
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

NJC

www.rsc.org/njc

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name RSCPublishing 

ARTICLE 

This journal is ©  The Royal Society of Chemistry 2013 J.  Nam e. ,  2013,  00,  1 -3  | 1 

Cite this: DO I: 10.1039/x0xx00000x 

Rec eived 00th Januar y 2012, 

Accepted 00th Janu ary 2012  

DOI: 10.1039 /x0xx00000x  

www.rsc.org/ 

Enhancing the electronic properties and quantum 

efficiency of sulfonyl/phosphoryl-substituted blue 

iridium complexes via different ancillary ligands 

Yanling Si
a
, Shuai Zhang

a
, Nan Qu

a
, Guoyou Luan*

a
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DFT/T DDFT invest igat ion was p erformed on t he electronic structures , absorpt ion and 

emiss ion prop ert ies, as  well as t he p hosphorescence efficiency of recent sy nthes ized Ir( III ) 

comp lexes  SOFIrp ic (1a) and POFIrp ic (2a) with sulfonyl/phosphoryl substit uted 2-(2,4-

difluoropheny l)pyridine(dfppy) as t he cyclomet alated ligands . T he calculat ed absorption and 

emiss ion wavelengt hs are in agreement wit h exp eriment al dat a. Compar ed wit h 2a,  the higher 

quantum yield of exp eriment al observat ion for 1a was exp lained by its smaller energy 

separation between t he singlet S1 and the triplet T3 st at es. Based on these exp eriment al 

structures, a series of cy clomet alat ed Ir(III ) complexes  ( 1b, 1c, 1d and 2b, 2c,  2d) have been 

designed by  introducing different  ancillary ligands . The calculat ed results  reveal that  the 

different ancillary ligands not only tune the energy gap but also enhance the 

photoluminescence quantum efficiency. It is  exp ect ed t hat  the des igned 1b,  2b and 2c could be 

potent ial candidat es as  blue-emitting mat erials with high quantum efficiency.  

 

 

1. Introduction 

Organometallic iridium(III) complexes have been widely  

studied in recent y ears for their potent ial applications in organic 

light emitting diodes (OLEDs), luminescent biological-labeling 

reagents, molecular sensor for hypoxia det ection and light  

emitting electrochemical cells (LECs).1- 8 One unique feature of 

the iridium (III) complexes that contribut es t o these 

applicat ions is the strong spin-orbit coupling caused by heavy  

metal ions , which results in efficient intersystem cross ing from 

the singlet to the trip let excit ed st ate. Mixing of the singlet and 

triplet excited st ates  not  only removes the spin -forbidden nature 

of t he radiative relaxat ion of the triplet stat e, but also 

significantly shortens the triplet state lifet ime . Thus , higher 

phosphorescent efficiencies can be achieved.9-13 Another reason 

for the growing attention on iridium (III) complexes  is that the 

emission can be tuned to cover the range of colors from red and 

green to blue. Of these three colors of emitters, phosphorescent  

red and green emitters are widely available on the market. 

However, there is still a lack of stable and efficient blue -

emitting OLEDs, which are essential for the commercial launch 

of devices  for light ing. Lots of efforts  have been done to shift  

the emiss ion wavelength of organometallic complexes to the 

blue spectral region, while maintaining high photoluminescence 

quantum efficiency ( PL).14-20 This is a challenging task 

because blue-emitting materials  with high efficiency and good 

stability require the wide energy gap  between t he excit ed triplet  

state and the ground stat e.  

Recent ly, Yan g et  al. 21  rep ort ed two iridium comp lexes , 

SOFIrpic (1a) and POFIrp ic (2a) wit h sulfony l/phosp hory l 

subs t it ut ed 2-(2,4-difluorop heny l)py ridine(dfp py ) as  t he 

cyclometalat ed ligands (Scheme 1). The sulfonyl (S=O) and 

phosp hory l (P=O) moieties are st rong electron-wit hdrawing 

groups and tune the emission of iridium comp lex to the blue 

region wit h quant um yields of 55% and 49% , resp ectively.  
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Scheme 1 Chemical structures of the investigated complexes (a:  

picolinate (pic); b: 3-(trifluoromethyl)-5-(pyridine-2-yl)-1,2,4-triazolate 
(taz); c: 4-tert -butyl-2-(5-(trifluoromethyl)-2H-1,2,4-triazol-3-yl)pyri-

dine (bptz); d: 5-(pyridine-2-yl)-1H-tetrazolate(pyN4)). 

