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A facile color-tuning strategy for constructing a library of 

Ir(III) complexes with fine-tuned phosphorescence from bluish 

green to red using synergetic substituent effect of –OCH3 and –

CN at merely the C-ring of C^N ligand 

Yan Jiao,‡a Ming Li,‡a Ning Wang,a Tao Lu,a Liang Zhou,*b Yan Huang,a Zhiyun Lu,*a Daibing 

Luoc and Xuemei Pu*a 

By simply grafting a –CN group and/or a –OCH3 group on the meta- and/or para-site of the C-ring, a series of Ir(III) 

complexes bearing a similar molecular platform of bis(1,2-diphenyl-1H-benzimidazolato-

N,C2’)iridium(III)(acetylacetonate), but showing fine-tuned phosphorescence covering nearly the whole window of visible 

spectrum with a wide color-tuning range of 109 nm have been acquired. With the help of DFT calculations, it was unveiled 

that if the C-related arene moiety of the C^N ligand (C-ring) contributes substantially to both the HOMO and LUMO of an 

Ir(III) complex, the concurrent introduction of an electron-donating –OCH3 and an electron-withdrawing –CN groups on the 

C-ring at the meta- and para-sites relative to Ir atom may lead to a favorable synergetic substituent effect on the color-

tuning direction. This may represent a facile yet effective molecular design strategy for Ir(III) with desirous emission color. 

A bluish green organic light-emitting diode (OLED) based on one of the objective complex displays a maximum current 

efficiency of 62.1 cd A–1, external quantum efficiency of 19.8%, and brightness of 48040 cd m–2, implying that high-

performance red and blue OLED phosphores as well as libraries of Ir(III) complexes bearing similar molecular platforms 

may be  developed through this –OCH3 and –CN synergetic substitution strategy.

1. Introduction 

Recently, cyclometalated Ir(III) complexes have attracted 

considerable interests due to their potentials as luminogens in 

phosphorescent organic light-emitting diodes (PhOLEDs).1 

Although the performance of green Ir(III) complex-based 

PhOLEDs is satisfactory for practical applications,2 there is still 

an urgent need for highly efficient red3 and blue4 PhOLED 

phosphores, so that high-performance full-color display devices 

could be achieved. As a consequence, the rational color-tuning 

of Ir(III) complexes over the entire visible region has emerged 

as an important task.5 

Generally, the phosphorescence color of Ir(III) complexes could 

be fine-tuned through: 1) alteration of framework of the 

cyclometalated (C^N) ligand, since it is well-accepted that the 

emission color of an Ir(III) complex correlates highly with the 

conjugation length of its C^N ligand;6 2) modification of chemical 

structure of the ancillary ligand;7 3) grafting of substituent(s) at the 

C^N ligand while fixing the ligand skeleton.5a Nevertheless, it has 

been reported recently that the emission color of Ir(III) complexes do 

not always correspond to the extent of π-conjugation in their C^N 

ligand;8 while the second strategy could work effectively only when 

the ancillary ligand contributes substantially to the frontier molecular 

orbitals (FMOs) of the complex.7 Hence the substitution strategy 

might be a facile and straightforward way to understand the 

structure-properties relationship of Ir(III) complexes, through which 

rational molecular design of iridium complex with desirous emission 

color could be actualized. More importantly, through this strategy, a 

library of phosphorescent compounds bearing similar molecular 

platform but showing a wide color-tuning range could be easily 

constructed,9 thereupon highly efficient energy-transfer luminogen 

pairs10 could be achieved for further opto-electronic applications.11  

Accordingly, many research efforts have been devoted to the fine-

tuning of phosphorescence color of Ir(III) chelates through 

substituent effects, and the best understandable parent examples are 

Ir(ppy)2(acac) and Ir(ppy)3 (Hppy = 2-phenylpyridine).12 For IrIII-ppy 

complexes, their HOMOs (highest occupied molecular orbital) were 

demonstrated to be located mainly on the Ir atoms and the C-related 

phenyl segments of their C^N ligands (denoted as C-ring here), but 

their LUMOs (lowest unoccupied molecular orbital) are primarily 

distributed on the N-related pyridine moieties (denoted as N-ring 

here).13 Consequently, it is generally considered that the substitution 

of an electron-donating group (EDG) on the C-ring will induce 
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raised HOMO level hence red-shifted emission of the complex; 

