ligand. The 

emission of their corresponding iridium(III) complexes 2-6 are red shifted                                    

[16 (2), 11 (3), 19 (4), 1 (5) and 4 nm (6)] when compared with complex Ir(tmpp)2 (pic)  1 

and this may be due to the electronic effect and position of the substituents. The observed 

results indicate that the introduction of the methyl and methoxy groups into the 

phenanthrimidazole fragment enhance the DA character of the ligand in the iridium(III) 

complexes leading to red shift (Figure 1). There is significantly blue shift observed for 

complexes 5 and 6 on comparison with their analogues complexes 3 and 4. This interesting 

behaviour may be due to the presence of donor N,N-dimethylamino group in the ancillary 

ligand of 2-picolinate.  

     The dominant and shoulder emissions from complexes 1-3 are explained as follows. The 

ground and excited states of organic light-emissive materials are composed of several 

separated vibrational states (υ = 0, 1, 2…) according to the Franck - Condon principle.  The 

emissive spectra of iridium(III) complexes 1-3 consist of two kinds of peak, 558, 565 (sh) 

nm (1), 574, 579 (sh) nm (2) and 569, 574 (sh) nm (3)  corresponding to the electronic 

transitions between the vibrational levels of the triplet state (3MLCT/3π- π*) and ground state 

(S0). The peak with dominant intensity stemmed from 0 to 0 electronic transition between 

3MLCT/3π- π* and S0 and a shoulder with lower intensity derived from 0 to 1 electronic 

transition [52,53]. The representative Franck - Condon electronic transitions are shown in 

Figure 2. 
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Figure 2. Representative Franck - Condon electronic transitions 

     The radiative and non-radiative decay of the excited state of iridium complexes have been 

obtained using the quantum yield (Φ) and lifetime (τ). The decay curve is shown in figure 3. 

The radiative lifetimes are in the microsecond range as expected for cyclometalated 

iridium(III) complexes. The formula employed to calculate the radiative (kr) and non-radiative 

(knr) rate constants are, Φ = ΦISC { kr /(kr + knr)}; kr = Φ/τ; knr =  (1/τ) - (Φ/τ); τ = (kr + knr)
-1, 

where, ΦISC is the intersystem-crossing yield. For the iridium complexes, ΦISC is safely 

assumed to be 1.0 because of the strong spin-orbit interaction caused by heavy atom effect 

of iridium [54]. The decay parameter, radiative (kr) and non-radiative (knr) rate constants are 

displayed in Table 1. Perusal of the radiative and non-radiative rate constants shows that the 

radiative emission is predominant over non-radiative transitions in these complexes [55-57].  
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Figure 3. Lifetime spectra of the iridium complexes 1−−−−6 in CH2Cl2 

     Experimentally observed result indicates that the radiative rate constant (kr) of complexes 

Ir(tmptp)2(pic) 2 and Ir(tmpmp)2(pic ) 3 increases with an increase of Eemi. According to the 

electronic transition theory, the kr value is proportional to the square of the electric dipole 

transition moment (MT-S). The first-order perturbation theory gives an approximate 

expression for   MT-S [58], MT-S = ∑βn〈 
1ɸn |M|

1ɸ0〉, where 1ɸn and 1ɸ0 are the wavefunctions 

of the Sn and So states, respectively and M is the electric dipole vector. With the use of the 

spin-orbit coupling operator (Hso) and the wavefunction of the lowest excited triplet state 

(3ɸ1), βn is formulated as, βn = 〈1ɸ1 |H��| 
3ɸ1〉/(

1En-
3E1), where 1En and 3E1 are the energies of 

Sn state and lowest excited triplet state, respectively. Here, we assume a three state model 

S1, T1 and S0, now, the above equation becomes, MT-S = {〈 1ɸ1 |H��|
3ɸ1 〉 〈 

1ɸ1 |�|
1 ɸ0 

〉}/(1E1-
3E1)) = α / (1E1-

3E1), when (α = 〈 1ɸ1 |H��|
3ɸ1 〉 〈

1ɸ1 |�|
1ɸ0 〉) is constant, kr increases 

with a decrease in the energy difference (1E1- 
3E1).  In the present study, kr increases (Figure 