In this work, based on the synthes ized complexes  1a and 2a,  

the complexes 1b, 1c, 1d and 2b, 2c,  2d with 

sulfonyl/phosphoryl substituted 2-(2,4-

difluorophenyl)pyridine(dfppy) as  the cyclometalated ligands  

(Scheme 1) were des igned to understand the structure-property 

relat ionship of the iridium complexes , which is import ant in the 

development of novel OLED devices . We present dens ity 

functional theory (DFT) calculations on the ground and excited 

state geometries , the front ier molecular orbitals (FMOs), and 

the electronic absorptions and emiss ion sp ectra. Furthermore, 

we also investigat ed the influence of the different ligands  on the 

photoluminescence quantum efficiency of these Ir (III) 

complexes , which will be of great benefit for des igning highly  

efficient blue-emitting Ir (III) comp lexes.  

2. Computational method 

The ground stat e and the lowest-lying triplet excited stat e 

geometries for each complex were opt imized by us ing the 

density functional theory (DFT)22 with the hybrid-type Perdew-

Burke-Ernzerhof exchange correlation functional (PBE0) and 

the unrestrict ed PBE0 (UPBE0), 23 resp ect ively, which have 

been proved to be efficient and accurat e for the calculat ion of 

trans ition metal complexes. 24-26 T o ensure the accuracy of the 

calculation method, three methods (PBE0, B3LYP27 and 

M062X 28 level) were used to optimize the geometry structural 

of the complex 1a (Table S1, Supporting Information). It  was  

found that the PBE0 functional is more precise for the 

optimizat ion of the studied comp lex. T here were no sy mmetry  

constraints on the studied complexes during the geometry  

optimizat ion. Vibrational frequencies  were calculat ed to 

confirm that each configurat ion was a minimum on the 

potential energy surface. In addition, single-point calculations  

were performed at the optimiz ed ground st ate geometries of 

these complexes  for the molecule orbital population.  

The absorption and emission properties in CH 2Cl2 media 

were calculat ed by time-dep endent density functional theory  

(TDDFT)29  associated wit h the polarized continuum model 

(PCM).30 Due to the problem of TDDFT  in calculating the 

charge transfer excit ed states , three different functionals (PBE0, 

B3LYP, and M062X) were performed to study the emiss ion 

spectra of 1a  and 2a. Our results indicated that for the studied 

complexes , M062X is more accurat e in reproducing the 

experimental dat a (T able S2). Therefore, it was select ed in the 

calculation of emission sp ectra.  

The“double-ξ”quality bas is set LANL2DZ31  associat ed with 

the pseudopotential was employed on atom Ir. T he 6 -31G(d)32  

bas is set was used for non-met al atoms in the gradient  

optimizat ions. All calculations were performed wit h the 

Gaussian 09 software package.33 GaussSum 2.534 was  used for 

orbital and UV/Vis sp ectra analysis  and Molekel 4.3.2 user 

interface35 was  used to manipulate the structures and orbit als.  

3. Results and discussion 

3.1. Geometries in the ground and the lowest -lying tri plet 

excite d state  

The schemat ic struct ures  of the invest igat ed comp lexes are 

p resent ed in Sch e me 1 and t he op t imiz ed gr ound  s t at e 

structures of 1a  and 2a  are shown in F ig. 1, along with the 

n u m b e r i n g  o f  s o m e  k e y  a t o m s .  
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Fig. 1 Optimized structures for 1a and 2a in the S0 state: the Ir, S, P, N, 

O, C, F an d H atoms are displayed in blue- sky, yellow, p urple, blue, red,  
green, gray and white colors, respectively. 

The bond dist ances between Ir met al and coordinating atoms of 

the studied complexes in ground st ate (S0) and lowest triplet  

excited state (T1) are summarized in Table 1, toget her with the 

X-ray crystal structure data of 1a. Generally speaking, the 

calculated bond lengt hs of 1a are in good agreement with the 

corresponding exp erimental values , with the largest  

discrepancy of 0.023 Å found in Ir-N2 bond length.  