while the grafting of an electron-withdrawing group (EWG) on the 

C-ring will endow the complex with lowered HOMO level hence 

blue-shifted emission.14 However, it has been unveiled recently that 

in addition to the electronic nature, the grafting position of a 

substituent at the C-ring would also have a strong influence on the 

color-tuning direction,9,15-17 yet the tuning of phosphorescence color 

of Ir(III) complexes through substituent effects on the C-ring of C^N 

ligands still relies on certain serendipitous discoveries, and the 

relationship between emission color and electronic nature and 

position of substituent at the C-ring has not been well-elucidated.9d,15 

For example, despite the fact that the grafting of an EWG like 

trifluoromethyl on the C-ring at either the meta- or para-site relative 

to the Ir atom was found to induce a blue-shifted emission,14a in 

some cases, it was observed when pentafluorophenyl, carborane, 

sulfonyl, dimesitylboron or formyl was introduced to the meta-

position (with respect to the Ir ion) of the C-ring, it would endow the 

complex with red- rather than blue-shifted emission, regardless of its 

EWG nature.9b,9d,16 Similarly, although it has been demonstrated that 

the substitution of an EDG of diphenylamino on the C-ring at either 

the meta- or para-site relative to the Ir atom will result in red-shifted 

emission,14b in a few reports, it has been revealed that the 

introduction of an electron-donating –OCH3 or –CH3 group into the 

meta-site on the C-ring will endow the complex with blue-shifted 

rather than red-shifted phosphorescence.9a,17 More recently, it was 

observed that the para-substitution of an EWG of dicyanovinyl at 

the C-ring will have negligible effect on the emission color of the 

complex; but its meta-grafting would lead to drastically red-shifted 

phosphorescence.9d Hence it is clear from the literature review that 

the rational molecular design of Ir(III) complexes with desirous 

emission color is still a challenge nowadays.18 

In this work, we report our exciting discoveries that both the 

meta-grafting of a –OCH3 and para-substitution of a –CN on 

the C-ring (with respect to the Ir atom) of bis(1,2-diphenyl-1H-

benzimidazolato-N,C2’)iridium(III)(acetylacetonate) would 

result in blue-shifted emission; while the para–OCH3 and 

meta–CN substitution on the C-ring would both lead to red-

shifted phosphorescence. It is noteworthy that the concurrent 

presence of a –OCH3 and a –CN groups on the C-ring at meta- 

and para- sites will result in a favorable synergetic substituent 

effect on the color-tuning direction, leading to more red-shifted 

or blue-shifted emission. In fact, the simple alteration of the 

substitution position of –OCH3 and –CN groups in the di-

substituted complexes will result in a 109 nm color-tuning 

range, and all these –OCH3 and –CN mono- and di-substituted 

complexes could comprise a library of Ir(III) complexes 

bearing similar molecular platform, but showing fine-tuned 

phosphorescence covering nearly the whole window of visible 

spectrum. More importantly, with the aid of density functional 

theory (DFT) calculations, the intrinsic reasons for the 

substituent effects of –OCH3 and –CN groups on the color-

tuning direction of Ir(III) complexes have been deciphered. 

Furthermore, electroluminescent (EL) characterization results 

revealed that PhOLEDs using these –OCH3 and –CN di-

substituted complexes as phosphore could display satisfactory 

EL performance, indicating that this simple color-tuning 

strategy should be quite effective to exploit diverse high-

performance red and blue PhOLED Ir (III) complexes  

rationally. 

2. Experimental 

All experimental details including synthetic procedures of the 

intermediates and objective compounds, photophysical and 

electrochemical characterization, computation method as well 

as device preparation are given in the ESI. 

3. Results and discussion 

3.1. Molecular design, synthesis and characterization of the 

objective complexes 

To achieve a molecular library of Ir(III) complexes capable of 

emitting phosphorescence covering the whole visible region, a 

high-performance green PhOLED phosphore, bis(1,2-diphenyl-

1H-benzimidazolato-N,C2’)iridium(III)(acetylacetonate) (4a),19 

was chosen as the parent compound. As the effect of a 

substituent on the aromatic system of a chelate is usually 

discussed in terms of both electronic (inductive and mesomeric) 

and steric effects (especially in case that two substituents were 

introduced into the meta- and para-sites concurrently), we 

chose –OCH3, a small volume group showing just weak 

electron-withdrawing inductive but strong electron-donating 

mesomeric effects as the EDG, and –CN group, a small volume 

group showing both strong electron-withdrawing inductive and 

mesomeric effects as the EWG, so that the electronic effects of 

these substituents on the photophysical properties of the 

 
Scheme 1. The chemical structures and synthetic routes to the Ir(III) complexes 4a~4g. 

