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Photophysical and electroluminescent properties of bis(2′,6′-

difluoro-2,3′-bipyridinato-N,C4′)iridium(picolinate) complexes: 

Effect of electron-withdrawing and electron-donating group 

substituent at the 4′ posi+on on the pyridyl moiety of the 

cyclometalated ligand 

K. S. Bejoymohandas,a, b Arunandan Kumar,c  S. Varughese,a E. Varathan,d V. Subramaniand and M. 
L. P. Reddy* a, b 

Herein, we have synthesized a series of 2',6'-difluoro-2,3'-bipyridine cyclometalating ligands by substituting electron-

withdrawing (–CHO, –CF3, –CN) and electron-donating (–OMe, –NMe2) groups at the 4′ posiJon of the pyridyl moiety and 

utilized for the construction of five new iridium(III) complexes (Ir1-Ir5) in the presence of picolinate as an ancillary ligand. 

The photophysical properties of the developed iridium(III) compounds were investigated with a view to understand the 

substituent effects. The strong electron-withdrawing (–CN) group containing iridium(III) compound (Ir3) exhibits highly 

efficient genuine green phosphorescence (λmax= 508 nm) at room temperature in solution and in thin film, with an 

excellent quantum efficiency (ΦPL) of 0.90 and 0.98, respectively. On the other hand, the –CF3 group substituted 

iridium(III) compound (Ir2) displays a sky-blue emission (λmax = 468 nm) with a promising quantum efficiency (ΦPL = 0.88 

and 0.84 in solution and in thin film, respectively). The –CHO substituted iridium(III) complex (Ir1) showed greenish-

yellow emission (λmax = 542 nm). Most importantly, the strong electron-donating –NMe2 substituted iridium(III) complex 

(Ir5) gives a structureless and a broad emission profile in the wavelength region 450 to 700 nm (λmax = 520 nm) with a 

poor quantum efficiency. An intense blue phosphorescence with impressive quantum efficiency, especially in thin-film 

noted in the case of –OMe substituted iridium(III) complex (Ir4). Comprehensive density functional theory (DFT) and 

time-dependent DFT (TD-DFT) approaches have been performed on the ground and excited states of the synthesized 

iridium(III) complexes, in order to obtain information about the absorption and emission processes and to gain deeper 

insights into the photophysical properties. The combinations  of a smaller ΔES1–T1 and higher contribution of 3MLCT in the 

emission process result in the higher quantum yields and lifetime values for complexes Ir1-Ir3. Multi-layered 

Phosphorescence Organic Light Emitting Diodes (PhOLEDS) were designed using the phosphorescent dopants Ir2, Ir3 and 

Ir4 and evaluated their elecroluminescence properties. The compound Ir4 at a doping level of 5 wt% shows the best 

performance with an external quantum efficiency of 4.7% , in nonoptimized device, and power efficiency of 5.8 lm W−1, 

together with a true-blue chromacity CIEx,y = 0.15, 0.17 recorded at maximum brightness of 33,180 cd/m2.

Introduction 

Cyclometalated iridium(III) complexes are frequently 

considered as the most promising family of triplet emitters for 
potential applications in Phosphorescence Organic Light 
Emitting Diodes (PhOLEDs).1-26 This is essentially due to their 
excellent phosphorescent quantum efficiencies, short lifetime 
of triplet excited states, flexibility in colour tuning and thermal 
and electrochemical stability.27-44 In particular, phosphorescent 
emitting compounds based on iridium(III) phenylpyridine 
derivatives have drawn attention and being successfully 
applied in PhOLED fabrications because they are efficient 
phosphorescent materials emitting light in the regions of blue, 
green and red.28,45-51 Accordingly, several groups have 
demonstrated that phosphorescence emission wavelengths 
can be tuned in the blue to red region by functionalization on 
the phenyl moiety of 2-phenylpyridine of iridium(III) 
complexes with electron-withdrawing and electron-donating 
substituents.52-67 However, there are some genuine difficulties 
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in the development of blue phosphorescent complexes with 
respect to chromaticity, emission efficiency and stability of the 
material, as compared with green and red phosphorescent 
complexes.23,68-74  
 In order to overcome some of the difficulties in developing 
a robust blue emitter, Lee et al.75 have introduced a new type 
of fac-iridium(III) complex containing fluorinated bipyridine as 
a cyclometalated ligand and investigated the photophysical 
properties. The emission maximum of fac-tris(2′,6′-difluoro-
2,3′-bipyridinato-N,C4′)iridium(III) complex at room 
temperature has been reported as 438 nm with a high 
quantum efficiency (ΦPL = 0.71). However, it has a very low-
lying HOMO energy (ca. 6.4 - 6.5 eV), making it difficult to find 
suitable host in the PhOLED applications. In the subsequent 
studies, Kang and co-workers76 have addressed these 
limitations by replacing one of the dfpypy ligands with an 
appropriate ancillary ligand such as 2-picolinate, 
acetylacetonate or dipivolylmethonate to elevate the HOMO 
energy of Ir(dfpypy)3 compound, so that it matches well with 
that of common host molecule such as 4,4′-N,N′-
dicarbazolebiphenyl (CBP). To prevent detrimental aggregation 
phenomena, Yang et al.

77 have introduced a bulky tert-butyl 
group in the 4′ posiJon of the pyridyl moiety of 2′,6′-difluoro-
2,3′-bipyridine and constructed a series of heteroleptic 
iridium(III) complexes in the presence of pyridyl-azole as an 
ancillary ligand and investigated their photophysical 
properties. These complexes displayed intense 
phosphorescent blue emission (λem= 440 nm) at room 
temperature in solution and in thin film with high quantum 
yield in the range 0.77-0.87 and 0.60-0.93, respectively. Park et 

al.78 developed iridium(III) complexes with 2',6'-difluoro-4-
methyl-2,3'-bipyridine as a cyclometalated ligand and 
introduced a variety of the ancillary ligands such as 
acetylacetonate, 2-picolinate or 2-(5-methyl-2H-1,2,4-triazol-3-
yl)pyridinate to the iridium center to compare the effect of the 
ancillary ligands on the emission properties. These complexes 
exhibited blue emission at 447, 440 and 425 nm in CH2Cl2 
solutions. However, the emission intensities of these 
complexes have not been quantified. More recently, Kessler 
and coworkers79 have developed a novel bis-heteroleptic 
iridium(III) complex based on 4-(tert-butyl)-2′,6′-difluoro-2,3′-
bipyridine and acetylacetonate as an ancillary ligand and 
investigated the photophysical as well as electroluminescent 
properties. The developed blue PhOLED showed superior 
performance compared to published results on similar 
complexes with a maximum power efficiency of over 30 lm W-

1, indicating the great interest in this class of compounds 
throughout the scientific community. A preliminary report on 
the electroluminescence of tris-(2',6'-difluoro-4-NMe2-2,3'-
bipyridinato-N,C4)iridium(III) and (2',6'-difluoro-4-O-alkyl-2,3'-
bipyridinato-N,C4)iridium(III) picolinate  has been disclosed by 
Lee and coworkers.80, 81 
 It is clear from the literature review that no systematic 
correlations are reported on the photophysical properties of 
iridium(III) complexes involving 2′,6′-difluoro-2,3′-bipyridine 
ligand with electron-withdrawing and electron-donating group 
substitutions on 4′ posiJon of the pyridyl moiety. This has 

inspired us to design and develop a series of cyclometalated 
ligands by substituting electron-withdrawing (–CHO, –CF3 and 
–CN) and electron-donating groups (–OMe and –NMe2) at the 
4′ posiJon on the pyridyl moiety of the cyclometalated ligand, 
2′,6′-difluoro-2,3′-bipyridine and utilized for the construction 
of a series of iridium(III) compounds in the presence of 
picolinate as an ancillary ligand (Chart 1). The designed new 
iridium(III) compounds have been well characterized by 
various spectroscopic techniques and their electrochemical 
and photophysical properties have been investigated. Density 
functional theory calculations are used to rationalize the 
differences in the photophysical behaviour observed upon 
changes of the ligands. Finally, the developed compounds have 
been successfully used as dopants in 4,4′-bis(N-carbazolyl)-
1,1′-biphenyl (CBP) as a host material and multilayer PhOLED 
devices have been fabricated and investigated 
electroluminescence properties. 
 