As the ligands in the studied complexes change, a clear 

influence is  found in the bond lengt hs in the ground st ate. For 

1a-1d (1a-1d indicates the complexes  1a,  1b,  1c and 1d, the 

same hereaft er),  the Ir–N1, Ir–C1 and Ir–N3 bond lengt hs of the 

1b-1d are elongat ed by 0.01-0.04 Å compared with 1a. On the 

other hand, the Ir -N2 and Ir-C2 bond lengt hs  remain pract ically  

unchanged. It is int eresting to not e that Ir -N4 bond lengths of 

1b, 1c and 1d, especifically for 1b, are s ignificant ly shortened 

comp ared with the Ir-O1 bond lengt h on the picolinat e ligand in 

the complex 1a. T he short ened Ir–N4 bond lengths  are exp ected 

to enhance the coordination interaction between the Ir(III) 

center and ancillary ligands, which may also increase the 

probability of charge transfer from met al t o ancillary ligands. 

The same observat ion can be made when comp aring 2b-2d to 

2a.  

For the lowest excited state, the Ir-N1, Ir-C1 and Ir-C2 bond 

lengths  of 1a-1c and 2a  as  well as  2b are greatly contracted 

comp ared with those in the S0 state, while the Ir-N1 bond 

lengths of 1d, 2c and 2d are elongat ed. Meanwhile, the Ir-N2 

bond lengt h of 1a-1c, 2a and 2b are found to be s light ly  

Table 1 Main optimized bond lengths of the studied complexes in the ground 

and the lowest lying triplet states at PBE0/LANL2DZ level 

 1a 1b 1c 1d 
 S0 T1 S0 T1 S0 T1 S0 T1 
Ir-N1  2.037 2.015 2.046 2.019 2.046 2.018 2.047 2.056 
Ir-C1  1.986 1.969 2.003 1.987 2.002 1.986 2.000 2.000 
Ir-C2  1.992 1.988 1.991 1.988 1.991 1.989 1.991 1.979 
Ir-N2  2.048 2.059 2.050 2.060 2.049 2.060 2.049 2.023 
Ir-N3  2.163 2.184 2.206 2.223 2.202 2.217 2.211 2.213 
Ir-O1 

(N4) 
2.149 2.143 2.116 2.122 2.117 2.123 2.120 2.126 

 2a 2b 2c 2d 
 S0 T1 S0 T1 S0 T1 S0 T1 
Ir-N1  2.037 2.016 2.046 2.019 2.046 2.057 2.047 2.057 
Ir-C1  1.986 1.968 2.002 1.987 2.002 2.001 2.000 2.000 
Ir-C2  1.992 1.987 1.991 1.988 1.991 1.979 1.990 1.978 
Ir-N2  2.048 2.059 2.049 2.059 2.049 2.020 2.050 2.024 
Ir-N3  2.165 2.187 2.207 2.223 2.201 2.204 2.211 2.214 
Ir-O1 

(N4) 
2.153 2.146 2.120 2.124 2.121 2.125 2.123 2.129 

elongat ed by ~ 0.01 Å upon excitation. For 1d, 2c and 2d,  

significantly shortening is  observed for Ir-C2 and Ir-N2 in the 

T1 state compared to the S0 stat e, see T able 1. The subtle 

difference in bond lengt hs can be ascribed to the different  

structures between the s inglet ground stat e and the triplet  

excited state.  

3.2 Frontier molecular orbital Prope rties 

Herein, we will discuss t he frontier molecular orbitals (FMOs) 

with a special emphas is on the HOMO (highest occup ied 

molecular orbital) and LUMO (lowest unoccupied molecular 

orbital) distribution and energy gaps, since the TDDFT  

calculations reveal that the first triplet (S0→T1) excited stat es  

primarily involve the electronic trans ition between these two 

orbitals. The contour plots of HOMO and LUMO and energy  

gaps are displayed in Fig. 2. T he det ailed information of 

molecular orbit al, including compositions, energies  of metal 

and ligand orbit als  are listed in T ables S3–S10, respectively.  

For 1a,  the LUMO is  primarily composed of one SOF ligand 

(~ 85%) with small contribut ion from picolinat e ligand (~ 11%). 

