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Abstract 

Three new deep-red heteroleptic phosphorescent iridium(III) complexes Ir(piq)2(L1), Ir(piq)2(L2), 

and Ir(piq)2(L3), comprising cyclometalated ligand 1-pheynylisoquionoloine(piq) and 

heterocyclic Schiff base ancillary ligands 3-methyl-1-phenyl-4-(phenylimino)methyl-1H-

pyrazol-5-ol(L1), 3-methyl-1-phenyl-4-(phenylimino)methyl-1H-pyrazol-5-ol (L2), and 4-(4-

methoxyphenyl)imino-methyl-3-methyl-1-phenyl-1H-pyrazol-5-ol (L3) have been designed, 

synthesized, and characterized. All the compounds emit deep red emission with λmax values in 

the spectral range of 602-620 nm, high quantum yield 0.44 to 0.52 and short excited state 

lifetime τ (0.51-0.55 µs) due to dominant strong field ligands, resulting an efficient triplet metal-

ligand charge transfer (3MLCT) excited state. Time dependent density functional theory (TD-

DFT) calculations and electrochemical measurements of the compounds strongly support their 



genuine deep red phosphorescent emission. The combination of ancillary and cyclometalated 

ligands significantly influence the molecular orbitals of Ir(III) complex, leading to clearly 

distinct electron density distributions of the LUMO and HOMO. The compounds show good 

thermal stability and quantum yield, these characteristics making them an ideal candidate to 

exploit in phosphorescent organic light emitting diodes (PhOLEDs). Highly-efficient PhOLEDs 

were developed by using Ir(piq)2(L1), Ir(piq)2(L2), and Ir(piq)2(L3) in solution process as deep 

red emitters and device composed of Ir(piq)2(L3) exhibited an excellent external quantum 

efficiency of 14.9% and current efficiency of 10.8 cd/A with the stable CIE coordinates of 

(0.67,0.33). 

Keywords: Heteroleptic iridium(III) complex, deep red, solution process, PhOLED. 

 

Introduction 

Phosphorescent organic light emitting diodes (PhOLEDs) have drawn potential attention in last 

few decades as most promising alternatives in next generation display and solid-state lighting 

technology [1-7]. Compared to the conventional well established liquid crystal display (LCD) 

and light emitting diodes (LED) technology, the advantage of OLEDs includes high speed vide 

rate, wide visual angle, high contrast, and cold resistance [8]. Moreover, OLEDs technology also 

capable of flexible/transparent devices and extremely thin light screens.  

The OLED technology has been unfolding from single heterojunction structure into a double 

heterojunction structure, taking advantage of the severance of the carrier transport and light 

emitting layers into two territories. Besides these multi-heterojunction architectures, it facilitates 

more confine the charge carriers and improves the performance [9-10]. To achieve high 

performance OLEDs development of various materials including electrodes, electron/hole 



transport, host, and emitters are of the key issues drawing extensive academic-industrial interest. 

Among all these compounds for OLEDs, Ir(III) based compounds are consider to be the most 

promising candidates for the facile chemical modification, tunable photophysical characteristics 

and superior stability.  

A huge research has been carried out aimed to develop Ir(III) complexes for different 

applications in OLEDs. However, development of an efficient deep red phosphorescent device is 

a formidable challenge as it experienced the energy gap law and luminous flux drop in the 

saturated red region [11-16]. Good efficiency of deep red phosphorescent OLED (PhOLEDs) 

with the maximum luminescence in the region 640-680 nm and the Commission International de 

L’Eclairage (CIE) coordinates of x ≥ 0.70 and y ≤0.30 are rare so far [17-20]. Therefore, 

developing novel high-performance red phosphorescent emitters through an effective molecular 

design strategy will revamp the color purity, luminescence quantum yield, and lifetime, hence 

better OLED efficiency devices. Numerous attempts have been reported with the derivatives of 

phenyl quinoline or phenyl iso-quinolone as cyclometalated ligands and other ancillary ligands 

such as acetylacetonate (acac), picolinate(pic), and N,N′-diisopropylbenzamidinate (dipba) etc. 

However, these compounds suffer from the limitations that lower the luminescence quantum 

yield, excited lifetime, and device efficiency [21-33]. 

In the present study, we have designed and synthesized three new heteroleptic Ir(III) complexes, 

namely Ir(piq)2(L1), Ir(piq)2(L2), and Ir(piq)2(L3). The photophysical and electrochemical 

characteristics were studied and reveals that the synthesized compounds possess significant 

potential towards deep red emission along with good luminescence quantum yield. The 

compounds emit deep red emission with λmax values in the spectral range of 602-620 nm, high 

quantum yield 0.44 to 0.52 and short excited state lifetime (0.51-0.55 µs) due to dominant strong 



field ligands, resulting an efficient triplet metal-ligand charge transfer (3MLCT) excited state. 