For detailed synthetic procedures, see the supporting information. [a] PL emission 

maximum in dilute CH2Cl2 solution. 
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chelates could be clarified more straightforwardly.18 The 

chemical structures of the parent complex 4a and objective 

chelates 4b~4g were shown in Scheme 1, and the detailed 

synthetic routes to these complexes are shown in Scheme S1. 

The chemical structures of 4a~4g were confirmed by 1H 

NMR, 13C NMR, and HRMS (ESI) spectrometry, and the 

molecular structures of 4d, 4e, 4f, and 4g were further 

confirmed via X-ray crystallography characterization. The 

ORTEP drawing of the crystal structures, crystallographic 

refinement parameters as well as selected bond length/angle of 

4d~4g were depicted in Figure S1 and Tables S1~S2. 

3.2. Photophysical properties 

The absorption spectra of 4a~4g in dilute solutions (5×10–6 mol 

L–1 in CH2Cl2) were displayed in Figure 1, and relevant data 

were summarized in Table 1. All these compounds exhibit two 

distinguishable absorption bands in UV-Vis region, i.e., a 

stronger one with absorption maximum (λabs max) of 300~320 

nm, and a weaker one with λabs max of 390~460 nm. The former 

band at the higher-energy region is often assigned to the ligand-

centered (LC) π-π transition of the C^N ligand; and the latter 

one at the lower-energy region is generally assigned to a mixed 

metal to ligand charge transfer (MLCT) and LC transition.6a 

Although 4a~4g show analogous λabs max in the higher-energy 

band, their λabs max in the lower-energy one is quite dissimilar. In 

comparison with 4a whose λabs max = 412 nm, 4b and 4e bearing 

a para–OMe or meta–CN groups respectively both display 

bathochromic shift in this band with λabs max of 430 nm; but the 

meta–OMe substituted 4c and para–CN modified 4d were both 

found to show slightly blue-shifted absorption with λabs max of 

405~409 nm. Excitingly, in the cases of the di-substituted 4f 

and 4g, their –OCH3 and –CN groups show a synergistic 

substitution effect with regard to the fine-tuning of absorption 

bands of the complexes: for 4f bearing not only a para–OMe 

but also a meta–CN group, its λabs max locates at 458 nm, which 

is the most red-shifted one among all these complexes; while 

for 4g bearing both meta–OMe and para–CN substituents, it 

shows the most blue-shifted λabs max of 392 nm among 4b~4g.  

 
Figure 1. Normalized UV-Vis absorption spectra of 4a~4g in dilute CH2Cl2 solutions. 

Under photoexcitation, 4b~4g emit intense room-temperature 

phosphorescence with structureless emission bands (vide Figure 

2 and Table 1). Consistent with the optical bandgap data 

derived from absorption spectra, the para–OCH3 (4b) or meta–

CN (4e) modification would both lead to bathochromic shift of 

phosphorescence; the meta–OCH3 (4c) or para–CN (4d) 

substitution would induce blue-shifted photoluminescence (PL) 

of the complex; while 4f bearing not only a para–OCH3 but 

also a meta–CN shows the most red-shifted PL among all these 

complexes (λem max = 605 nm), 4g bearing both a meta–OCH3 

and a para–CN displays the most blue-shifted PL emission 

band with λem max of 496 nm. That is, for di-substituted 4f and 

4g, their –OCH3 and –CN groups also display a synergistic 

substituent effect on the tuning direction of emission color. It is 

noteworthy that this color-tuning strategy is quite effective, 

since the simple exchange of substitution positions of –OCH3 

and –CN in 4f and 4g would result in a 109 nm shift in the λem 

max. More excitingly, these –OCH3 and/or –CN mono- or di-

substituted compounds 4b~4g constitute a molecular library 

bearing similar skeleton of 4a, but showing phosphorescence 

covering nearly the whole visible spectrum region from bluish 

green to red. 

In dilute solution, 4b~4g display φPL of 0.05~1.00. In 

comparison with 4a, 4b, 4e and 4f with red-shifted PL bands all 

show lower φPL; but 4c, 4d and 4g with more hypochromic-

shifted λem max show comparable or higher φPL of 0.91, 0.62 and 

1.00 in sequence. When being blended into the host matrix of 

 

Table 1. Photophysical, electrochemical, decomposition temperature, calculated frontier molecular orbital energy levels and 

energy gap data of 4a~4g. 