S1) with an increase of Eemi for complexes Ir(tmptp)2(pic) 2 and Ir(tmpmp)2(pic ) 3 which is 
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explained by assuming that the S1 energy does not differ significantly and the energy 

difference (1E1 - 
3E1) increases with decrease of Eemi. For complexes 2 and 3, the S1 ← S0 

absorption bands are located at 304 and 297 nm but phosphorescence S0 ← T1 exhibits large 

bathochromic shift ranging from 574 and 569 nm. This is evidence that the energy 

difference (1E1 - 
3E1) increases with the decrease of Eemi and therefore, kr increases with an 

increase of Eemi. 

     In order to investigate the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) energy levels, cyclic voltammetric analyses was 

carried out (Figure 4a). The redox potentials of the cyclometalated iridium complexes were 

measured relative to an internal ferrocene reference (Cp2Fe/Cp2Fe+ = 0.45V versus SCE in 

CH2Cl2 solvent) [59-62]. The reduction occurs primarily on the more electron accepting 

heterocyclic portion of the cyclometalated phenanthrimidazole ligands whereas the 

oxidation largely involve in the iridium-phenyl centre.  The calculated energies of HOMO 

and LUMO are given in Table 1. The HOMO energy levels were calculated using the 

equation, EHOMO (eV) = - (Eox
onset  - EFc/Fc+

onset) - 4.80 eV, where Eox
onset  and EFc/Fc+

onset are 

the onset oxidation potential of the iridium complexes  and ferrocene, respectively. The 

LUMO energies are calculated based on the HOMO energies and the lowest energy 

absorption edges of the absorption spectra [60],  ELUMO (eV) = EHOMO – 1239/λonset [63]. The 

HOMO energy levels of the complexes 1-6 were calculated to be 5.60, 5.62, 5.61, 5.54, 5.52 

and 5.45 eV, respectively [64].  From the energy gap it was concluded that all the reported 

dopants are green emitters (Figure 4b). The 3D orbitals of HOMO and LUMO of Ir(tmpp)2 

(pic) 1  are shown in  Figure 4c. 
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Table 1. Absorption (λabs, nm), emission (λemi, nm), fluorescence quantum yield (Ф), electrochemical behaviour life time (τ, µs) and emission 

kinetics of 1- 6 

Complex λabs λemi Φ Eonset 
E1/2

oxi 

(V) 

HOMO 

(eV) 

LUMO 

(eV) 

Eg        

(eV) 
τ 

kr 

10
8
s

-1 

knr 

10
8
s

-1 

1 301, 379, 421 558 0.55 456 0.80 5.60 2.88 2.72 1.88 2.9 2.4 

2 304, 394, 432 574 0.53 443 0.82 5.62 2.82 2.80 1.92 2.8 2.5 

3 297, 387, 425 569 0.56 447 0.81 5.61 2.84 2.77 1.94 2.9 2.2 

4 305, 399, 434 577 0.58 440 0.74 5.54 2.73 2.81 1.80 3.2 2.3 

5 283, 371, 416 559 0.57 455 0.72 5.52 2.80 2.72 1.72 3.4 2.4 

6 298, 382, 420 562 0.59 449 0.65 5.45 2.69 2.76 1.74 3.5 2.2 
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Figure 4. (a) Cyclic voltammogram curves of the iridium complexes 1−−−−6; (b) Schematic 

representation of HOMO – LUMO energies of 1−−−−6; (c) The HOMO-LUMO orbital picture 

of Ir(tmpp)2 (pic) 1  

3.2. Structure of Ir(tmpp)2 (pic) 1  

     All the synthesized Ir(III) complexes are amorphous solid and single crystal X-ray 

analysis could not be made. Thus the optimization has been made using density functional 

theory, LANL2DZ pseudopotentials for iridium metal and 6-31G* for carbon, hydrogen, 

oxygen, nitrogen and fluoro atoms. The selected bond length and bond angle for Ir(tmpp)2 