For 1b-1d, the LUMOs are also mainly localized on the SOF 

ligand (>89%), indicat ing t hat  t he LUM O distribut ion are 

hardly influenced by the variat ion of ancillary ligands. It is  

clear that t he HOMOs of 1a-1d are predominantly contributed 

by the Ir (III) center and the phenyl parts  of the SOF ligands.  
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Fig. 2 Energy levels, energy gaps (in eV), an d HOMO and LUMO surfaces for the studied complexes.  

However, it is  interesting to note that chan ging the ancillary  

ligands makes the composition of LUMOs of 2a-2d varied 

greatly. From Fig. 2, we can see that the LOMO of 2a  is  mainly  

composed of the p ic ancillary ligand, whereas only 28% of the 

taz ancillary ligand and 31% of the pyN4 ancillary ligand have 

contributions  to the LUMOs of 2b and 2d. Moreover, the 

LUMO of 2c have even much smaller amount of electron 

density on the bptz ancillary ligand (~ 4%). 

The different ancillary ligands  in these complexes have a 

significant effect on the energy levels as shown in Fig. 2. 

Compared with complex 1a , the energy level of HOMO of 1b-

1d are lowered more than that of LUMO, leading to the energy  

gap of HOMO –LUMO is increased by 0.10 eV, 0.09 eV and 

0.08 eV compared with that of 1a.  For complexes 2b-2d, the 

stabilization of HOMO are relat ively larger than t hat of LUMO, 

so the HOMO–LUMO energy gap of 2b-2d is also increases  

comp ared with that of 2a ( by 0.12 eV, 0.13 eV and 0.11 eV, 

respectively).  

3.3 Absorption spe ctra  

TDDFT method is widely used t o calculat e the absorption 

properties  of Ir(III) complexes  on the basis  of the optimized 

geometries.36 Here, the TDDFT /B3LYP method with PCM in 

CH2Cl2 was used to calculat e the absorption properties of the 

studied complexes. The absorption energies , dominant  

configurations, and trans ition nature of the selected excited 

states with large oscillator strengt hs (ƒ) for 1a-1d are list ed in 

Table 2 (for 2a-2d see Table S3), along wit h the exp erimental 

dat a for 1a and 2a . The lowest singlet absorptions at 374 and 

379 nm are in good agreement with the exp erimental values at  

372 and 374 nm for 1a and 2a, resp ect ively, which means that  

our calculat ed absorption dat a can well reproduce the 

experimental ones.  

The results in T able 2 show that the lowest singlet trans ition 

of comp lex 1a is contribut ed mainly by  HOMO → LUMO 

trans ition. According to our calculation, the transit ion character 

of 1a  can be ass igned as  met al t o ligand char ge t ransfer 

(MLCT)/ intraligand charge transfer (ILCT )/ligand to ligand 

charge transfer (LLCT). For 1b,  1c and 1d, although t he lowest  

singlet  trans it ions are s imilar t o comp lex 1a,  the trans it ion 

charact ers are different, which are ass igned as M LCT/ILCT, 

due to the different ancillary ligands. Moreover, t he lowest  

singlet absorptions of 1a, 1b, 1c and 1d are at 374, 361, 362 

and 360 nm, respectively. This indicates that the t az, bptz and 

pyN4 ligands  induce blue shift of the absorption bands of 1b,  

1c and 1d relative to 1a. T he same observation can be made  
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Table 2 Calculated wavelength (nm), oscillator strength (f) and dominant orbital excitations of the lowest singlet and triplet  absorptions for 1a-1d 

 state λcal f Configuration Character Exp.
21

 