Compd. 
λabs max

a)  

(nm)   

λem max
a)  

(nm)   
φPL

b) φPL
c) 

E
ox 

1/2
d) 

(V) 

HOMOe) 

(eV) 

LUMOf) 

(eV) 

Eg
g)

 

(eV) 

Td
h)

 

(oC) 
CIE i) (x, y) 

4a 300,315,348,385,412,458 520 0.64 0.16j) 0.34 –5.14 (–5.03) –2.73 (–1.29) 2.41 (3.74) 316 (0.36,0.60)j) 

4b 293,305,315,355,403,430,475 555 0.29 0.42 0.13 –4.93 (–4.75) –2.68 (–1.32) 2.25 (3.43) 294 (0.50,0.50) 

4c 304,316,347,370,392,409,430 507 0.91 0.58 0.29 –5.09 (–5.01) –2.61 (–1.15) 2.48 (3.86) 318 (0.30,0.60) 

4d 303,315,345,370,380,405,428 514 0.62 0.52 0.66 –5.46 (–5.49) –3.00 (–1.63) 2.46 (3.86) 365 (0.32,0.61) 

4e 303,315,331,375,410,430,480 560 0.29 0.46 0.60 –5.40 (–5.43) –3.12 (–1.96) 2.28 (3.47) 389 (0.50,0.49) 

4f 304,321,338,382,430,458,500 605 0.05 0.19 0.43 –5.23 (–5.13) –3.15 (–1.95) 2.08 (3.18) 335 (0.65,0.35) 

4g 301,349,370,392,424 496 1.00 0.62 0.63 –5.43 (–5.43) –2.90 (–1.43) 2.53 (4.00) 313 (0.27,0.57) 

a) 
 Measured in argon degassed 5×10

−6
 mol L

−1 
CH2Cl2 solutions;

 b)
 relative PL quantum yields determined in argon degassed 5×10

−6
 mol L

−1 
CH2Cl2 solutions with fac-

Ir(ppy)3 as the reference (φPL = 0.73
[20]

 in toluene, λex = 400 nm); 
c)

 absolute PL quantum yields of the 5 wt% doped film samples (with TCTA as the host ) determined 

using an integrating sphere at 298 K (λex = 352 nm);
 d)

 oxidation potential values measured in CH2Cl2 solutions containing 5×10
−4

 mol L
−1 

of the complexes, referred 

externally to Fc/Fc
+
; 

e) 
HOMO energy levels deduced from the equation of HOMO = − (4.8 + Eox 

1/2), data in parentheses are those derived from B3LYP calculations; 
f)
 

LUMO energy levels obtained from the equation of LUMO = HOMO + Eg; 
g) 

Eg estimated from the onset wavelength of the optical absorption bands, data in parentheses 

derived from B3LYP calculations;
 h)

 decomposition
 
temperature of the complexes (at 5 wt% loss); 

i) 
derived from PL spectra of the 5 wt% doped film samples; 

j)
  Ref.[19]. 
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Figure 2. Normalized PL emission spectra of 4a~4g in dilute CH2Cl2 solutions (λex = 

400 nm). The insert is the photograph of 4a~4g under excitation of a UV lamp (λex = 365 

nm). 

4,4′,4′′-tri(N-carbazolyl)triphenylamine (TCTA) with a doping-

level of 5wt%, complexes 4b~4g could display moderate φPL of 

0.19~0.62. Taking into consideration that the bluish green 4g 

shows a relatively high φPL of 1.00 in dilute solution and 0.62 in 

solid state host, and 4g is free from fluorine atom that is 

adverse to the EL performance,21 it might act as a promising 

PhOLED material. 

3.3. Electrochemical properties 

The cyclic voltammograms of 4a~4g in dilute CH2Cl2 solution are 

shown in Figure 3, and the relevant data are summarized in Table 1. 

During the anodic scan, all these complexes show a reversible one-

electron oxidation wave, which is generally assigned to the IrIV/IrIII 

oxidation.22 The E
o x 

1/2 of 4a is determined to be 0.34 V relative to 

Fc/Fc+ whose energy level is –4.80 eV in a vacuum,23 hence the 

HOMO energy level of 4a was calculated to be –5.14 eV. For para–

OMe substituted 4b, its E
o x 

1/2  is 0.21 V lower than that of 4a, leading 

to a higher HOMO level of –4.93 eV; while for 4c bearing a meta–

OMe, its E
o x 

1/2 is just 0.05 eV lower than that of 4a, hence its HOMO 

energy level is calculated to be –5.09 eV.  Therefore, in both 4b and 

4c, the –OMe group should act as an EDG arising from its strong 
electron-donating mesometric effect;17d but for –OCH3 group, the 