Chart 1 

 
 
 
 
 
 
 

 
 

 
 
 
 
 
 

Experimental Section 

General information and materials.   
A Bruker 500 MHz NMR spectrometer was used to record the 
1H, 19F and 13C NMR spectra of the complexes in CDCl3 
solution. The chemical shifts (δ) of the signals are given in ppm 
and referenced to the internal standard tetramethylsilane 
(TMS). The signals splitting are abbreviated as follows: s = 
singlet; d = doublet; t = triplet; q = quartet; m = multiplet. All 
coupling constants (J) are given in Hertz (Hz). Electrospray 
ionization (ESI) mass spectrum was recorded on a Thermo 
Scientific Exactive Benchtop LC/MS Orbitrap Mass 
Spectrometer. Matrix assisted laser desorption ionization time-
of-flight (MALDI-TOF) mass spectrum was recorded on KRATOS 
analytical spectrometer (Shimadzu Inc.). Elemental analyses 
for C, H, and N were performed on an Elementar - vario MICRO 
cube elemental analyzer. The complex doped PMMA films 
were prepared by spin coating on to a 2 cm × 2 cm glass plate 
for 60s at a spin speed of 1000 rpm. Sodium hydride, 

Page 2 of 17Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

iodomethane, sodium carbonate, tetrakis(triphenyl phosphine) 
palladium(0), 2,6-difluoropyridine-3-boronic acid, 2-bromo-4-
aminopyridine, 2-bromo-4-(trifluoromethyl) pyridine, 2-
bromo-4-formylpyridine, 2-bromo-4-cyanopyridine, 2-bromo-
4-methoxypyridine, picolinic acid and IrCl3⋅x(H2O) were 
purchased from Alfa Aesar and were used without any further 
purification. The cyclometalated ligands, namely, 2',6'-
difluoro-4-(formyl)-2,3'-bipyridine [CHOdfpypy] (L1)  2',6'-
difluoro-4-(trifluoromethyl)-2,3'-bipyridine [CF3dfpypy] (L2) 
and 2',6'-difluoro-4-(cyano)-2,3'-bipyridine [CNdfpypy] (L3) 
were first time synthesized and fully characterized. Other 
cyclometalating ligands such as 2',6'-difluoro-4-(methoxy)-2,3'-
bipyridine [OMedfpypy] (L4), 2',6'-difluoro-4-(N,N-
dimethylamine)-2,3'-bipyridine [NMe2dfpypy] (L5), and 
precursor for L5 namely, 2-bromo-4-N,N-
dimethylaminopyridine (L5a) were synthesized according to 
previously reported procedures.80, 81 
 The iridium dimer complexes [(C∧N)2Ir(μ-Cl)]2 (C∧N = 
CHOdfpypy or CF3dfpypy or CNdfpypy or OMedfpypy or 
NMe2dfpypy) were synthesized using IrCl3·x(H2O) and 
CHOdfpypy or CF3dfpypy or CNdfpypy or OMedfpypy or 
NMe2dfpypy in a mixture of 2-ethoxyethanol and water 
according to literature method.82-84 Reactions were monitored 
by thin layer chromatography (TLC). Commercial TLC plates 
(silica gel 60 F254, Merck Co.) were used and the spots were 
observed under UV light at 254 and 365 nm. Silica column 
chromatography was performed using silica gel (230–400 
mesh, Merck Co.) The dry solvents were used as received from 
Merck Millipore. All other reagents of analytical grade were 
used as received from Alfa Aesar, unless otherwise stated. 
Synthesis of ligands and complexes.  

Synthesis of 2-bromo-4-N,N-dimethylaminopyridine (L5a): To a 
suspension of sodium hydride (1.38 g, 34.6 mmol, 60% 
dispersion in mineral oil) in THF (20 mL) at 0˚C, 2-bromo-4-
aminopyridine (2.00 g, 11.56 mmol) was added. The reaction 
mixture was stirred for 30 min under argon atmosphere at the 
same temperature. After methyl iodide (4.10g, 28.90 mmol) 
was added, the resultant mixture was stirred at room 
temperature for 3 h. The reaction was quenched with water 
and organic materials were extracted with ethyl acetate. The 
combined extracts were washed with brine and dried over 
Na2SO4. After removal of solvents under reduced pressure, the 
residue was recrystallized from ethanol (1.30 g, 6.46 mmol, 
55.8%). 1H NMR (CDCl3, 500 MHz): δ 7.94 (d, J = 5Hz, 1H), 6.64 
(d, J = 2Hz, 1H), 6.44-6.43 (m,1H), 2.99 (s, 6H). 13C NMR (CDCl3, 
126 MHz): δ 155.79, 149.30, 143.11, 109.27, 106.20, 39.24. MS 
(ESI): m/z 203.00 [M+2]. 
General synthesis of cyclometalating ligands. 

To a suspension of one equivalent of substituted 
bromopyridine [2-bromo-4-formylpyridine or 2-bromo-4-
(trifluoromethyl) pyridine or 2-bromo-4-(cyano)pyridine or 2-
bromo-4-methoxypyridine or 2-bromo-4-(N,N-
dimethylamino)pyridine] with 1.2 equivalents of 2,6-
difluropyridyl-3-boronic and 0.06 equivalents of 
tetrakis(triphenylphosphine)palladium(0) were dissolved in 25 
ml of dry THF. A solution of 5% Na2CO3 (10 mL) was added and 
the mixture was refluxed with stirring for 24 h, under nitrogen 

atmosphere. After being cooled, the mixture was poured into 
water, and extracted with ethyl acetate. The organic layer was 
dried over Na2SO4. The solvent was removed under reduced 
pressure to give a crude residue. The crude product was then 
purified by silica column chromatography with ethyl acetate: 
n-hexane (1: 9) as the eluent to give the final product. 
2',6'-difluoro-4-(formyl)-2,3'-bipyridine [CHOdfpypy] (L1). 
Yield: 69%.1H NMR (CDCl3, 500 MHz): δ 10.16 (s, 1H); 8.98 (d, J 
= 5Hz, 1H); 8.79-8.74 (m, 1H); 8.29 (s, 1H); 7.74 (t, J =5Hz, 1H); 
7.04-7.02 (m, 1H). 13C NMR (CDCl3, 126 MHz): δ 191.07, 
162.60, 160.60, 159.68, 152.19, 151.23, 146.14, 142.56, 
122.84, 121.17, 107.37. 19F NMR (CDCl3, 470 MHz): δ ˗68.51, 
˗66.49. MS (ESI): m/z 221.05 [M+]. 
2',6'-difluoro-4-(trifluoromethyl)-2,3'-bipyridine [CF3dfpypy] 

(L2). Yield: 65%.1H NMR (CDCl3, 500 MHz): δ 8.90 (d, J = 5Hz, 
1H), 8.77-8.72 (m, 1H), 8.09 (s, 1H), 7.54 (d, J = 5Hz, 1H), 7.03-
7.01 (m, 1H). 13C NMR (CDCl3, 126 MHz): δ 162.59, 160.59, 
157.52, 151.74, 150.79, 146.18, 123.73, 121.55, 119.29, 
118.65, 107.37. 19F NMR (CDCl3, 470 MHz): δ ˗68.56, ˗66.29, 
˗64.93. MS (ESI): m/z 261.04 [M+]. 
2',6'-difluoro-4-(cyano)-2,3'-bipyridine [CNdfpypy] (L3). Yield: 
62%.1H NMR (CDCl3, 500 MHz): δ 8.90 (t, J = 5Hz, 1H); 8.78-
8.73 (m, 1H); 7.66 (s, 1H); 8.12 (s, 1H); 7.54-7.45 (m, 1H); 7.04-
7.01 (m, 1H). 13C NMR (CDCl3, 126 MHz): δ 162.81, 160.93, 
157.68, 151.76, 150.80, 146.10, 125.30, 124.38, 121.61, 
116.24, 107.60. 19F NMR (CDCl3, 470 MHz): δ ˗68.10, ˗65.45. 
MS (ESI): m/z 218.05 [M+]. 
2',6'-difluoro-4-(methoxy)-2,3'-bipyridine [OMedfpypy] (L4). 
Yield: 64%. 1H NMR (CDCl3, 500 MHz): δ 8.69-8.64 (m, 1H); 
8.53 (d, 5.5Hz, 1H); 7.38 (s, 1H); 6.97-6.95 (m, 1H); 6.84-6.83 
(m, 1H); 3.91 (s, 3H). 13C NMR (CDCl3, 126 MHz): δ 162.11, 
160.14, 157.29, 151.80, 150.90, 146.18, 119.05, 110.39, 
109.08, 106.90, 55.29. 19F NMR (CDCl3, 470 MHz): δ ˗69.22, 
˗68.04. MS (ESI): m/z 223.06 [M+1]. 
2',6'-difluoro-4-(N,N-dimethylamine)-2,3'-bipyridine 

[NMe2dfpypy] (L5). Yield: 60%. 1H NMR (CDCl3, 500 MHz): δ 
8.63-8.58 (m, 1H), 8.31 (d, J = 6Hz, 1H), 7.03 (s, 1H), 6.94-6.92 
(m, 1H), 6.52-6.50 (m, 1H), 3.07 (s, 6H).13CNMR (CDCl3, 126 
MHz): δ 161.66, 159.81, 154.82, 150.55, 149.73, 146.25, 
120.29, 106.95, 106.45, 105.97, 39.24. 19F NMR (CDCl3, 470 
MHz): δ ˗69.07, ˗69.60. MS (ESI): m/z 236.09 [M+]. 

Synthesis of iridium(III) dimer complex 

Synthesis of [(CHOdfpypy)2Ir(μ-Cl)]2. IrCl3·xH2O (224.36 mg, 
0.75 mmol) and CHOdfpypy (L1) (350 mg, 1.58 mmol) were 
dissolved in 20 mL of 2-ethoxyethanol and water (8:2) mixture 
and refluxed at 140°C for 24 h. After the solution was cooled, 
the addition of 40 mL of H2O gave a pale yellow precipitate 
that was filtered and washed with diethyl ether. The crude 
product was used for the next reaction without further 
purification (yield: 55%). 
Synthesis of [(CF3dfpypy)2Ir(μ-Cl)]2. IrCl3·xH2O (191.36 mg, 
0.64 mmol) and CF3dfpypy (L2) (350 mg, 1.34 mmol) were 
dissolved in 20 mL of 2-ethoxyethanol and water (8:2) mixture 
and refluxed at 140 °C for 24 h. After the solution was cooled, 
the addition of 40 mL of H2O gave a yellow precipitate that 
was filtered and washed with diethyl ether. The crude product 
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was used for the next reaction without further purification 
(yield: 60%).  
Synthesis of [(CNdfpypy)2Ir(μ-Cl)]2. IrCl3·xH2O (227.47 mg, 
0.76 mmol) and CNdfpypy (L3) (350 mg, 1.61 mmol) were 
dissolved in 20 mL 2-ethoxyethanol and water (8:2) mixture 
and refluxed at 140 °C for 24 h under dry and inert conditions. 
After the solution was cooled, the addition of 40 mL of H2O 
gave an orange precipitate that was filtered and washed with 
diethyl ether. The crude product was used for the next 
reaction without further purification (yield: 40%). 
Synthesis of [(OMedfpypy)2Ir(μ-Cl)]2. IrCl3·xH2O (222.38 mg, 
0.74 mmol) and OMedfpypy (L4) (350 mg, 1.57 mmol) were 
dissolved in 20 mL 2-ethoxyethanol and water (8:2) mixture 
and refluxed at 140 °C for 24 h. After the solution was cooled, 
the addition of 40 mL of H2O gave a pale yellow precipitate 
that was filtered and washed with diethyl ether. The crude 
product was used for the next reaction without further 
purification (yield: 67%). 
Synthesis of [(NMe2dfpypy)2Ir(μ-Cl)]2. IrCl3·xH2O (211.36 mg, 
0.70 mmol) and NMe2dfpypy (L5) (350 mg, 1.48 mmol) were 
dissolved in 20 mL 2-ethoxyethanol and water (8:2) mixture 
and refluxed at 140°C for 24 h. After the solution was cooled, 
the addition of 40 mL of H2O gave a pale yellow precipitate 
that was filtered and washed with diethyl ether. The crude 
product was used for the next reaction without further 
purification (yield: 60%). 
General synthesis procedure for complexes Ir1–Ir5.  