(pic) 1 are presented in Table 2. The x, y and z coordinates are displayed in                    

Table S1. The optimized geometry of the complex shows that the complex  exhibits an 

octahedral geometry around metal iridium and prefers cis –C,C and trans-N,N chelate 

disposition instead of trans- C,C and trans-N,N chelate. Electron rich phenyl rings normally 

exhibit very strong influence and trans effect. Therefore, the trans-C,C arrangement is 

expected to be thermodynamically higher in energy and kinetically more labile [62]. The Ir-

C bonds of the complex i.e Ir-Cav is 2.038 Å, which is shorter than Ir-N bonds i.e., Ir-Nav is 
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2.060 Å.  The Ir−O bond length [2.138 Å] is longer than the mean Ir−O bond length 

(2.088Å) reported [63] and these observations reflect the trans influence of the phenyl 

groups. This arrangement of the ligands is similar to that found in other mononuclear 

iridium(III) complexes that possess an Ir(ppy)2 fragment [65-68] (Figure S2). 

 

Table 2. Selected Bond lengths (Å) and  Bond angle (°) of Ir(tmpp)2 (pic) 1 

Connectivity Bond length  Connectivity Bond angle 

Ir(1)–C(2) 

Ir(1)–C(9) 

C(31)–N(2)) 

C(7)–N(4) 

Ir(1)–C(24) 

Ir(1)–C(39) 

2.008 

2.021 

1.543 

1.538 

1.798 

2.002 

C(3)–Ir(1)–C(8) 

C(7)–C(9)–F(85) 

C(12)–C(16)–F(86) 

N(37)–C(30)–N(39) 

O(41)–C(38)–O(40) 

C(44)–C(29)–N(39) 

87.41 

94.65 

166.90 

91.08 

89.73 

91.76 

 

3.3. Thermal studies 

     The thermal properties of the iridium(III) complexes have been investigated by 

thermogravimetric analyses (TGA) under nitrogen atmosphere. The iridium complexes 

exhibits high thermal stability. Ir(tmpp)2 (pic) decomposition begins at about 379 ºC and 

proceeds in three stages. Ir(tmptp)2(pic) decomposition begins at about 368 ºC and proceeds 

in four stages. (Ir(tmpmp)2(pic) decomposition begins at about 383 ºC and proceeds in three 

stages. Ir(tmpdp)2(pic) decomposition begins at about 374 ºC. Decomposition of complexes 

5 and 6 begins at 390 ºC and 395 ºC, respectively, as shown in Figure 5a. The thermal 

stability of the complexes has also been explained by differential scanning calorimetry 

(DSC). Figure 5b indicates that the iridium complexes undergo a glass transition around          

93ºC, followed by crystallization around 112 ºC and crystalline melting at 380, 382, 369, 

373, 385 and 388 ºC for 1-6, respectively.  
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Figure 5. (a) TG-DTA curves of the iridium complexes 1−−−−6; (b) DSC curves of the iridium 

complexes 1−−−−6 

3.4. Electroluminescent properties 

     OLED devices using the synthesised iridium(III) complexes as dopants have been 

fabricated with multi-layer configuration of ITO/NPB (30 nm)/iridium complex: CBP (7%) 

(30 nm)/BCP (10 nm)/Alq3 (40 nm)/Mg:Ag  where, ITO was used as the anode, NPB (4,4´-

bis[N-(1-naphthyl)-N-phenylamino]biphenyl) was used as the hole-transporting material, 

CBP (4,4´-N,N´-dicarbozole biphenyl) as the host, the iridium complexes as the dopant, 

BCP (2,9-dimethyl-4,7-dipheny-1,10-phenanthroline) as the hole blocker, Alq3 (tris(8-

hydroxyquinolinato) aluminium) as the electron transporter and Mg:Ag as the cathode 

(Figure 6a). The performance of these devices is listed in Table 3. The devices emit strong 

green light with an emission maximum at 563, 578, 572, 584, 561 and 564 nm, respectively 

(Figure 6b).  
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Figure 6. (a) General structure of device; (b) Electroluminescence spectra of 1−−−−6 in CH2Cl2 

 

Figures 7a and 7b show the brightness–voltage and the external quantum yield–current 

density characteristics of the devices, respectively. All devices show quite appreciable 

efficiencies and brightness. Of the six devices, device II shows poor efficiency followed by 

device I. The external quantum efficiency of device II is low; even at driven voltage of 5.0, 

the external quantum efficiency is 6.5%.  