para-site is a more effective position than the meta-site to perturb 

the HOMO level of the complex. In the cases of the mono–CN 

substituted 4d and 4e, they both display higher E
o x 

1/2 hence lower 

HOMO energy level than that of 4a, confirming the EWG nature of 

the –CN group.24 But the more lowered HOMO level of 4d than that 

of 4e (–5.46 vs –5.40 eV) suggests that for –CN substituent, the 

para-site is also a more effective position to influence the HOMO 

level of the complex. For the di-substituted 4f and 4g, their HOMO 

energy levels are both stabilized compared with that of 4a. But the 

HOMO of 4f (–5.23 eV) lies between that of 4b and 4e; and that of 

4g (–5.43 eV) situates just between that of 4c and 4d. All these 

observations validate the presence of synergetic substituent effect of 

–OCH3 and –CN groups in terms of modulation on the HOMO 

energy levels of 4f and 4g. 

Since no reduction wave could be detected in these samples due to 

the limited range available in CH2Cl2, the LUMO energy levels of 

4a~4g were determined through their HOMO levels and optical 

bandgaps based on the equation LUMO = HOMO + Eg, and the 

corresponding LUMO energy level of 4a~4g was calculated to be    

–2.73, –2.68, –2.61, –3.00, –3.12, –3.15, and –2.90 eV in sequence. 

Accordingly, in comparison with 4a, both 4b and 4c show more 

destabilized LUMO energy, confirming the EDG nature of –OCH3 

group;17d while 4d and 4e display more stabilized LUMO energy due 

to the EWG nature of –CN substituent.24 Moreover, the higher-lying 

LUMO level of 4c than 4b as well as the lower-lying LUMO level of  

4e than 4d suggest that the meta-site is a more effective position than 

the para-one to perturb the LUMO energy level of the chelate. 

 
Figure 3. Normalized cyclic voltammograms of 4a~4g (measured in 5×10–4 mol L–1 

CH2Cl2 solution). 

Consequently, for complexes bearing a molecular skeleton of 

4a, the para- and meta-site relative to the Ir atom at the C-ring 

should be a more effective position to perturb the HOMO and 

LUMO energy level of the complex, respectively, regardless of 

the electronic nature of the substituents. As an EDG would 

generally induce both elevated HOMO and LUMO, but an 

EWG would often result in lowered HOMO and LUMO,17d,24 it 

is reasonable to understand that the grafting of a meta–CN or a 

para–OCH3 would induce more lowered LUMO or elevated 

HOMO level hence red-shifted emission; the introduction of a 

para–CN or a meta–OCH3 will result in more lowered HOMO 

or elevated LUMO level, hence blue-shifted emission; the 

simultaneous presence of a meta–CN or a para–OCH3 would 

endow the complex with both lowered LUMO and elevated 

HOMO levels, leading to a larger extent of bathochromic shift 

in emission; while the concurrent existence of a para–CN and a 

meta–OCH3 would endow the complex with both lowered 

HOMO and elevated LUMO levels, hence more blue-shifted 

emission. 

3.4. Theoretical calculations 

To gain deeper insights into the the origin of the remarkable 

color-tuning of these complexes induced by merely –OCH3 and 

–CN substitution on the C-ring, theoretical calculations were 

performed to optimize the geometry of 4a~4g in their ground 

state (S0) with B3LYP method of density functional theory. As 

shown in Table S2, the well-reproduced calculated and 

experimental structural parameters of 4d~4g confirm the 

reliability of these calculation results. Based on these optimized 

S0 structures, the electronic structures as well as the absorption 

and phosphorescence spectral properties of these compounds in 

CH2Cl2 media were investigated (vide Table 1 and S3). The 

calculated data correspond well with their experimental ones, 

validating the reliability of our computation results. 

As depicted in Figure 4, the HOMO of 4a is mainly located 

on the t2g-d orbital of the Ir atom (52%) and the π orbitals of 

phenyl (C-ring) of the C^N ligand (43%); while its LUMO is 
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primarily distributed on the π* orbitals of the entire C^N ligand 

(97%) including both the C-ring and N-ring. Hence it is 

reasonable that the substitution of a –OMe or a –CN group at 

the C-ring of C^N ligands may perturb the electronic structure 

of not only the HOMO, but also the LUMO of the complexes. 