A mixture of one equivalent of the corresponding dimer, 2.6 
equivalents of picolinic acid and 11 equivalents of sodium 
carbonate were stirred overnight in a mixture (3:1) of 
dichloromethane and ethanol (40 mL) at 60 °C under argon 
atmosphere. The solvent was removed by evaporation under 
reduced pressure. The crude product obtained was poured 
into water and extracted with ethyl acetate (3 × 50 mL). The 
combined organic layer was dried over Na2SO4. The solvent 
was removed under reduced pressure to give a crude residue. 
The crude product was purified by using silica gel column 
chromatography with CH2Cl2: methanol in 9:1 ratio as eluent, 
giving the desired complex as light yellow powder with the 
following yields: Ir1 (65%), Ir2 (80%), Ir3 (36%). Ir4 (90%) and 
Ir5 (76%). All purified samples were recrystallized and vacuum 
dried before conducting all analysis  
Spectral data of (CHOdfpypy)2Ir(pic), Iridium(III) (2',6'-

difluoro-4-(formyl)-2,3'-bipyridinato-N,C4′) (picolinate) (Ir1).  
1H NMR (CDCl3, 500 MHz): δ 10.23 (s, 2H); 9.08 (d, J = 6Hz, 1H); 
8.73-8.68 (m, 2H); 8.42-8.41 (m, 1H); 8.12-8.07 (m, 1H); 7.79-
7.68 (m, 3H); 7.60-7.52 (m, 2H); 5.84 (s, 1H); 5.55 (s, 1H). 19F 
NMR (CDCl3, 470 MHz): δ ˗67.63, ˗67.01, ˗66.66, ˗65.96. 
MALDI-TOF calcd for C28H14F4IrN5O4 754.49 ([M+H]+); found 
755.49. Elem. anal. Calcd (%) for C28H14F4IrN5O4: C, 44.68; H, 
1.89; N, 9.30. Found: C, 44.36; H, 2.10; N, 9.21. 
Spectral data of (CF3dfpypy)2Ir(pic), Iridium(III) (2',6'-difluoro-

4-(trifluoromethyl)-2,3'-bipyridinato-N,C4′) (picolinate) (Ir2).  
1H NMR (CDCl3, 500 MHz): δ 9.00 (d, J = 6Hz, 1H), 8.47 (s, 1H), 
8.53 (s, 1H), 5.54 (s, 1H), 8.41 (d, J =7.5Hz, 1H), 8.12 (t, J = 

15.5Hz, 1H), 7.77 (d, J = 5Hz, 1H), 7.58 (s, 1H), 7.55 (d, J = 
5.5Hz, 1H), 7.34 (d, J = 6Hz, 1H), 5.86 (s, 1H). 19F NMR (CDCl3, 

470 MHz): δ ˗67.22, ˗66.57, ˗66.27, ˗65.66, ˗65.04, ˗64.84. 
MALDI-TOF calcd for C28H12F10IrN5O2 833.05 ([M+H]+); found 
832.99. Elem. anal. Calcd (%) for C28H12F10IrN5O2: C, 40.39; H, 
1.45; N, 8.41. Found: C, 40.51; H, 1.61; N, 8.21. 
Spectral data of (CNdfpypy)2Ir(pic), Iridium(III) (2',6'-difluoro-

4-(cyano)-2,3'-bipyridinato-N,C4′) (picolinate) (Ir3). 
1H NMR 

(CDCl3, 500 MHz): δ 9.01(d, 1H, J = 6Hz); 8.57 (s, 1H); 8.51 (s, 
1H); 8.43 (d, J = 7.5Hz, 1H); 8.15-8.11 (m, 1H); 7.75 (d, 1H, J = 
5Hz); 7.63-7.60 (m, 2H); 7.56-7.54 (m, 1H); 7.33-7.32 (m, 1H); 
5.84 (s, 1H); 5.54 (s, 1H). 19F NMR (CDCl3, 470 MHz): δ ˗66.13, 
˗65.51, ˗65.39, ˗64.80. MALDI-TOF calcd for C28H12F4IrN7O2 
747.70 ([M+H]+); found 748.90. Elem. anal. Calcd (%) for 
C28H12F4IrN7O2: C, 45.04; H, 1.62; N, 13.13. Found: C, 44.84; H, 
1.79; N, 12.93. 
Spectral data of (OMedfpypy)2Ir(pic), Iridium(III) (2',6'-

difluoro-4-methoxy-2,3'-bipyridinato-N,C4′)(picolinate) (Ir4). 
1H NMR (CDCl3, 500 MHz): δ 8.52 (d, 1H, J = 5Hz); 8.37 (d, 8Hz, 
1H); 8.03-8.00 (m, 1H); 7.81-7.75 (m, 3H); 7.51- 7.48 (m, 1H); 
7.20 (d, 1H, J = 6.5Hz); 6.86-6.84 (m, 1H); 6.66-6.64 (m, 1H); 
4.02 (d, J = 3Hz, 6H); 5.89 (s, 1H); 5.64 (s, 1H). 19F NMR (CDCl3, 
470 MHz): δ ˗70.85, ˗70.21, ˗69.40, ˗68.78. MALDI-TOF calcd 
for C28H18F4IrN5O4 757.94 ([M+H]+); found 758.94. Elem. anal. 
Calcd (%) for C28H18F4IrN5O4: C, 44.44; H, 2.40; N, 9.26. Found: 
C, 44.62; H, 2.48; N, 9.08. 
Spectral data of (NMe2dfpypy)2Ir(pic), Iridium(III) (2',6'-

difluoro-4-(N,N-dimethylamine)-2,3'-bipyridinato-N,C4′) 

(picolinate) (Ir5). 1H NMR (CDCl3, 500 MHz): δ 8.33 (d, J = 3Hz, 
1H), 8.19 (d, J = 7Hz, 1H), 7.97-7.94 (m, 1H), 7.78 (d, J = 5Hz, 
1H), 7.45-7.39 (m, 3H) 6.93 (d, J = 7Hz, 1H), 6.46-6.44 (m, 1H), 
6.26-6.24 (m, 1H), 5.95 (s, 1H), 5.74 (s, 1H) 3.18 (d, J = 5Hz, 
12H). 19F NMR (CDCl3, 470 MHz): δ ˗73.15, ˗72.48, ˗71.08, 
˗70.57. MALDI-TOF calcd for C30H24F4IrN7O2 785.16 ([M+H]+); 
found 785.52. Elem. anal. Calcd (%) for C30H24F4IrN7O2: C, 
46.03; H, 3.09; N, 12.53. Found: C, 45.81; H, 3.26; N, 12.44. 
X-ray crystallographic analysis.  
The diffraction data of single crystal was collected on a Rigaku 
Saturn 724+ diffractometer using graphite monochromated 
Mo-Kα radiation. The data was processed with the Rigaku 
Crystal Clear software.85, 86 The structure solution was carried 
out by direct methods, and the refinements were performed 
by full-matrix least-squares on F

2 using the SHELXTL suite of 
programs.87 All of the hydrogen atoms were placed in 
geometrically ideal positions (using corresponding HFIX) and 
refined in the riding mode. Final refinement included the 
atomic positions of all the atoms, anisotropic thermal 
parameters for all of the non-hydrogen atoms, and isotropic 
thermal parameters for all of the hydrogen atoms. The 
disordered solvent molecules could not be adequately 
modeled. The bypass procedure in Platon (Spek, 1990) was 
used to remove the electronic contribution from these 
solvents. For complex Ir2, the total potential solvent 
(dichloromethane and water) accessible void volume was 2519 
Å (which is 34% of the unit cell volume) and the electron 
count/cell = 606. 
Thermal analysis.  

Thermo-gravimetric analyses were performed on an EXSTAR 
TG-DTA 6200 instrument (SII Nanotechnology Inc.) heated 
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from 30 to 1000˚C in flowing of nitrogen at the heating rate of 
10 ˚C min-1. Temperature at which a 5% weight loss occurred 
has been considered as the decomposition temperature (Td). 
Differential scanning calorimetry was performed using a TA 
Q20 general-purpose DSC instrument in sealed aluminum pans 
under nitrogen flow at a heat/cooling rate of 5˚C/min. The 
endothermic peak observed in the second heating cycle has 
been considered as the glass transition temperature (Tg). 
Photophysical characterization.  