1a S1 374 0.0578 HOMO->LUMO (91%) MLCT/ILCT/LLCT 372 

 S21 282 0.1965 H-4->L+1 (26%), MLCT/ILCT/LLCT  

    H-3->L+1 (14%), MLCT/ILCT/LLCT  

    H-3->L+2 (13%), MLCT/ILCT/LLCT  

    HOMO->L+5 (27%) MLCT/ILCT/LLCT  

 T1 421 0.0000 HOMO->LUMO (44%) MLCT/ILCT/LLCT  

1b S1 361 0.0393 HOMO->LUMO (92%) MLCT/ILCT  

 S18 284 0.1607 H-3->L+2 (21%),  MLCT/ILCT/LLCT  

    H-1->L+3 (30%) MLCT/ ILCT  

 T1 417 0.0000 H-3->LUMO (11%), MLCT/ILCT  

    H-2->LUMO (12%), ILCT  

    H-2->L+1 (12%), ILCT/LLCT  

    HOMO->LUMO (36%) MLCT/ILCT  

1c S1 362 0.0393 HOMO->LUMO (94%) MLCT/ILCT  

 S24 275 0.2193 H-1->L+4 (26%), MLCT/ILCT/LLCT  

    H-1->L+6. (16%) MLCT/ILCT/LLCT  

 T1 417 0.0000 H-2->LUMO (12%),  ILCT/LLCT  

    H-2->L+1 (11%), ILCT/LLCT  

    HOMO->LUMO (38%) MLCT/ILCT  

1d S1 360 0.0463 HOMO->LUMO (89%) MLCT/ILCT  

 S22 274 0.2182 HOMO->L+5 (49%) MLCT/ILCT/LLCT  

 T1 417 0.0000 H-2->LUMO (15%),  MLCT/ILCT/LLCT  

    HOMO->LUMO (36%) MLCT/ILCT  

when comparing 2b, 2c and 2d to 2a. T his  is  cons istent with the 

trend of the HOMO-LUMO energy  gaps. Furthermore, for 

complexes  2a and 2d,  the lowest singlet trans ition comes  from 

HOMO→LUMO and HOMO→LUMO+1 with the absorption 

band at 379 and 364 nm and the character of  

MLCT /ILCT /LLCT . The lowest absorption bands of 2b and 2c 

are localized at 365 nm and the excit ation of HOMO→LUMO 

is assigned to the charact er of M LCT /ILCT/LLCT and 

MLCT /ILCT , respectively.  

The complexes 1a  and 2a  have t he weak long wavelengt h 

absorptions at 445 nm and 447 nm in exp eriment, which can be 

assigned to the MLCT  transit ions21.  According to Table 2, the 

calculated lowest  triplet absorption of 1a  is at 421 nm, with the 

primary transition HOMO→LUMO and the characters is  

MLCT /ILCT /LLCT . For 2a , the transition HOMO→LUMO, 

HOMO-1→LUMO+2 and HOMO→LUMO+1 contribut e to 

the 427 nm absorption and the character can be described as  

MLCT /ILCT /LLCT . T he calculated lowest triplet absorptions  

of 1b-1d are at 417 nm with mixed characters of 

MLCT /ILCT /LLCT . As  for 2b-2d, t he calculat ed T1  

absorptions are at 420 nm and 419 nm. T he trans ition 

characters are also MLCT/ILCT /LLCT. This non-negligible 

MLCT is  beneficial for efficient int ersystem cross ing and thus  

enhance the quantum efficiency for these Ir(III) complexes .  

3.4 Phosphorescence spe ctra  

As ment ioned in the computational method, the 

phosphorescence properties of the studied comp lexes were 

calculated at M062X funct ional in CH2Cl2 media, on the bas is  

of the optimized lowest triplet excited-st ate geometries. The 

calculated emiss ion wavelengt h, dominant configurat ions as  

well as  the transit ion nature are listed in T able 3. The calculated  
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Table 3 Calculated phosphorescent emission wavelength (in nm) in 

CH2Cl2 media with the TDDFT method, along with experimental 

values 

 λcal Configuration Character Exp.
 21

 