Detailed inspection on the electronic structures of FMOs of 4a 

at the C-ring revealed that for the HOMO, the electron density 

of the C-ring is mainly centered on the ortho- and para-sites 

with respect to the iridium atom, but displays nodes at the two 

meta-sites; while the LUMO chiefly resides on the two meta-

sites relative to the iridium ion, showing nodes at the ortho- and 

para-sites (vide Figure 4 and S3). Because a substituent grafted 

at a position where a MO has significant electron density would 

generally induce a strong impact on this particular MO, but a 

group introduced to a position where a MO has a node would 

bring on only weak influence,9d,17c,18,25 the substitution on the 

para- or meta-site of the C-ring of 4a should have more 

influence on the electronic structure of HOMO or LUMO, 

respectively, which is in line with the electrochemical 

characterization results. This deduction is further validated from 

the contours plots of 4b~4g (Figure 4), since in para–OCH3 

modified (4b and 4f) and para–CN substituted (4d and 4g) 

complexes, substantial π-electron density contribution from –

OMe or –CN were observed in their HOMOs; but in meta–

OCH3 modified (4c and 4g) and meta–CN  grafted (4e and 4f) 

compounds, their –OMe or –CN group contributes more 

effectively to the LUMO. 

In accordance with the experimental findings, when being 

grafted to the C-ring, the –CN group was calculated to induce 

both lowered HOMO and LUMO levels; while the substitution 

of a –OCH3 group would often lead to raised HOMO and 

LUMO levels. Therefore, although the mono-substitution of –

OCH3 or –CN at the para- or meta-sites of the C-ring would 

induce changes of as large as 0.6 eV in FMO energy levels of 

the complexes, the changes in Eg of the complexes are just as 

small as 0.1~0.3 eV, which should be ascribed to the 

concurrently stabilized or destabilized HOMO and LUMO 

levels induced by –CN or –OMe substitution.16d,18,23 

Nevertheless, this could be solved through synergetic 

substituent effect via  simultaneous substitution of –OCH3 and 

–CN groups at the C-ring, so that a much enlarged tuning extent 

of Eg (as large as 0.8 eV) could be achieved. 

To further understand the photophysical properties of these 

chelates, their 20 low-lying S0→Sn transition energies were 

calculated based on their S0 geometries, and the simulated 

absorption spectra of these compounds were shown in Figure 

S4, the calculated λabs max as well as the corresponding transition 

characters were summarized in Table S3. In line with the 

experimental findings, the absorption spectra of 4a~4g were all 

calculated to exhibit two major absorption bands, i.e., a band 

with λabs max of 290~320 nm showing larger transition oscillator 

strength, and a weaker one with λabs max of 380~490 nm 

stemming from the lowest-lying S0→S1 transition. For most of 

these complexes, their stronger absorption band was calculated 

to be dominated by a LC-featured transition, hence the quite 

similar absorption character of 4a~4g in the higher-energy 

region suggest the comparable conjugation length of the C^N 

ligands in 4a~4g, regardless of the different electronic nature,  

substitution position and number of their substituents. Note that 

our results verified that the emission color of Ir(III) complexes 

is not always correlated with the extent of π-conjugation in their 

C^N ligands.8 While the weaker absorption bands of 4a~4g in 

the lower-energy region were all calculated to be predominated 

by HOMO→LUMO transition configurations with mixed LC 

and MLCT character. Consequently, the calculated HOMO-

LUMO transition energy gap (Eg) of a complex should correlate 

intimately with its optical bandgap derived from photophysical 

experiments.  

Based on their optimized S0 geometries, the phosphorescence 

properties of 4a~4g were calculated through their vertical T1→S0 

transition energies. The calculated T1→S0 energy gaps of most of the 

complexes correlate well with their experimental λem max data (vide 

Table S3). For 4a~4g, their T1→S0 deactivation processes were 

all calculated to be controlled by LUMO→HOMO transition 

with mixed LC and MLCT transition feature. This accounts for 

the high correlation between emission energy and Eg data of the 

chelates, and the structureless phosphorescence bands of these 

complexes as well. 

 

Figure 4. Calculated energy level, energy gap and contour plots of HOMO and LUMO of 4a~4g (the –OCH3 and –CN groups are indicated with red and green ellipses, respectively). 
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All these experimental and calculational results indicated that 

for Ir(III) complexes whose C-rings of the C^N ligands could 

contribute substantially to both HOMO and LUMO, their color-

tuning direction could be rationally predicted through the 

electronic nature and the grafting position of –OCH3 and –CN 

groups at the C-ring. More importantly, the simultaneous 

grafting of –OCH3 and –CN at positions where both the HOMO 

and LUMO have significant electron density would lead to a 

wide shift in the emission energy due to the synergetic 

substituent effect. Taking into account that the emission color 

of Ir(III) complexes could be further fine-tuned via grafting 

additional substituents into the C-ring14a,16a,26-27 or N-ring,28-29 

or the alteration of ancillary ligand,7 it is reasonable to assume 

that by grafting a third or fourth substituent at other positions of 

the C-ring and/or the N-ring where the FMOs have 

considerable electron density or changing the ancillary ligand, 

more extended color-tuning ranges could be achieved. In-depth 

studies on the exploitation of compounds bearing the molecular 

skeleton of 4a but showing more red-shifted or blue-shifted 

emission bands are still carried on, and would be reported 

elsewhere. 