The electronic absorption spectrum of the complex was 
measured on a Shimadzu, UV-2450 UV-vis-NIR 
spectrophotometer. The photoluminescence (PL) spectrum of 
the iridium(III) complex was recorded on a Spex-Fluorolog FL22 
spectrofluorimeter equipped with a double grating 0.22 m 
Spex 1680 monochromator and a 450 W Xe lamp as the 
excitation source and a Hamamatsu R928P photomultiplier 
tube detector. Emission and excitation spectra were corrected 
for source intensity (lamp and grating) by standard correction 
curves. Phosphorescence lifetimes were measured using IBH 
(Fluoro Cube) time-correlated pico second single photon 
counting (TCSPC) system. A pulsed diode laser (<100 ps pulse 
duration) at a wavelength of 375nm (Nano LED-10) were used 
to excite at the MLCT states of the complexes with a repetition 
rate of 50 KHz. The detection system consists of a 
microchannel plate photomultiplier (5000 U-09B, Hamamatsu) 
with a 38.6 ps response time coupled to a monochromator 
(5000M) and TCSPC electronics (Data Station Hub including 
Hub-NL, Nano LED controller and preinstalled Fluorescence 
Measurement and Analysis Studio (FMAS) software). The 
phosphorescence lifetime values were determined by 
deconvoluting the instrument response function with mono-
exponential decay using DAS6 decay analysis software. The 
quality of the fit has been judged by the fitting parameters 
such as χ2 (<1.2) as well as the visual inspection of the 
residuals. The luminescence quantum efficiencies in the 
solution state were calculated by a comparison of the emission 
intensities (integrated areas) of a standard sample and the 
unknown sample according to eq 1. 

Φunk = Φstd(Iunk/Istd)(Astd/Aunk)(ηunk/ηstd)
2 (1) 

where Φunk and Φstd are the luminescence quantum yields of 
the unknown sample and standard sample, respectively. Iunk 
and Istd are the integrated emission intensities of the unknown 
sample and standard sample solution, respectively. Aunk and 
Astd are the absorbances of the unknown sample and standard 
sample solution at their excitation wavelengths, respectively. 
The ηunk and ηstd terms represent the refractive indices of the 
corresponding solvents (pure solvents were assumed). Quinine 
sulphate monohydrate (ΦP = 0.54) in 0.05 M H2SO4 has been 
used as a standard for the blue emitting complex Ir4.88 Ir(ppy)3 
has been used as a standard for green emitting complexes Ir1-
Ir3 and Ir5.89 All solutions for the photophysical studies were 
deaerated with pre-purified Argon gas prior to the 
measurements. Solid state photoluminescence quantum yield 
of the PMMA films measured by absolute method using a 
calibrated integrating sphere in a SPEX Fluorolog 
Spectrofluorimeter on the basis of the de Mello method.90 

Cyclic voltammetry.  

Cyclic voltammetry experiments were carried out with a BAS 
50W voltammetric analyzer using three electrode cell 
assemblies. Platinum wires were used for counter electrodes, 
a silver wire was used as Ag/Ag+ quasi reference electrode and 
a platinum electrode was used as a working electrode. 
Measurements were carried out in acetonitrile solution with 
tetrabutylammonium hexafluorophosphate as supporting 
electrolyte at a scan rate of 100 mV/s. Concentrations of 
iridium(III) complex and supporting electrolyte were 5×10-3 and 
0.1M, respectively. The ferrocenium/ferrocene couple 
(FeCp2

+/FeCp2
0) was used as an internal reference. The energy 

level of FeCp2
+/FeCp2

0 was assumed at –4.8 eV to vacuum.91 All 
solutions for the electrochemical studies were deaerated with 
pre-purified argon gas prior to the measurements. 
Computational methods.  

The geometrical structures of the singlet ground state (S0) and 
the lowest lying triplet excited state (T1) were optimized by 
using density functional theory (DFT) based on a method with 
Becke’s three-parameter functional and the Lee-Yang-Parr 
functional (B3LYP)92,93 with LANL2DZ basis set for the Iridium 
(Ir) atom and 6-31G* for the rest of the atoms. Frequency 
calculations were also executed at the same level of theory. 
The optimizations and the vibrational data confirmed that the 
structures were true minima on the potential energy surface 
because there were no imaginary frequencies. On the basis of 
the optimized ground and excited state geometry structures, 
the absorption spectral properties in dichloromethane media 
were calculated by time-dependent density functional theory 
(TD-DFT) approach with (B3LYP/6-31G*). As solvent effects are 
known to play a crucial role in predicting the absorption and 
emission spectra, the same was incorporated in the TD-DFT 
calculations within the PCM framework. The Swizard program 
has been employed to evaluate the contribution of singly 
excited state configurations to each electronic transition.94 All 
calculations were carried out with Gaussian 09 package.95 
PhOLED device fabrication 

PhOLEDs were fabricated on indium-tin oxide (ITO) coated 
glass substrates (sheet resistance of 20 ohm/sq) by first 
cleaning them using trichloroethylene, acetone, and isopropyl 
alcohol and deionized water sequentially for 20 min using an 
ultrasonic bath and dried in flowing nitrogen. Prior to film 
deposition, the ITO substrates were treated with UV-ozone for 
5 min. Organic materials and cathode were sequentially 
deposited under a high vacuum (4 × 10-7 torr). The deposition 
rate of organic materials was kept at 6 nm/min, whereas the 
deposition rates of LiF and Al were 0.6 nm/min and 30 
nm/min, respectively. Thickness of the deposited layers was 
monitored by an in-situ quartz crystal monitor. The cathode 
was deposited on the top of the structure through a shadow 
mask. Used device structure was ITO (120 nm)/F4-TCNQ (2.5 
nm)/α-NPD (45 nm)/Emissive layer (30 nm)/BCP (6 nm)/Alq3 
(30 nm)/LiF (1 nm)/Al (150 nm). N,N-Diphenyl-N′,N′-bis(1-
naphthyl)-1,1′-biphenyl-4,4′-diamine (α-NPD (Sigma Aldrich) 
was used as a hole transport layer, 4,4′-Bis(N-carbazolyl)-1,1′-
biphenyl (CBP) as host layer with 5 wt% doped iridium complex 
Ir2-Ir4 was used as emissive layer, 2,9-dimethyl-4,7-diphenyl-
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1,10-phenanthroline (BCP) as hole blocking layer, tris(8-
hydroxyquinoline)-aluminium (Alq3, Sigma Aldrich) as electron 
transport layer, LiF (Merck, Germany) as electron injection 
layer and Al as the cathode. 2,3,5,6-tetrafluoro-7,7’,8,8’-
tetracyanoquinodimethane (F4-TCNQ) is utilized for efficient 
hole injection from ITO to α-NPD and its thickness is used as 
optimized by P. Tyagi et al.96 for enhanced efficiency and life 
time of PhOLEDs. Synthesized materials Ir2, Ir3 and Ir4 were 
mixed in CBP with 5 wt % concentration for using them as the 
emissive layer. The size of each pixel was 3x4 mm2. The EL 
spectra were measured using an Ocean Optics high resolution 
spectrometer (HR-2000CG UV-NIR). The J–V–L characteristics 
were measured with a luminance meter (LMT l-1009) and a 
Keithley 2400 programmable voltage–current digital source 
meter. All the measurements were carried out at room 
temperature under ambient conditions. 

Results and Discussion 

Synthesis and characterization.  

 
Scheme 1 Synthetic routes of cyclometalating ligands L1 ̶ L5 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 2 Synthetic routes of heteroleptic Ir3+ complexes Ir1 ̶ Ir5 

The C^N chelating ligands used in the current study were 
synthesized by conventional Suzuki coupling reaction of 
corresponding 2-bromopyridine with 2,6-difluropyridinyl-3-
boronic acid in the presence of sodium carbonate and 
tetrakis(triphenylphosphine) palladium(0) as a catalyst as 
shown in scheme 1. It is important to mention that pure 
ligands could only be obtained after column chromatographic 
separations. The dimer precursors to obtain iridium(III) 
complexes Ir1-Ir5 were prepared by a standard procedure 
proposed by Watts and co-workers.83 The µ-chloro bridged 

dimer was formed through the reaction of cyclometalated 
ligand precursor with IrCl3.H2O in a mixture of 2-ethoxyethanol 
and water. The new iridium complexes Ir1-Ir5 were obtained 
in the presence of Na2CO3 via the reaction of µ-chloro bridged 
dimer and the ancillary ligand picolinic acid.79,97 A pictorial 
synthetic pathways leading to the designed iridium(III) 
compounds is depicted in scheme 2. After purification and 
recrystallization of the compounds detailed characterizations 
were carried out by 1H, 19F and 13C NMR, MALDI-TOF Mass 
spectrometry (Figs. S1 – S38 ESI†) and elemental analyses. 
X-ray single crystal structures.  