The pyrazolone based ligand offers several important features to the compounds such as 

enhancing luminescence quantum yield due to strong field effect of the ligands as well as good 

film forming properties [10, 34-35]. Density functional theory (DFT), time dependent DFT (TD-

DFT) calculations, and electrochemical measurements of the compounds strongly support their 

genuine deep red phosphorescent emission. The compounds show good thermal stability and 

high glass transition temperature. These Ir(III) compounds employed as dopant for the deep red 

PhOLEDs, a maximum EQE of 14.9% with CIE coordinate of (0.67, 0.33) was recorded for the 

Ir(piq)2(L3) dopant. All the devices display very stable electroluminescent emission, low turn-on 

and high luminance. 

 

Results and discussion 

All synthesized ancillary compounds were stable at room temperature, soluble in common 

organic solvents and further characterized through different spectroscopic techniques. The results 

were in good agreement with the proposed structures. 

 

Structural description  

The synthesis route of ancillary ligand L1, L2, and L3 are shown in Scheme 1. Intermediate 1-

phenyl-4-formyl pyrazolone derivatives were synthesized according to our previous reports 

[36,37]. The ligands were characterized by 1H-NMR, APT and ESI‐MS. The 1H-NMR spectra of 

the ligands showed the characteristics of an enolic proton at δ 11.34-11.40, which disappeared 

during complexation with the Ir(III) metal ion [36,38]. FT‐IR spectra of the complexes show 

band between 1504-1535 cm-1 which is assigned to aromatic C=C bond. Strong bands observed 



in the range of 1612-1620 cm-1 is due to C=N azomethine group. The lower bands between 500-

800 cm-1 is due to the Ir-O and Ir-N [39]. The mass spectra of complexes L1, L2, and L3 showed 

the characteristic molecular ion signals at 949, 877.4 and 907 m/z, respectively (Fig. S1-S11). X-

ray structure of ligands determines and its crystallographic data are summarized in (Table S1-S2 

and Fig. S12). 

 

 Scheme 1: Synthesis of ancillary ligands and Ir(III) complexes. 

 

Photophysical properties  

Figure 1 displays the UV-Vis absorption spectra of the Ir(III) compounds measured at room 

temperature in dichloromethane (DCM) solution. The absorption spectra can be considered as 

composed of two parts, the broad and intense absorption bands observed below 350 nm closely 

resembled that of cyclometalated and ancillary ligand that are assigned to spin allowed 1
π- π* 

transition [40-42]. These transitions are also known as ligand centered (LC) transitions [25]. The 

peaks at around 350-420 nm could be as a result of the spin allowed inter ligand charge transfer 

(1ILCT) between the cyclometalated and ancillary ligands. However, the weaker absorption band 



observed above 450-500 nm could be assigned to the spin allowed transitions metal-to-ligand 

charge transfer band (1MLCT), while spin forbidden (3MLCT) transition bands appeared at 550-

650 nm [43-44]. 

 

Figure 1: Electronic absorption spectra of the compounds in DCM. 

 

The emission spectra of the Ir(III) compounds at room temperature were carried out in DCM 

solution and solid-state by using integrating sphere are shown in Figure 2. All complexes display 

deep-red luminescence peak in the range of 602-621 nm, data are summarized in Table 1. The 

compound displays deep red PL emission ranging 601-603 nm in the DCM solution. The 

complexes show good quantum yield in the range of 0.44-0.52 with reference to Ir(ppy)3. 

 

Figure 2: PL spectra of compounds in (a) DCM and (b) solid state. 
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Our rational design complexes show superior quantum yield as compared with the homoleptic 

and heteroleptic iridium(III) complexes such as Ir(piq)3 (0.26) and Ir(piq)2(acac) (0.20) at 620 

and 622 nm, respectively [14,45]. Our compounds show excellent ΦPL as compared with other 

reported complexes [15,18,46]. Due to such limitations, this homoleptic and heteroleptic 

complexes do not show significant properties and device performance too. Our designed 

heteroleptic complexes are superior in terms of ΦPL and lifetime in the range of 0.50-0.55 µs, 

which may be due to the superior excited MLCT characters over the other complexes. Here the 

increasing MLCT character subsequently enhances the spin-orbit coupling (SCO) and leads to 

larger radiative rate kr as summarized in Table 1. These complexes also show good solid state 

luminescence in the range of 618-621 nm. All these complexes show a stronger bathochromic 

shift and broad emission spectrum in solid state than those discerned in the solution state, which 

may be due to presence of the packed molecules interact and the formation of excimer in solid 

state [47-48]. It is believed that intermolecular interactions arising from π-π stacking in the thin-

film or solid-state have always led to small red shifts in the emission spectra. In the solid state, 

the quantum yields of complexes were calculated using integrating sphere method and were 

found to be 0.39, 0.48 and 0.49 respectively. All the emitters show nearly same emission in 

toluene, chloroform and acetone with a shift of 2 nm [49]. Representative spectra of complex L1, 