3.5. Electroluminescence properties 

To evaluate if these objective complexes could act as PhOLED 

phosphores, their thermal properties were investigated by 

thermogravimetric analysis (TGA), and their decomposition 

temperatures were listed in Table 1. All the six objective 

complexes 4b-4g show relatively high Td (> 290 °C), indicating 

that the introduction of –OMe and/or –CN groups into the C-

ring of the C^N ligand will not bring adverse effects on the 

thermostability of the resultant complexes, and all these 

complexes might be used to fabricate PhOLEDs via thermal 

evaporation process. 

   Consequently, we chose 4f or 4g with the utmost red-shifted 

or blue-shifted PL emission as the phosphorescent guest 

dopant, and fabricated PhOLEDs to evaluate if these objective 

complexes could act as promising EL materials. For 4f-based 

Devices Ia~Ic, their device structure is: ITO/TAPC (40 nm)/4f 

(x wt%): TCTA (10 nm)/4f (3 wt%): 26DCzPPy (10 nm)/TPBi 

(40 nm)/LiF (1 nm)/Al (100 nm), where x = 2, 3, 4 in sequence; 

while for 4g-based Devices IIa and IIb, their device structure is 

ITO/TAPC (40 nm)/4g (x wt%): TCTA (10 nm)/4g (6 wt%): 

26DCzPPy (10 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (100 nm), 

where x = 4 and 6 in sequence. Here, ITO acts as the anode; 

1,1-bis(4-(N,N-di(p-tolyl)amino)phenyl)cyclohexane (TAPC) 

acts as the hole-transporting layer; 4,4′,4′′-tri(N-

carbazolyl)triphenylamine (TCTA) and 2,6-bis(3-(9H-carbazol-

9-yl)phenyl)pyridine (26DCzPPy) act as the host materials for 

4f and 4g with hole- and electron-transporting capability, 

respectively; 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene 

(TPBi) or 1,3,5-tri(m-pyrid-3-yl-phenyl)benzene (TmPyPB) 

acts as the electron-transporting layer; LiF/Al acts as the 

cathode. The energy level alignment of these devices was 

shown in Figure 5.  

 

Figure 5. Device configuration and energy band diagram of Devices Ia~Ic and IIa~IIb. 

    As shown in Figure 6 and Figure S5, the 4f-based Devices 

Ia~Ic could emit bright red EL with λEL max of 600 nm; while 4g-

based Devices IIa and IIb display intense bluish green EL with 

λEL max of 496~499 nm. In all the five devices, the 

electrophosphorescence bands exactly resemble the PL spectra 

of complexes 4f or 4g in dilute CH2Cl2 solution (vide Figure 2), 

implying the EL emission mainly originates from the radiative 

decay of 4f or 4g. It should be pointed out that in the EL spectra 

of Devices Ia~Ic, the emission of the host compounds peaked at 

~390 nm (TCTA and/or 26DCzPPy) is also discernible. This 

may be ascribed to the unfavorable energy level alignment in 

Ia~Ic and the relatively low energy transfer efficiency between 

the 4f and the host material (vide Figure S6).30 

   As shown in Table 2, Figure 7 and Figure S7~S8, all these 

five devices show relatively low turn-on voltage (< 3.5 V). For 

the 4f-based red Devices Ia~Ic, Ib with a doping-level of 3 wt% 

shows the best performance, with maximum brightness (Lmax), 

current efficiency (LEmax), external quantum efficiency 

(EQEmax) and power efficiency (PEmax) of 18260 cd m−2, 10.4 

cd A−1, 4.5% and 9.5 lm W−1, respectively; while for the two 

bluish green 4g-based devices, IIb shows better performance, 

with Lmax of 48040 cd m−2, LEmax of 62.1 cd A−1, EQEmax of 

19.8% and PEmax of 42.2 lm W−1. It is noteworthy that in all the 

devices, satisfactory current efficiency could be achieved at 

high brightness. For Device Ib, its LE maintains to be as high as 

7.8 cd A−1 at 1000 cd m−2, 6.9 cd A−1 at 2000 cd m−2, and 5.3 

cd A−1 at 5000 cd m−2. In the case of Device IIb, its LEmax was 

even obtained under a relatively high luminance of >1000 cd  

 

Figure 6. EL spectra of Devices Ib and IIb (driving current density: 1 mA cm−2). 
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Table 2. EL performance of Devices Ia~Ic and IIa~IIb. 