Single crystals of Ir2 and Ir4 have been grown by slow diffusion 
of hexane into a dichloromethane solution of the complexes. 
The compounds Ir2 and Ir4 were structurally authenticated by  

Table 1  Crystallographic and refinement data for complexes Ir2 and Ir4 

 Ir2 Ir4 

Formula C28 H18 F4 Ir N5 O2 C28 H18 F4 Ir N5 O4 
Formula weight 724.67 841.60 
Temp (K) 301(2) 150(2) 
Wavelength (Å) 0.71073 0.71073 
Crystal system Orthorhombic monoclinic 
Space group Pbca P21/c 
Crystal size (mm3) 0.20 × 0.20 × 0.20 0.50 × 0.40 × 0.30 
a [Å] 16.765(2) 12.069(3) 
b [Å] 15.096(8) 12.029(3) 
c [Å] 20.6420(10)  19.562(5) 
α [°] 90.00 90.00 
β [°] 90.00 92.19 
γ [°] 90.00 90.00 
V [Å3] 5224(3) 2837.8(11) 
Z 8 4 
ρcalc[g/cm3] 1.843 1.970 
μ (Mo Kα) [mm-1] 5.176 4.967 
Total reflections  31043 24916 
Unique reflections 5260 6465 
RF, Rw(F2) [I > 2σ(I)] 0.0772, 0.1937 0.0250, 
.0530 
GOF on F2 1.048  1.047 
CCDC 973778 1005716 

Fig. 1 Crystal structure of complex Ir2 with atom numbering scheme. Selected 

bond lengths (Å) and angles (˚): Ir(1)−C(3A) 1.966(16), Ir(1)−C(2A) 1.987(10), 

Ir(1)−O(1) 2.115(11), Ir(1)−N(6) 2.150(11), Ir(1)−N(5) 2.045(11), Ir(1)−N(4) 

2.026(10); N(4)−Ir(1)−N(6) 175.2(5), C(3A)−Ir(1)−N(6) 172.5(5), C(2A)−Ir(1)−O(1) 

174.5(5). 

N
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N
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Br

OH

OH
+

N

N

RF

F

2N Na2CO3, Pd(PPh3)4

THF, reflux, 24h

L1 : R = -CHO

L2 : R = -CF3

L3 : R = -CN

L4 : R = -OMe

L5 : R = -NMe2
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X-ray single-crystal diffraction and the corresponding 
molecular structures are depicted in Figs. 1 and 2, respectively. 
Selected crystallographic data and structure refinement 
parameters are given in Table 1. Both the iridium(III) 
complexes adopt a distorted octahedral geometry around the 
Ir3+ centre with N-binding pyridines in trans positions in 
relative to each other. These results are in good agreement 
with that of earlier disclosed X-ray single crystal structure of 
(dfpypy)2Irpic.15 Overall the geometry around the metal is not 
significantly influenced by the various substituted 
cyclometalated ligands. The bond lengths of Ir–C, Ir–N and Ir–
O for Ir2 and Ir4 are within the range reported for those of 
related compounds (dfpypy)2Irpic 15 and FIrpic (Table 2 and  

Fig. 2 Crystal structure of complex Ir4 with atom numbering scheme. Selected 
bond lengths (Å) and angles (˚): Ir(1)−C(12) 1.983(2), Ir(1)−C(26) 2.000(3), 

Ir(1)−O(33A) 2.158(2), Ir(1)−N(1) 2.048(2), Ir(1)−N(14) 2.050(2), Ir(1)−N(27) 
2.154(5); N(1)−Ir(1)−N(14) 173.7(9), C(26)−Ir(1)−N(27) 174.7(9), C(12)−Ir(1)−O(33 

A) 169.2(9). 

Table 2  Average of selected bond lengths (Å) and angles (°) for complexes Ir2, 

Ir4 and Ir(dfpypy)2 pic
a 

Bond length Ir2 Ir4 Ir(dfpypy)2 pic
a
 

Ir–N 2.035(11) 2.049(2) 2.049(7) 
Ir–C 1.991(10) 1.991(2) 2.001(7) 
Ir–O 2.115(11) 2.158(2) 2.131(4) 
Ir–N1 2.150(11) 2.125(2) 2.115(7) 
C1–C2 1.443(2) 1.461(3) 1.470(1) 

Bond angles    

N–Ir–N 172.5 173.8 175.6 
C–Ir–N1 172.5 174.8 168.8 
C–Ir–O 174.5 169.2 174.5 
C–Ir–C 87.42 88.20 90.61 

O–Ir–N1 77.09 77.24 77.24 
C–Ir–N 80.47 80.57 80.67 

Torsion angle    

C2–C3–C4–R 176.56 178.05 --- 

a The average bond length and bond angle values for Ir(dfpypy)2pic were 
taken from ref 7. 

Fig. S39 ESI†).75,98 However, there is a significant effect on C1–
C2 bond lengths in cyclometalating ligand in the presence of 
electron-withdrawing and electron-donating substituents at 

the C4 position on the N-coordinating pyridine ring. Firstly, in 
the substitution of –CF3 in the C4 position shortens C1–C2 
bond (1.443(2) Ǻ) in Ir2 that links both rings of the 
cyclometalating ligand as compared to unsubstituted parent 
compound (dfpypy)2Irpic (1.470(1) Ǻ), due to the strong 
electron-withdrawing effect (Hammett constant: Cσm = 0.43) 
at the meta-C2 position. However, in Ir4, the –OMe 
substitution moderately decreases the C1–C2 bond (1.461(3) 
Ǻ). This can be explained on the basis of –OMe having positive 
Cσm value (0.12). Secondly, C4′ substituents (–CF3 and –OMe  
in complexes Ir2 and Ir4, respectively) on the N-coordinating 
pyridine ring tend to deviate slightly from the plane of the 
cyclometalating ring, as exemplified by the C2–C3–C4–R 
torsion angles, due to the bulky nature of the substituents. The 
C(3A)–Ir(1)–N(6) bond angle [172.5(5)˚] in Ir2 and  C(26)–Ir(1)–
N(27) bond angle [174.78(9)˚] in Ir4 are found to be 
moderately distorted from linearity, which may be caused by 
intermolecular interactions. Several strong intermolecular 
interactions such as edge-to-face C–H•••π(py), and hydrogen 
bonding via C(π)–H•••F or C(π)–H•••O or C(π)–H•••N are in 
fact observed in the crystal lattices of Ir2 and Ir4. The 
structural parameters and details for the intermolecular 
interactions can be found in the ESI (Tables S1 – S5 †). 
Thermal properties. 

The thermal properties of the Ir1-Ir5 were investigated by 
thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) at a scanning rate of 5°C/min under a 
nitrogen atmosphere. As shown in Fig. S40 ESI†, Ir3 and Ir5 
complexes are thermally stable with decomposition 
temperatures (Td: at a 5% weight loss) higher than 415˚C. On 
the other hand, the thermal stability of the –CHO, –CF3 and –
OMe substituted iridium(III) complexes Ir1, Ir2 and  Ir4 are 
found to be in the range 362 - 367 ˚C (Table 3). Further, these 
compounds show glass transition temperatures (Tg: from the 
second heating cycle of the DSC curve) in the range 159–231˚C, 
which guaranteed the morphological stability of the complexes 
(Fig. S41 ESI†).  
Theoretical calculations.  

The optimized geometries of the iridium(III) complexes 
obtained by DFT method are displayed in Fig. S42 ESI†. The 
modeled structures possess a distorted octahedral geometry 
around the iridium center, with C1 point group symmetry. The 
Ir−C (mean value: 2.005 Å) and Ir−N (mean value: 2.068 Å) 
bond lengths in –OMe substituted iridium(III) complex (Ir2) 
obtained by structural optimization are in good agreement 
with the single crystal X-ray diffraction data [ Ir−C (mean value: 
2.035 Å) [Table S6 ESI†].  
 MO analysis indicated that the HOMO of electron-
withdrawing group substituted iridium(III) complexes (Ir1-Ir3) 
is mainly localized on the 5d-orbitals of iridium metal (51-
52%), π-orbitals of difluropyridyl moiety of the cyclometalated 
bypyridine ligand (28-29%) and a small contribution from the 
picolinate ancillary ligand (11-13%) (Figs. 3-4 and Table S7 
ESI†). The present observation is similar to that of the HOMO 
orbital distribution of (dfpypy)Irpic reported elsewhere.76 The 
LUMO is essentially localized on the substituted N-coordinated 
pyridyl moiety of the cyclometalated ligand (75-89%). 
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However, in the case of iridium(III) complex Ir2, the LUMO is 
not localized on the –CF3 substituent. These results strongly 
indicate a HOMO-LUMO transition with MLCT character in 
these complexes (Ir1-Ir3) (Table S8 ESI†).  
 In the case of electron-donating group containing 
iridium(III) complexes, HOMO is localized on the 5d-orbitals of 
iridium atom (45-52%), π-orbitals of the substituted 
diflurobipyridine ligand (35-40%) and picolinate ancillary ligand 
(12-14%). However, in the case of Ir5 the HOMO contains 
major contribution from N-coordinated pyridyl moiety of the 
cyclometalated ligand (30%). On the other hand, LUMO is 
mainly localized on picolinate ancillary ligand (90-93%) with  

 

Fig. 3 Selected molecular orbital diagram indicating isodensity HOMO and LUMO 
surfaces for complexes Ir1−Ir5. All of the molecular orbital surfaces correspond 
to an isocontour value of |Ψ| = 0.03. 

Fig. 4 Partial molecular orbital diagram for complexes Ir1−Ir5. The arrows are 
intended to highlight the calculated HOMO−LUMO energy gaps (H = HOMO, L= 
LUMO). 

 
minor contribution from iridium metal center (2-3%) and 
cyclometalated ligand (4.3-7.1%).  Thus the phosphorescence 
of electron-donating group substituted iridium(III) complexes 
may be described as mixed 3LC and 3MLCT transitions. These 
results are similar to that of unsubstituted (dfpypy)2Ir(pic).76 
Electrochemical properties. 