L2, and L3 are shown in Fig. S13-S15. It is interesting to note optical bandgap of complex 

Ir(piq)2(L3) is higher than that of other counterparts, which may be attributed to presence of 

relatively less bulky group (-OCH3) and lower possibilities of steric hindrance in the Schiff base 

units in complex, Ir(piq)2(L3). 

 



Table 1: Photophysical, electrochemical and thermal properties of iridium compounds. 

Compounds λPL
a 

[nm]  

λPL
b 

[nm]  

λabs
c 

[nm]  

λonset
d 

[nm] 

Eg
e 

[eV] 

Eonset
f 

[eV] 

HOMO g 

[eV] 

LUMO h 

[eV] 

Td
i 

[°C] 

ΦPL
j ΦPL 

(Solid state) 

Lifetime  

τ (μs) 

kr
k 

(107 s-1) 

knr
l 

(106 s-1) 

Ir(piq) 2(L1) 602 618 340 623 1.99 0.496 -5.59 -3.60 310 0.44 0.39 0.51 0.862 1.098 

Ir(piq) 2(L2) 602 621 335 618 2.00 0.522 -5.62 -3.62 292 0.51 0.48 0.55 0.927 0.890 

Ir(piq) 2(L3) 603 620 336 629 1.97 0.503 -5.60 -3.63 318 0.52 0.49 0.53 0.981 0.905 

[a] measured in dichloromethane 

[b] measured in solid state 

[c] measured in dichloromethane at concentration 5×10-6mol/lit 

[d] estimated from absorption spectra 

[e] estimated from absorption onset from UV-visible 

[f] estimated from cyclic voltammetry 

[g] estimated from E1/2oxd and Eonset obtained from cyclic voltammetry 

[h] estimated using HOMO and Eg 

[i] estimated from TGA (5% weight loss) 

[j] in dichloromethane 

[k] the radiative kr = ΦPL τ-1 

[l]the non-radiative knr = (1- ΦPL) τ-1 

 



Electrochemical properties  

Cyclic voltammetry (CV) was conducted to study the electrochemical characteristics of the 

iridium compounds and carried out by three-electrode system on CHI660E electrochemical 

workstation (Ocean Optics, USA). The measurements were carried out at room temperature in 

DCM solutions with tetrabutylammonium perchlorate (TBAP) as supporting electrolyte. The 

cyclic voltammograms of calibration compound ferrocene obtained with reference to Ag/Ag+ 

electrode is shown in Figure 3. The cyclic voltammograms are obeying quasi reversible nature 

and by using onset oxidation potential values which are ranging from -0.359 to 0.564 V, the 

HOMO and LUMO energy levels of the compounds are calculated and summarized in Table 1. 

 

Figure 3: Cyclic voltammograms of compounds. 

  

Thermal properties  

The thermal behavior of the compounds was investigated by the thermogravimetric analysis 

(TGA) under nitrogen atmosphere with a heating rate of 10 °C/min from room temperature to 

500 °C as shown in Figure 4. The characteristic provides information such as thermal stability, 

glass transition temperature and melting assay of the materials. Such parameter is crucial in 

terms of fabrication of device using materials which are essential for the fabrication of OLED by 
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a vapor deposition method [50]. All the iridium complexes exhibit good thermal stability (Td) in 

the range of 292-318 °C. Differential scanning calorimetry (DSC) analysis was performed from 

30 to 250 ºC at a heating rate of 10 ºC/min under the nitrogen atmosphere (Fig. S16). As 

indicated by the DSC curves, no obvious glass transition temperatures were observed which 

suggests that these Ir(III) complexes are highly amorphous. These complexes showed excellent 

thermal stabilities high enough for OLED device fabrication [51-53]. 

 

Figure 4: TGA curves of synthesized iridium(III) complexes. 