Device Dopant 
Dopting level 

[wt %] 

λEL max 

(nm) 

Von
a) 

(V) 

Lmax
b) 

(cd m−2) 

LEmax
c) 

(cd A−1) 

PEmax
d) 

(lm W−1) 

EQEmax 

(%) 
CIE (x, y) 

Ia 4f 2 600 3.3 13070 8.0 5.8 3.5 (0.57,0.37) 

Ib 4f 3 600 3.4 18260 10.4 9.5 4.5 (0.57,0.38) 

Ic 4f 4 600 3.4 16980 8.9 7.0 3.8 (0.58,0.39) 

IIa 4g 4 496 3.0 31850 41.9 22.3 14.1 (0.20,0.57) 

IIb 4g 6 499 3.2 48040 62.1 42.2 19.8 (0.22,0.58) 

a) 
Turn-on voltage at 1 cd m

−2
; 

b) 
maximum luminance; 

c)
 maximum current efficiency; 

d) 
maximum power efficiency. 

 

m−2, and the LE of this device maintains to be 61.9 cd A−1 at 

2000 cd m−2, 58.2 cd A−1 at 5000 cd m−2, and 50.3 cd A−1 at 

10000 cd m−2. In comparison with Devices II, the red Devices I 

display much inferior EL performance, which should be 

ascribed to the unmatched energy levels between host and guest 

compounds, and the relatively low photoluminescence quantum 

yield of compound 4f as well. Nevertheless, although the 

performance of these two devices is still inferior to that of the 

state-of-art red and bluish green PhOLEDs, much improved EL 

performance could be expected after further optimization has 

been carried out on the host species, device structure, doping 

concentration as well as layer thickness. 

All these preliminary EL characterization results indicated 

that through this simple but effective –CN and/or –OMe 

subsitution strategy on the C-ring of the C^N ligand, the 

resulted Ir(III) complexes could not only display a wide color-

tuning range, but also act as quite promising EL materials. 

Therefore, this facile color-modulating strategy is quite 

effective in developing high-performance red and blue 

PhOLED iridium complexes. 

 

Figure 7. Current density–voltage–luminance (J–V–L) characteristics of Devices Ib and 

IIb. 

Conclusions 

In this work, we developed a novel facile strategy for rational 

fine-tuning of phosphorescence color of Ir(III) complexes, i.e., 

utilizing the synergetic substituent effect of methoxy and cyano 

groups at only the C-ring of the C^N ligand to modulate the 

FMO energy level hence the bandgap of the complexes. Based 

on experimental and theoretical studies, the following structure-

properties relationship of Ir(III) complexes has been 

deciphered: 1) for 4a-based Ir(III) complexes, the introduction 

of a –OMe or a –CN to the C-ring of the C^N ligand would 

usually endow them with raised or lowered FMO energy levels, 

respectively, regardless of the substitution position (para- or 

meta-site with respect to the Ir atom); 2) for both –OMe and –

CN groups, the para-site of the C-ring is a more effective 

substitution position to modulate the HOMO energy levels due 

to the fact that the electronic densities of HOMO are mainly 

located at the position, but the meta-site would induce a 

stronger impact on the LUMO energy levels because the 

electronic densities of LUMO mainly reside on this site; 3) the 

–OMe and –CN groups on para- or meta-site of the C-ring 

could display a synergetic effect with regard to the fine-tune of 

FMO energy levels, leading to a wide shift in the emission 

energy.  

Using this simple strategy, a library of Ir(III) complexes 

whose emission-color nearly covers the whole visible region 

has been developed. Our results show the efficacy of this color-

tuning strategy through substitution merely on the C-ring of 

C^N ligands where both HOMO and LUMO show significant 

electron density, and the broader ramification of this study lies 

in the rational molecular design of Ir(III) complexes with 

desirable phosphorescence color, which are expected to fill an 

urgent need for high-performance Ir(III) complexes for diverse 

optoelectronic applications. 
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Graphical Abstract 

 

  A facile color-tuning strategy for constructing a library of Ir(III) complexes with fine-tuned phosphorescence 

from bluish green to red using synergetic substituent effect of –OCH3 and –CN at merely 

 the C-ring of C^N ligand 
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–OCH3 and –CN will show a favorable synergetic substituent effect on the color-tuning direction when they are grafted at the 

meta- and para-sites of the C-ring of the C^N ligand. 
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