To understand the electronic effects caused by the substituent 
on the C4′ posiJon on the pyridyl moiety of the cyclometalated 

ligand, cyclic voltammetry experiments of the complexes Ir1-
Ir5 were carried out using ferrocene as the internal standard 
(Figs. S43-S44 ESI†). The Highest Occupied Molecular Orbital 
(HOMO)/ Lowest Unoccupied Molecular Orbital (LUMO) for 
complexes Ir1-Ir5 are listed in Table 3. The Eonset (oxd) value of 
the respective iridium(III) complex was determined using CV 
relative to a ferrocene/ferrocenium redox potential. All the 
iridium(III) complexes showed irreversible oxidation 
voltammograms. Kang and co-workers76 also reported 
difficulties in observing reversible oxidation potential for the 
parent compound (dfpypy)2Irpic. The investigations on DFT 
calculations indicate that the HOMO of electron-withdrawing  

Table 3 Electrochemical and thermal properties of Ir3+ complexes Ir1 – Ir5 

Complex Eox
a
 

(V) 

Ered
a
 

(V) 

HOMO
b
 

(eV) 

LUMO
c
 

(eV) 

Eg(elec)
d 

(eV) 

Tg
e 

(˚C) 

Td
f
 

(˚C) 

Ir1 1.75 − 0.94 − 6.07 −3.42 2.65 231 367 

Ir2 1.70 − 1.43 − 6.06 −2.9 3.13 212 362 

Ir3 1.78 − 1.16 − 6.13 −3.21 2.92 − 415 

Ir4 1.57 − 1.77 − 5.93 −2.58 3.35 159 365 

Ir5 1.21 − 1.82 − 5.57 −2.54 3.03 − 397 

aElectrochemical data versus (FeCp2
+/FeCp2

0) (FeCp2 is ferrocene) were collected in CH3CN/0.1 

M TBAH (tetra-butylammoniumhexafluorophosphate).  bHOMO = − [4.8 − (0.44) + Eoxd]. 
cLUMO 

= − [4.8 − (0.44) + Ered]. 
dElectrochemical band gap. eTg = glass transition temperature from DSC 

curve, Tg peak for Ir3 and Ir5 were not observed up to a temperature scan of 300˚C.   fTd = 

decomposition temperature 5% weight loss from TG curve 

Table 4 Swain−Lupton constants for the substituents99 

Substituent F value R value 

-H 0.03 0.00 

-CHO 0.33 0.09 

-CF3 0.38 0.16 

-CN 0.51 0.15 

-OMe 0.29 -0.56 

-NMe2 0.15 -0.98 

group substituted iridium(III) complexes is localized at the 
iridium metal centre and the difluropyridyl moiety. Thus the 
oxidation potentials are marginally influenced by the 
substitution of electron-withdrawing groups on pyridyl moiety 
of the cyclometalated ligand. On the other hand, the 
substitution of electron-donating group induces destabilization 
of HOMO and hence more negative shift of the oxidation peak 
potentials are noted (1.57 and 1.21 V for Ir4 and Ir5). This can 
be due to more electron-donating features of the substituent 
groups in the pyridyl ring, which enhances the electron density 
at metal center through ortho-metalating nitrogen atom. Thus 
it becomes easier to remove the electrons from the HOMO. 
The –NMe2 substituted Ir5 shows the lowest oxidation 
potential among the series (1.21 V). As per the DFT 
calculations, the HOMO of Ir5 is mainly localized on iridium 
metal center, N-coordinated pyridine ring and the electron-
donating –NMe2 substituent. Hence the first quasi reversible 
oxidation potential observed at 1.21 V in complex Ir5 may be 
due to the oxidation of –NMe2 substituent in the pyridine ring. 
All the iridium(III) complexes except Ir1 and Ir2 display 
reversible reduction potentials. The first reduction peak 
potential is observed at -0.94, -1.43, -1.16, -1.77 and -1.82 V, 
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respectively, for Ir1-Ir5. The second reduction potential is 
detected at -1.66 and -1.31 V for Ir1 and Ir3, respectively. 
However, the second reduction peak in the case of Ir2, Ir4 and 
Ir5 could not be obtained in the limit of the potential window 
of the experimental conditions. Since the LUMO orbitals are 
localized on the picolinate ancillary ligand in Ir4 and Ir5, the 
substitution of electron-donating groups on the pyridyl moiety 
of the cyclometalated ligand shows a marginal effect on the 
reduction potentials of these complexes. However, the 
substitution of electron-withdrawing groups such as –CF3 and 
–CN in Ir2 and Ir3 induces the stabilization of LUMO, which 
could be observed as a more positive shift of the reduction 
peak potential. The Swain−Lupton constant as a modificaJon 
of the Hammett rule can be used as electron accepting and 
donating parameter in explaining the observed reduction 

behaviour of these complexes. As shown in Table 4, a larger F 
value is more σ-electron inductive (inductive effect), and a 
smaller R is more π-electron donative (resonance effect). 
Among the electron-withdrawing substituted iridium(III) 
complexes, –CN substituent has the highest F value of 0.51 and 
hence Ir3 exhibits oxidation potential of -1.16 V, which is 270 
mV smaller than –CF3 substituted iridium complex Ir2 having a 
reduction potential of -1.43 V (F = 0.38). However, the 
reduction potential of Ir1 is much lower than anticipated 
(−0.94 V vs Fc+/Fc) as per the Swain−Lupton constant. This can 
be attributed to the reduction of the –CHO group instead of 
the cyclometalated ligand as usually found in aromatic 
aldehydes.100 This finding correlates well with the localization 
of mostly –CHO group in the LUMO orbitals of Ir1 (Fig. 3).  

Table 5 Solution state photophysical properties of Ir3+ complexes Ir1 – Ir5 

Complex 
Absorptiona λmax (nm)  

(ԑ×10
3
 M

-1
 cm

-1
) 

Emission at 298 K in CH2Cl2 Solution 
Emission 77 K

f 
    λmax 
(nm) 

λmax
b
(nm) ΦPL

c
 τPL (µs) Kr

d
 (10

5 
S

-1
) Knr

e
 (10

5 
S

-1
) 

Ir1 233 (20.0), 394 (3.0), 482 (0.2) 540 0.79 1.94 4.07 1.08 511 
Ir2 256 (26.0), 378 (4.0), 452 (0.4) 468, 492 0.88 2.36 3.72 0.50 466 
Ir3 233 (19.0), 391 (3.0), 464 (0.4) 508 0.90 2.14 4.20 0.46 485 
Ir4 252 (34.0), 356 (4.0), 430 (0.1) 436, 464 0.58 1.13 5.13 3.71 434 
Ir5 257 (35.0), 343 (9.0), 420 (0.6) 520 0.14 0.31 4.51 27.74 476 

a Absorption spectrum was measured in dichloromethane solution; [M] = 5.0 x 10-5.  b Emission spectrum was measured in degassed dichloromethane; [M] = 5.0 × 10-5, λexc = 360 nm. c 

Phosphorescence quantum efficiency measured in degassed CH2Cl2 by relative method by using Quinine sulphate monohydrate (ΦPL= 0.54) and Ir(ppy)3 (ΦPL = 0.98) as standards, respectively for 

blue and green emitting complexes. d,eRadiative as well as non-radiative rate constants were deduced by the ΦPL of solution state and τobs according to two equations: kr = ΦPL/τobs, knr = 

(1−ΦPL)/τobs. 
fEmission spectrum was measured in freeze dichloromethane at 77K; [M] = 5.0 × 10-5, λexc= 360 nm. 

 
Electronic spectroscopy. 

The UV-Vis absorption spectra of iridium(III) compounds Ir1-Ir5 
recorded in degassed dichloromethane (c = 5 × 10-5 M) 
solution at room temperature are displayed in Fig. 5, and the 
corresponding electronic absorption data are summarized in 
Table 5. The absorption of these complexes show intense 
bands with extinction coefficients in the order of 104 M-1 cm-1 
in the 230-300 nm range, which were assigned to the spin-
allowed intra-ligand 1LC (1π→π*) transiJon of cyclometalated 
2',6'-difluoro-2,3'-bipyridine derivatives and picolinate ligands. 
The broad band around 370-400 nm can be assigned to spin 
allowed metal-ligand charge-transfer (1MLCT) bands with 
extinction coefficients in the order of 103 M-1 cm-1. In addition, 
the spin-forbidden 3MLCT transition bands noted around 420-
464 nm indicate an efficient spin-orbit coupling, which is a 
prerequisite for phosphorescent emission (inset of Fig. 5). 
These assignments were supported by theoretical calculations 
(as can be seen from Table S8 ESI†). The nature of substituents 
on the 4′ posiJon on the pyridyl moiety of the cyclometalated 
ligand has significant effects on the extinction coefficient 
values of the intra-ligand (π→π*) transiJon band. However, no 
influence on the location of intra-ligand transition has been 
observed. The electron-donating group substituted iridium(III) 
complexes (Ir4 - Ir5) exhibit extinction coefficients in the range 
34600 – 35000 M−1 cm−1 for the π→π* transiJon. On the other 
hand, low extinction coefficients 19063 – 26068 M−1 cm−1 are 
noted in  

Fig. 5 UV-vis absorption spectra of complexes Ir1-Ir5 in dichloromethane (c = 5 × 10-5 

M) at 298 K (inset: magnified absorption at 300- 500 nm region). 

the case of electron-withdrawing group containing complexes 
(Ir1-Ir3). Though the substituents have small influence on the 
extinction coefficient at 1MLCT transition, there are significant 
differences on the location of these transitions. The 
substitution of electron-donating groups (–OMe and –NMe2) in 
complexes Ir4-Ir5 shows a blue shifted 1MLCT absorption 
bands around 356 and 343 nm, respectively, as compared to 
electron-withdrawing groups substituted complexes Ir1-Ir3 
(381-394 nm). 
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Solution state emission properties. 