 

 

Figure 7. (a) Plot of brightness Vs voltage; (b) Plot of external quantum yield Vs current 

density 
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Table 3. Performances of electroluminescence devices I - VI 

Device Vd  (V) Lmax (cd/m
2
) ɳext (%) ɳc (cd/A) ɳp (lm/W) ELmax (nm) 

I     3.2 78624, 14.5 V 9.8, 6 V 33.9, 6 V 23.2, 5.0 V 563 

II 5.0 98214, 16 V 6.5, 9.5 V 22.2, 9.5 V 9.4, 9.5 V 578 

III 3.5 110421, 18 V 12.8, 8 V 42.1, 8 V 24.0, 7 V 572 

IV 3.0 124568, 18 V 14.0, 8 V 47.5, 8 V 25.6, 7 V 584 

V 3.5 128301, 18 V 13.1, 8 V 44.6, 8 V 26.0, 7 V 561 

VI 3.0 131923, 18 V 15.6, 8 V 49.9, 8 V 27.2, 7 V 564 
         Vd: Driving voltage; Lmax: Luminous efficiency; ηc: Current efficiency; ELmax: Electroluminescence maxima; ηp: Power efficiency; ηext: External quantum yield 
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The efficiency roll-off may be due to triplet-triplet annihilation [TTA – 3M
* + 3N

* → 1M + 

3N
*] and triplet-polaron annihilation [TPA - 3M

* + N− → 1M + N−*] as reported in the 

literature [69]. Baldo et al.,
 [70] reported that triplet-triplet annihilation (TTA) is dominant 

factor for the external quantum efficiency roll- off. Furthermore, Reinke et al., [71] and 

Aziz et al., [72] advocated that triplet-polaron annihilation (TPA) could be the only source 

for efficiency roll-off at high current densities. Simple illustration of these processes is 

shown in figure 8a. Devices III and 1V show better performance in terms of brightness of 

110421 cd/m2 and 124568 cd/m2 at 18 V, respectively. Device 1V shows a high power 

efficiency of 25.6 lm/w at 7.0 V (Figure 8b) and current efficiency (Figure 8c) of 47.5 cd/A 

at 8.0 V. From the electroluminescent analysis it was concluded that device efficiency was 

improved by replacing the ancillary ligand from picolinic acid to 4-N,N-

dimethylaminopicolinic acid.  

 

Figure 8. (a) A schematic illustration of TTA and TPA processes; (b) Plot of current 

efficiency Vs current density; (c) Plot of power efficiency Vs current density 
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4. Conclusions 

     We have synthesized a series of iridium complex dopants with appreciable quantum 

efficiencies, using various substituted bulky phenanthrimidazole ligands. The 

phosphorescence of these complexes is attributed to a mixture of 3MLCT and 3π-π*. 

Complexes 1-3, 5 and 6 display vibronic progressions having excited state with large 

contribution of 3π- π*, whereas the emission spectrum of complex 4 is broad in shape and 

has excited state with large contribution of 3MLCT. The devices exhibit maximum external 

quantum efficiency and maximum power and current efficiencies. Devices with dopants 

Ir(tmpmp)2(pic) and Ir(tmpdp)2(pic) show better performance in terms of brightness of 

110421 cd/m2 and 124568 cd/m2 at 18 V, respectively. Device with complex Ir(tmpdp)2(pic) 

shows a high power efficiency of 25.6 lm/w at 7.0 V and current efficiency of 47.5 cd/A at 

8.0 V. Device efficiency was improved by replacing the ancillary ligand from picolinic acid 

to 4-N,N-dimethylaminopicolinic acid. 
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