 

Theoretical calculation 

The density functional theory (DFT) and time dependent DFT (TD-DFT) calculations of 

complexes were performed using the Becke’s three parameters and Lee-Yang-Parr (B3LYP) 

hybrid exchange-correlation method with LANL2DZ basis set for the iridium atom and 6-31G* 

for the other atoms. To more understand about the spatial distribution of the frontier molecular 

orbitals, the contour plots of LUMO + 2 to HOMO - 2 of iridium complexes in Figure5. All 

calculations are performed in Spartan’18 Software. As shown in Figure 5, HOMO of L1, L2, and 

L3 are mainly localized on the pyrazolone ring of ancillary ligand and iridium center. Meanwhile, 

the LUMO of all complexes are localized on the two cyclometalated ligands, along with a minor 
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contribution of iridium center. The other heteroleptic and homoleptic complexes were also 

carried out with the same basic set to establish the more understanding regarding the behavior of 

these ligands and their contribution in the formation of FMOs (Table S3-S5). The ancillary 

ligands acac and pic of complex Ir(SQ)2(acac), Ir(CTBT)2(acac), Ir(MTPQ)2(pic), and 

Ir(BTP)2(acac) (Table S6) are not contributing in the formation of frontier molecular orbitals 

(FMOs), whereas the designed ancillary ligands L1-L3 in complex are largely effects on the FMOs 

and subsequently enhances the radiative process by tuning the band-gap which is also support by 

the device data shows in Table S3. 

 

Figure 5: Frontier molecular orbitals (FMOs) of the iridium complexes. 

 

Device electroluminescent characteristics   

Inspired by the excellent photophysical characteristics and comprehensive abilities of the 

emitters, we have evaluated the potential application of the iridium compounds as dopant in the 

solution processed PhOLED with CBP host. Single emissive layer electroluminescent (EL) 



devices with a structure ITO/ poly(3,4-ethylene-dioxythiophene)-poly(styrenesulfonate) 

(PEDOT:PSS; 35 nm)/ CBP: x wt% emitter (22 nm)/ 1,3,5-tris(N-phenylbenzimidazol-2-yl)-

benzene (TPBi; 40 nm)/ LiF (1.5 nm)/ Al (150 nm) were fabricated by solution processing. 

Herein, ITO acts as an anode, PEDOT:PSS serves as the hole injection/transporting layer 

(HIL/HTL), TPBi serve as an electron transporting/hole blocking layer (HTL/HBL), LiF acts as 

the electron injecting layer (EIL), and Al as a cathode. In order to achieve high performance 

PhOLEDs, different doping concentration of the Ir(III) emitters (x = 5.0, 7.5, 10, and 12.5 wt%) 

in the host CBP matrix were deployed. The studied device structure and molecular energy level 

alignment between the layers are displayed in Figure 6. 

 

 

Figure 6: (a) Schematic device structure and (b) energy level diagram of the studied 

solution processed deep red PhOLEDs. 

 

The current density-voltage-luminance, efficiency characteristics and normalized EL spectra of 

the deep red PhOLED are shown in Figure 7 and data are summarized in Table 2. The 

Ir(piq)2(L1), Ir(piq)2(L2), and Ir(piq)2(L3) compounds showed deep red electroluminescence 

emission having maxima spectral λmax value at 616, 617 and 620 nm with CIE coordinates of 



(0.66, 0.34), (0.67, 0.33) and (0.67, 0.33), respectively. Devices exhibit very stable EL emission 

spectra without any effect on the CIE coordinates when increasing the dopant concentration. The 

main peak in the EL spectra of the devices was well consistent with the corresponding 

photoluminescence spectra of the films. A shoulder peak was observed in the lower energy 

region of EL spectra around 660 nm and became gradually drop with increasing dopant 

concentration, which may be seeded by the excimer formation in solid state. 

 Furthermore, the red shifted EL peak with an increasing doping concentration was also 

confirmed. No emission from the CBP host and adjacent charge transporting layers were 

observed which indicates an efficient energy transfer mechanism from host to dopant and 

effective confinement of charges. The doping concentration strongly influences the device 

performance. Table S7 and Figures S17-S19 summarizes the effects of doping concentration on 

power efficiency (PE), current efficiency (CE), external quantum efficiency (EQE), CIE 

coordinates, and maximum luminance. 