Fig. 6 shows normalized emission spectra of the investigated 
iridium(III) complexes Ir1-Ir5 recorded in degassed 
dichloromethane solution (c = 5.0 x 10-5 M) at 298K. The 
pertaining photophysical data are summarized in Table 5. The 
strong electron-withdrawing group substituted (–CN) 
iridium(III) complex (Ir3) displays a broad and bright green 
phosphorescence (450 to 700 nm; λmax = 506 nm) at room 
temperature in dichloromethane solution  with an excellent 
quantum efficiency of 0.90, which is comparable to that of 
standard green emitter Ir(ppy)3 (ΦPL = 0.98).101 The broad 
emission band exhibited by the Ir3 without the vibronic 
structure indicates that phosphorescence is originating from 
the 3MLCT transition state. On the other hand, iridium(III) 
complex (Ir2) containing less electron-withdrawing –CF3 group 
(Cσp = 0.54) exhibits intense sky-blue phosphorescence in the 
region 468-492 nm with a promising quantum efficiency (ΦPL = 
0.88). It is interesting to note that the observed quantum 
efficiency of Ir2 is very much comparable to that of 
commercial sky-blue emitter FIrpic (ΦPL = 0.83).102,103 The 
vibronic structure of the emission bands in Ir2 indicates a 
certain degree of mixing between the ligand centered 3LC and 
3MLCT state.  Surprisingly, a weak electron-withdrawing –CHO 
group (Cσp = 0.42) substituted iridium(III) complex (Ir1) shows 
a broad emission profile in the range 470-700 nm (λmax = 540 
nm) with a quantum yield of 0.79. In general, the substitution 
of electron-withdrawing groups on the C4′ posiJon on the 
pyridyl moiety red shifted the emission profiles of Ir1-Ir3 as 
compared to unsubstituted iridium(III) complex 
(dfpypy)2Irpic.76 Our DFT studies (see above) indicate that the 
picolinate moiety is essentially acts as an ancillary ligand in Ir1- 
Ir3 and the emission properties are mainly of 3MLCT/3LC 
nature, involving iridium d-orbitals and π-π* orbitals of the 
electron-withdrawing substituted 2′,6′-difluoro-2,3′-bipyridine  
cyclometalated units. It is well documented that acceptor 
groups are expected to stabilize the LUMO orbital that is 
involved by pulling out electron density.104  This is in good 
agreement with the earlier investigations, which indicates that 
the triplet energy level of picolinate lies at high energy level 
and is not involved in the electronic transition causing 
phosphorescence emission.61,105 On the other hand, in the 
electron-donating substituted iridium(III) complexes Ir4-Ir5, 
the LUMO levels are found to be mainly located on the 
picolinate ligand. Therefore the substitution of –OMe group in 
Ir4 has induced marginal effects on the phosphorescence 
emission. However, the strong electron-donating –NMe2 

substituted iridium(III) complex (Ir5) shows a broad emission 
(420-700 nm; λmax = 520 nm) without vibrational features in 
the spectrum. The observed emission features can be 
attributed to the localization of the frontier molecular orbital 
on –NMe2 substituent, which inevitably leads to HOMO 
destabilization as evident from the theoretical calculations. 
 To gain insight into the relaxation dynamics of the 
investigated iridium(III) complexes Ir1-Ir5, the phosphorescent 
lifetimes (τ) in dichloromethane solutions were measured at 
298 K (Fig. S45  

Fig. 6 Emission spectra of complexes Ir1−Ir5 in dichloromethane (c = 5 × 10-5M) at 298 

K; inset: emission photographs of Ir1– Ir5 in solution. 

ESI†). All the complexes showed single exponential decay 
profiles with lifetimes in the range of 0.31 - 2.36 µs, which are 
indicative of the phosphorescent origin. The excited state 
lifetime values, radiative and non-radiative decay rates of the 
iridium(III) complexes are depicted in Table 5. It is noteworthy 
to mention that the electron-donating group (–OMe) 
substituted iridium(III) complex Ir4 exhibits moderately lower 
quantum efficiency (ΦPL= 0.58) when compared to 
(dfpypy)2Irpic [ΦPL= 0.90]. This can be explained on the basis of 
destabilization of LUMO, which will probably decreases the 
separation of 3MC d-d* state and the designated 3MLCT or 3LC 
emissive states, consequently intensifies the deactivation 
pathways. Conversely, poor quantum efficiency is observed in 
the case of iridium(III) complex Ir5 due to large vibrational 
decay pathways (knr = 27.7 × 105 s-1) associated with the –
NMe2 group. At the same time high quantum yields have been 
noted for complexes Ir1-Ir3 which are substituted with 
electron-withdrawing groups. This can be related to the 
stabilization of LUMO orbitals substituted with electron-
withdrawing groups leading to increase the separation of 3MC 
d-d* state and the designated 3MLCT or 3LC emissive states, 
and which in turn reduces the deactivation pathways.70 This is 
also in good agreement with the observed low non-radiative 
decay rates in these complexes (knr = 0.46 – 1.08 × 105 s-1). 
 It is well known that a minimal difference between the 
singlet (S1) and triplet (T1) splitting energy (ΔES1-T1) is favorable 
for enhancing the intersystem crossing (ISC) efficiency, which 
in turn leading to an increased radiative rate constant (kr).

106 
Therefore, it would be informative to obtain further insights 
into the evolution of kr by concentrating on singlet–triplet 
energy differences for these complexes. Thus, a small ΔES1-T1 
(Table S9 ESI†) and high kr values (Table 5) noted for Ir1-Ir3 
clearly supports the observed high quantum efficiencies and 
lifetime values in these compounds. On the other hand, the 
high ΔES1-T1 values diminish the ISC efficiency in Ir4 and Ir5, 
which in turn responsible for exhibiting the poor quantum 
efficiencies and lifetime values in these complexes. 

Page 10 of 17Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11 

Please do not adjust margins 

Please do not adjust margins 

 In order to understand the changes in the geometry 
structures of these complexes upon excitation, the geometry 
parameters of the complexes in the lowest-lying triplet states 
(T1) are calculated (Table S6 ESI†). The Ir-N1 (N1: picolinate 
ligand) bonds are elongated in Ir4 and Ir5, which suggests the 
larger involvement of the ancillary ligand in the T1 state rather 
than from the cyclometalated ligand. Moreover, the elongated 
distances are responsible for the increase of metal-centered 
(3MC) non-radiative decay rates that accounts for the less 
quantum efficiency observed in these complexes. In contrast, 
the Ir–N1 bonds are not elongated in Ir1-Ir3 which indicates 
the ancillary ligand participation in the emissive excited state is 
minimal. Further the shortening of bond distances (Ir-N2 and 
Ir-N3) are noted in Ir1-Ir3, which suggests that larger 
involvement of cyclometalating ligand in the T1 state rather 
than from the ancillary ligand. Moreover, the shortened 
distances are helpful to decrease the metal-centered (MC) 
non-radiative decay that accounts for the higher efficiency in 
these complexes. 
 

Fig. 7 Emission spectra of complexes Ir1 −−−− Ir5 in freeze dichloromethane (c = 5×10-5 M) 

at 77 K.; inset: emission photographs of Ir1 – Ir5 in freeze dichloromethane. 

Emission properties in freeze solvent matrix.  

It is clear from the emission spectra at 77K depicted in Fig. 7 
that all the complexes display vibrational progressions. The 
peak emissions (Eem (0-0)) are blue shifted by 44, 29 and 23 nm 
for Ir5, Ir1 and Ir3, respectively, compared to their room 
temperature peak emissions. This can be attributed to the 
rigidochromic effect associated with the complexes having 
greater MLCT character of the emitting state.107 However, a 
moderate blue shift (1- 4 nm) has been noted in complexes Ir2 
and Ir4, indicating the domination of LC character in the 
excited state.108 The Full Width Half Maximum (FWHM, Δυ1/2) 
values (Table 6) of the resolved highest energy vibronic bands 
of Ir1-Ir5 are 2487, 2326, 3208, 3454 and 4672 cm-1, 
respectively. The large FWHM value of Ir5 indicates the highest 
reorganizational energy in the corresponding excited state. 
The energy difference of first two emission peaks (ћωM value) 
of these complexes lie in the range of 1457-1609 cm-1 

indicating that the dominant vibrational mode associated with 
the excited distortion can be ascribed to the aromatic in-plane 
and out-of-plane ring stretching and bending vibrations (ring 
breathing modes).109-116 The degree of the vibrational non-
radiative decay can be estimated by the Huang–Rhys factor 
(SM). The SM values of complexes Ir1-Ir5 are found to be 0.85, 
0.99, 1.08, 1.03 and 1.36, respectively (Table 6).  

Table 6 Excited state properties of Ir3+ complexes Ir1 – Ir5 

Complex 
a
Eem(0-0) (nm) 

b
Δυ1/2 (cm

-1
) 

c
ћωM (cm

-1
) 

d
SM 

Ir1 511 2487 1153 0.85 
Ir2 457 2326 1562 0.99 
Ir3 486 3208 1197 1.08 
Ir4 435 3454 1437 1.03 
Ir5 443 4672 1609 0.36 

aObtained from the peak emission wavelength in dichloromethane at 77K. bFull 
width half maximum for the (0-0) band obtained from the emission spectra at 
77K. cFrom the energy difference of first two emission peaks at 77K. dThe Huang–
Rhys factor, SM was estimated from the peak heights and energies of the first two 
peaks of the emission spectra at 77 K [SM = (I0,1/I0,0) (͞υ0,0/υ͞0,1)]. 

Fig. 8 Emission spectra of complexes Ir1 – Ir5 in 5 wt % doped  PMMA film; inset: 

emission photographs of Ir1– Ir5 in spin coated PMMA film. 

The larger the SM value, the stronger the coupling between the 
dominant ligand-localized vibrations in the excited and ground 
states.117, 118 Thus a large Huang-Rhys factor leads to increased 
vibrational non-radiative decay and as a result small ΦPL in Ir5. 