1a 460 H-1->LUMO (26%),  MLCT/ILCT/LLCT 459 

  HOMO->LUMO (63%) MLCT/ILCT/LLCT  

1b 473 H-1->LUMO (12%),  MLCT/ILCT/LLCT  

  HOMO->LUMO (76%) MLCT/ILCT  

1c 472 H-1->LUMO (11%),  MLCT/ILCT/LLCT  

  HOMO->LUMO (75%) MLCT/ILCT  

1d 471 HOMO->LUMO (82%) MLCT/ILCT  

2a 461 H-1->LUMO (27%),  MLCT/ILCT/LLCT 460 

  HOMO->LUMO (63%) MLCT/ILCT/LLCT  

2b 471 H-1->LUMO (20%),  MLCT/ILCT/LLCT  

  HOMO->LUMO (71%) MLCT/ILCT/LLCT  

2c 469 HOMO->LUMO (81%) MLCT/ILCT  

2d 469 H-1->LUMO (11%),  MLCT/ILCT/LLCT  

  HOMO->LUMO (82%) MLCT/ILCT/LLCT  

emission wavelengt hs for 1a and 2a at M062X level are 

localized at 460 and 461 nm, which is  close to the exp erimental 

values at 459 and 460 nm.21  

As shown in T able 3, t he calculated emission  wavelengths  of 

1b-1d and 2b-2d ( at ~ 470 nm) red shifted by 10 nm compared 

to 1a and 2a . Wit h regard to 1a , the emission is contributed by  

trans itions from HOMO→LUMO and H OMO-1→LUMO. 

According to our calculation, the HOMO is localiz ed on Ir 

(39%) and SOF ligand (55%), the LUMO is mainly from SOF 

ligand (85%) and pic (11%), the H-1 is localiz ed on Ir (47%), 

SOF ligand (23%) and pic (29%). T herefore, this  emiss ion can 

be assigned as  MLCT/ILCT /LLCT. T able 3 also shows that the 

nature of the phosphorescence for 1b and 1c as well as 2a, 2b,  

2d are similar to that  of 1a,  which is  from the HOMO→LUMO 

and HOMO-1→LUMO transition with the mixed characters of 

MLCT /ILCT /LLCT . As for 1d and 2c, the emiss ions are 

mainly from the HOMO→LUMO. The HOMOs are from 

d(Ir)+π(SOF)  and d(Ir)+π(POF), while the LUMOs are π*(SOF)  

and π*(POF),  respectively. Thus, the emissions  can be ass igned 

as MLCT /ILCT . 

3.5 Quantum effi ciency 

The emiss ion quantum y ield ( PL) is  linked to the radiative (kr) 

and nonradiat ive (knr) rate const ants, which can be expressed by  

the following equation, where em is the emission decay time: 

nrr

r
emrPL

kk

k
k


                                     (1) 

Clearly, the larger kr and smaller knr make the complexes have a 

higher  PL. As we can see from T able 4, although the knr value 

of 2a is slightly smaller than that of 1a , the  PL of 2a  is lower 

than that of 1a.  However, the kr  value of 1a  is  s ignificantly  

larger than that of 2a.  Thus, the larger kr  seems to be the crit ical 

factor of t he higher quantum y ield for 1a comp ared t o 2a.  

According t o the Einstein theory of spontaneo us emission, kr  

is proportional to (ET1)
3|M T- S|

2,37  where ET 1 is the emitting 

energy  and M T-S is  the trans ition dipole moment from the triplet  

state. T able 4 shows that the emitting energy of 1a  and 2a are 

close to each other while the kr values  are different, indicating 

that ET1 is not a det ermining factor. Thus, the trans ition dipole 

moment |M T-S| seems to play a much more important role in 

controlling the kr of the studied complexes . Since the trans ition 

metal center is t he key that allows the admixture of emiss ive 

singlet stat es into t he lowest triplet stat es, then giving rise to the 

phosphorescence of  these transit ion met al complexes, we 

herein correlat e kr to the spin-orbit coup ling (SOC) effects in 

the emission process.  

The heavy atom part icipation, such as iridium, is believed to 

increase SOC effects and intersystem cross ing (ISC), provided 

that its orbitals make a significant contribution in the excited 

states involved. T he SOC effects can be elucidated mainly from 

two aspects. One is the contribution of MLCT in the T1 st ate.38  

An increase of MLCT charact er could enhance SOC and hence 

the transition probability which would result in a drastic 

decrease of the radiative lifetime.39  A large MLCT contribution 

is then beneficial to increase the kr.  In T able 4, we list the 

MLCT contributions for the studied comp lexes. It  is found that  

relat ively  high kr value of 1a  (2.89×105 s- 1) compared with 2a  

(2.13 ×105 s- 1) cannot  rationalized by nearly the samel M LCT % 

of 1a (38.3%) compared with that of 2a (38.8%). 