A deep red emitting PhOLED devices with stable CIE coordinates of (0.67, 0.33), a maximum 

CE of 10.8 cd/A and a maximum EQE of 14.9% was achieved for the Ir(piq)2(L3) (10 wt%) 

based device featured the highest performance. This is the highest EQE among the simple design 

solution processed Ir(III) based PhOLEDs (Table S8). The EQE is approximately 1.5 and 2 times 

higher than that of the device based on Ir(piq)2(L1) and Ir(piq)2(L2), respectively. For Ir(piq)2(L1) 

and Ir(piq)2(L2), a decent maximum EQE of 9.6% and 7.3% was realized, respectively. The 

Ir(piq)2(L3) based device showed an increased EQEs from 7.1% to 10.4% as the doping 

concentration increased from 5.0 wt% to 10.0 wt%, respectively. As the concentration of the 

dopant is increased to 12.5wt% the EQE dropped to 8.0%, this decline in EQE might cause from 

the doping concentration quenching and triplet-triplet annihilation process. The Ir(piq)2(L3) 



based device showed an EQE of 11.7% and 9.9% at 100 and 1000 cd/m2, respectively. Herein, it 

is interesting to note that the devices do not suffer from the efficiency roll-off, which is a major 

issue faced in PhOLEDs. The surface morphologies of the thin films were studied using AFM in 

trapping mode. The root mean square values of the films were recorded 0.67 nm and 0.65 nm for 

7.5 wt% and 10 wt% of Ir(piq)2(L3) dopant with CBP host matrix, respectively. The AFM 

images display a uniform and homogenous distribution of the film surface illustrated in Fig. S20. 

Remarkably, no major changes have been observed in the emission spectra of molecules by 

introducing the alkoxy group in the Schiff base units. However, molecular orbital energy level 

and quantum yield of the compounds has been slightly altered. The quantum yield of the 

compounds and EQE of the reported devices are quite good when compared with the complexes 

those reported in the literature. The observed 14.9% EQE for the OLED device based on 

complex Ir(piq)2(L3) may also be attributed to the presence of less bulky (-OCH3) group in the 

Schiff base units. 

It is also noticeable that observed PE and CE of the resultants OLED devices lower than that of 

EQE. The reason beside this may be high PLQY value of emitters, efficient energy transfer 

between host and guest molecules, generation of radiative exciton in the sufficient amount, and 

balanced charge carrier in the recombination zone. The PE of OLED is inversionally 

proportional to driving voltage of the device, a hole enriched device leads to low driving voltage 

and high PE. However, the EQE of an OLED device depends on many factors and can be 

determined by the optical out-coupling factor (ƞop), photoluminescence quantum yield (PLQY), 

exciton generation (ƞr), and carrier balance factor (γ).  

 

 



 

 

Figure 7. (a) Current density-voltage, (b) luminance-voltage, (c) current efficiency-

luminance, and (d) EL spectra plots of the solution processed deep red PhOLEDs. 

 

Table 2. Electroluminescence performances of the deep red solution processed PhOLEDs. 

Dopant Dopant conc. 

(wt%) 

PEmax 

(lmW -1) 

CEmax 

(cdA-1) 

EQEmax 

(%) 

CIE 

Coordinates 

Ir(piq)2(L1) 7.5 6.2 9.9 9.6 (0.66, 0.34) 

Ir(piq)2(L2) 10 3.3 7.1 7.3 (0.67, 0.33) 

Ir(piq)2(L3) 10 4.8 10.8 14.9 (0.67, 0.33) 

 

Conclusion 

In summary three new heteroleptic deep red iridium(III) phosphorescent compounds were 

designed with cyclometalated ligand (piq) and heterocyclic Schiff bases as ancillary ligands. All 

the compounds are well characterized by spectroscopy techniques. The photophysical properties 



of the complexes show excellent ΦPL 0.44 to 0.52 and short excited-state lifetime τ (0.51-0.55 

µs) due to dominant strong field ligands, L1-L3 resulting in efficient triplet metal-ligand charge 

transfer (3MLCT) existed state. These results further support by the spin forbidden 3MLCT bands 

550-650 nm. The DFT and TD-DFT calculations strongly support the involvement of ancillary 

ligands in formation of FMOs and the resulting complexes offer radiative process with band gap 

fine tuning. These complexes show excellent thermal stability and high glass transition 

temperature. Highly efficient solution processed PhOLEDs were developed by using Ir(piq)2(L1), 

Ir(piq)2(L2), and Ir(piq)2(L3) as deep red emitters. Device composed of Ir(piq)2(L3) exhibited an 

excellent external quantum efficiency of 14.9% and current efficiency of 10.8 cd/A with the 

stable CIE coordinates of (0.67,0.33). 
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Highlights 

• Novel deep-red heteroleptic phosphorescent iridium(III) complexes is designed and 

synthesized. 

• High thermal stabilities, excellent photophysical and electroluminescent features of the 

complexes. 

• The solution-processed deep-red device shows CIE of (0.67, 0.33) and EQE of 14.9%. 
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