Emission properties in PMMA polymer matrix.  

Fig. 8 gives the normalized emission spectra of 5 wt % of 
Ir1−Ir5 doped in a poly(methyl methacrylate) (PMMA) polymer 
film at ambient temperature. In the spin coated thin films, 
complexes Ir2, Ir3 and Ir4 exhibited virtually identical emission 
profiles similar to those observed in the corresponding fluid 
state, which indicate that there is little intermolecular 
interaction in the amorphous state.76 However, Ir1 and Ir5 
exhibited strong emissions with a blue shift (10 nm for Ir1 and 
50 nm for Ir5) with less resolved emission compared to those 
observed in the corresponding fluid state. The 
photoluminescence quantum efficiencies are found to be 0.67, 
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0.84, 0.98, 0.94 and 0.40 for complexes Ir1-Ir5, respectively, 
for the doped PMMA films (Table 7).  

Table 7 Photophysical properties of Ir3+ complexes Ir1 – Ir5 in PMMA polymer film 

Complex 
Emission at 298 K in 5 wt%  doped PMMA film 

λ
max

a
(nm) Φ

PL
b τ

PL 
(µs) kr

c 
(10

5

S
-1

) knr
d 

(10
5

S
-1

)
 

Ir1 530 0.67 2.14 3.13 1.54 
Ir2 470, 491 0.84 1.91 4.39 0.83 
Ir3 508 0.98 2.15 4.55 0.09 
Ir4 437, 465 0.92 1.85 4.97 0.43 
Ir5 470 0.40 1.11 3.60 5.40 

aEmission spectrum was measured in 5wt% doped PMMA film, λexc = 360 nm. 
bQuantum efficiency measured  by absolute method using integrating sphere. 
c,dRadiative as well as non-radiative rate constants were deduced by the ΦPL of 
solid state and τobs according to two equations: kr = ΦPL/τobs, knr = (1 ̶  ΦPL)/τobs. 

In general, all the compounds exhibited higher quantum 
efficiencies in PMMA thin films as compared to solution state 
due to the suppression of non-radiative pathways in the rigid 
polymer. The transient phosphorescence lifetimes for complex 
Ir1-Ir5 are in the range 1.11-2.15 µs (Table 7 and Fig. S46 ESI†).  
The observed knr values of the iridium(III) complexes in the 
current study can be correlated to the nature of the 
substituent on the cyclometalated ligands. Among the 
substituents investigated, in general the electron-withdrawing 
substituted iridium(III) complexes have low knr values and 
hence exhibit high quantum efficiency. Conversely, electron- 
donating group (-NMe2) substituted iridium(III) complex (Ir5) 
has the highest knr value, which displays lowest quantum 
efficiency due to the distortional vibrations of the dimethyl 
amino group causing a great deal of non-radiative 
depopulation of the excited state.119 However, the –OMe 
substituted Ir4 shows promising quantum efficiency which is 
having low knr and highest kr among the series. 

Electroluminescent properties. 

To evaluate the performance of the new Ir(III) compounds in 
PhOLEDs, we prepared a series of devices using a multi-layered 
structure with CBP (4,4′-Bis(N-carbazolyl)-1,1′-biphenyl) as the 
host. The typical structure of the multi-layered devices is ITO 
(120 nm) / F4-TCNQ (2.5 nm)/ α-NPD (45 nm)/ Emissive layer 
(30 nm)/BCP (6 nm)/Alq3 (30 nm)/LiF (1 nm)/Al (150 nm). 
as shown in Fig. 9. Fig. 10 depicts the EL spectra of OLEDs 
fabricated using 5 wt % Ir2, Ir3 and Ir4 doped CBP. 5 wt % Ir2 
doped in CBP showed EL spectrum with a dominant peak at 
480 nm and a shoulder peak at 520 nm owing to triplet exciton 
relaxation.  EL spectra of Ir2 is found to differ from its PL 
spectra mainly the peak observed nearly at 500 nm has 
reduced in intensity in the EL spectra and both peaks has been 
red shifted in EL. Device with 5 wt % Ir3 doped CBP as emissive 
layer has peak at 530 nm and the shape of EL spectra nearly 
resembles to the PL spectra. EL spectrum of 5 wt % Ir4 doped 
CBP is constituted of three peaks at 460, 490 and 540 nm, 
respectively. CIE co-ordinates measured for these devices are 
listed in Table 8 and also depicted inside the CIE diagram in Fig. 
10. It is evident from the figure that Ir2 emits in bluish region, 
Ir3 in green while Ir4 in blue region of visible spectrum as also 

observed from the PL results. It is interesting note that there is 
no residual emission from the host CBP for each device, which 
means that the energy and/or charge transfer from the host 
exciton to the phosphor is complete upon electrical excitation. 
 

 

 
 

Fig. 9 Schematic EL device structure (right top), the chemical formulas of materials used 
for the device preparation (left top) and energy level diagram of the device with Ir(III) 

compounds (Ir2– Ir4) as dopants (bottom). 
 

 

Fig. 10 Electroluminescence (EL) plots for compounds Ir2–Ir4 and CIE 1931 chromaticity 

diagram for the device with Ir(III) compounds (Ir2– Ir4) as dopants (right bottom). 
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Fig. 11 Current density–voltage–luminescence (J–V–L) characteristics of Ir2-Ir4 as 

phosphorescent dopants. 

Table 8 EL performance data of the Ir2, Ir3 and Ir4 as phosphorescent dopant in CBP 

Device 
Von 

(V) 

Lmax 

(cd/m
2
) 

ηc  

(Cd/A) 

ηp  

(lm/W) 

EQE 

(max) 
CIE(x,y) 

Ir2 3.5 13,400 12.6 5.3 3.2 % (0.16, 0.18) 
Ir3 3.5 28,200 14.7 7.6 2.1 % (0.19, 0.68) 
Ir4 3.5 33,180 11.6 5.8 4.7 % (0.15, 0.17) 

 
Fig. 11 shows the J-V-L characteristics of these devices and the 
efficiency parameters are listed in Table 8. All devices were 
found to possess low turn-on voltage (3.5 V) corresponding to 
a luminous intensity of 10 Cd/m2. OLED with 5 wt % Ir2 doped 
CBP as emissive layer showed a maximum luminescence of 
about 15000 Cd/m2 with peak current and power efficiency of 
12.6 Cd/A and 5.3 lm/W, respectively. The peak efficiency for 
OLEDs with 5 wt % Ir3 doped CBP and 5 wt % Ir4 doped CBP 
were found to be 14.5 Cd/A, 7.6 lm/W and 11.6 Cd/A, 5.76 
lm/W, respectively. EL results indicate that the synthesized 
materials can be used as efficient phosphorescent dopants.  

Conclusions 

In conclusion, a series of bis(2′,6′-difluoro-2,3′-bipyridinato-
N,C4′)iridium(picolinate) complexes [(dfpypy)2Ir(pic): Ir1-Ir5] 
with different electron-withdrawing (–CHO, –CF3 and –CN) and 
electron-donating substituents (–OMe and –NMe2) on the 4′ 
position on the pyridyl moiety of the 2′,6′-difluoro-2,3′-
bipyridine ligands has been synthesized, well characterized 
and investigated their photophysical properties. The results 
demonstrated that the phosphorescence emission colour of 
the iridium complexes and quantum efficiencies are influenced 
by the electron–withdrawing or electron-donating feature of 
the substituent. The electron-withdrawing groups (–CHO, –CF3, 

–CN) substituted iridium(III) complexes Ir1-Ir3 display intense 
yellowish green, sky-blue and green emissions, respectively, at 
room temperature in both solution and in thin-film with 
excellent quantum efficiencies (ΦPL= 0.79-0.90 in solution and 
0.67 to 0.98 in thin film).  The iridium(III) complex bearing 
electron-donating group (-OMe) shows pure and intense blue 
emission with promising quantum efficiency in solution (ΦPL= 

0.58) and in thin-film (ΦPL= 0.92). Conversely, –NMe2 

substituted iridium(III) complex (Ir5) exhibits a broad emission 
in the green region with poor quantum efficiency (ΦPL= 0.14 in 
solution; 0.40 in thin-film). DFT calculations disclose that the 
picolinate moiety is essentially acts as an ancillary ligand in Ir1-
Ir3 and the emission properties are mainly manifested by 
3MLCT/3LC, involving iridium d-orbitals and π-π* orbitals of the 
electron-withdrawing substituted 2′,6′-difluoro-2,3′-bipyridine 
cyclometalated units. On the other hand, in the electron-
donating substituted iridium(III) complexes Ir4-Ir5, the LUMO 
levels are found to be mainly localized on the picolinate ligand. 
Thus the phosphorescence of Ir4-Ir5 may be resulted from 
mixed 3LC and 3MLCT transitions. Most importantly, the –OMe, 

–CF3 and –CN substituted iridium(III) complexes display 
excellent emissions in the blue and green regions with high 
quantum efficiencies. The combination of smaller ΔES1–T1 and 
higher contribution of MLCT in the emission process result in 
the higher quantum yields and excited state lifetimes in Ir1-Ir3 
compounds. Finally, fabrication of complex Ir4 successfully 
achieves nearly deep-blue OLEDs, showing a bright blue 
emission with CIE of (0.15, 0.17), power 
efficiency of 5.76 lm W-1, and an EQE as high as 4.7% with 
maximum luminance of 33,180 cdm-2. The results clearly 
demonstrate that the newly designed iridium(III) complexes 
exhibit excellent thermal and morphological stabilities and 
electroluminescent properties. Hence these complexes may 
find potential applications in PhOLEDS. 
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