Secondly, the SOC effects also can be elucidated by the S1–

T1 energy gap ( ΔES1–T1).40,41 T he S1–T1 int ersystem cross ing 

(ISC) rat e due to SOC interaction plays an important  role in the  

Page 6 of 10New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is ©  The Royal Society of Chemistry 2012 J.  Nam e. ,  2012,  00,  1 -3  | 7 

  

Table 4 The metal-based charge transfer character (MLCT)(%), singlet -triplet splitt ing (S1-T1 in eV) and the transition dipole moment in S0→S1 transition 

(S1 in D), along with experimental ΦPL, kr and knr 

 1a 1b 1c 1d 2a 2b 2c 2d 

MLCT 38.3 31.1 30.9 31.0 38.8 32.1 32.0 31.8 

T1 2.69 2.62 2.62 2.63 2.69 2.63 2.64 2.64 

S1-T1 0.865 0.983 0.980 1.023 0.848 0.972 0.9878 1.003 

S1-T2 0.154 0.183 0.181 0.239 0.170 0.213 0.2238 0.239 

S1-T3 -0.097 -0.015 -0.099 -0.118 -0.103 -0.020 -0.0708 -0.131 

S1-T4 -0.421 -0.152 -0.150 -0.164 -0.439 -0.127 -0.1504 -0.149 

PL(%)
a 55    49    

kr (s
-1

)
b
 2.89×10

5
   2.13×10

5
   

knr(s
-1

)
c 

2.37×10
5
   2.22×10

5
   

a
 ref. 21; b

kr=PL/
c
knr= (1-PL)/from ref. 21. 

phosphorescent process. Therefore, we focus on the s inglet →

triplet ISC rate to get further ins ight int o the different kr of 

these comp lexes. A qualit ative description of t he ISC rate can 

be performed as a function of the energy separation between the 

singlet S1 and the closest triplet Tn,
42,43 s ince the ISC rat e 

exponentially decreases as the s inglet -triplet gap increases.44  

Then a minimal ΔES1– Tn is favorable for enhancing t he ISC rat e, 

leading to an increased kr. T able 4 shows a s lightly larger ΔES1 –

T1 for 1a  (0.865 eV) comp ared with 2a (0.848 eV), indicating 

that the ΔES1 –T1 values cannot elucidate the different kr. On the 

other hand, we also note that  the T3  stat e is  the closest to the S1  

state for all the studied comp lexes, resulting in the largest  

contribution from S1–T3 to t he tot al ISC rate. The s ignificantly  

smaller ΔES1–T3  value of 1a  accounts  for the larger kr  compared 

with 2a.  Thus , ΔES1–T 3 seems to be an important paramet er to 

explain the higher quantum efficiency  of 1a  compared to 2a.  In 

Table 3, it is also found that  the ΔES1–T1  of 1b,  2b and 2c are 

relat ively  smaller than that of 1a  and 2a,  indicat ing that t az and 

bptz ligands as ancillary chelat e in 1b, 2b and 2c are beneficial 

to enhance the ISC rate, and thus might increase kr. Of course, 

we should remember that bes ides the factors discussed above, 

other factors  may also affect   PL which are not taken into 

account in our discussion.  

4. Conclusions 

DFT/TDDFT investigat ions were carried out on the electronic 

and phot ophysical prop erties of recent ly synthes ized blue -

emitting Ir(III) complexes  SOFIrpic (1a) and POFIrpic (1b).  By  

introducing different ancillary ligands , a series of Ir(III) 

complexes 1b-1d and 2b-2d based on the exp erimental 

complexes  1a  and 2a  have been designed. T he calculated 

results reveal that the different ancillary ligands in 1b-1d and 

2b-2d stabiliz e the energy level of LUMOs more than that of 

HOMOs. Thus, the energy gap between HOMO and LUMO 

can be tuned. The lowest absorption bands for 1b-1d (2b-2d)  

are blue-shifted compared with the p arent complexes 1a (2a).  

In addition, the calculated lowest energy  emiss ions  of 1b-1d 

and 2b-2d are at ~ 470 nm wit h excellent blue light  

emitting properties. The higher quantum yield of 1a  compared 

with 2a  in the experiment was found to be closely related to 

smaller energy separat ion between the s inglet S1 and the triplet  

T3 of the former. The smaller S1-T3 energy difference for 1b,  

2b and 2c comp ared with that of 1a and 2a could blue shift the 

emission spectra and enhance the quantum efficiency. We 

suggest that a future exp erimental study on these high quantum 

yield comp lexes should be rewarding.  
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