
 

 
 

THEORETICAL INVESTIGATION INTO THE PHOTOPHYSICAL 
PROPERTIES OF IRIDIUM(III) COMPLEXES WITH  

N-HETEROCYCLIC CARBENE LIGANDS 

 

 

 

 
BY 
 

MR. PHOOM CHUMPONANOMAKUN 
 
 

 
 
A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR THE DEGREE OF MASTER OF SCIENCE (CHEMISTRY) 
DEPARTMENT OF CHEMISTRY 

FACULTY OF SCIENCE AND TECHNOLOGY 
THAMMASAT UNIVERSITY 

ACADEMIC YEAR 2017 
COPYRIGHT OF THAMMASAT UNIVERSITY

Ref. code: 25605709033061WEU



THEORETICAL INVESTIGATION INTO THE PHOTOPHYSICAL 
PROPERTIES OF IRIDIUM(III) COMPLEXES WITH 

N-HETEROCYCLIC CARBENE LIGANDS 

 
 

BY 
 

MR. PHOOM CHUMPONANOMAKUN 
 
 
 
 
 
 
 
 
 

 
 
 

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR THE DEGREE OF MASTER OF SCIENCE (CHEMISTRY) 

DEPARTMENT OF CHEMISTRY 
FACULTY OF SCIENCE AND TECHNOLOGY 

THAMMASAT UNIVERSITY 
ACADEMIC YEAR 2017 

COPYRIGHT OF THAMMASAT UNIVERSITY

Ref. code: 25605709033061WEU





(1) 
 

 

 
 

 ABSTRACT 
 

The modified N-herocyclic carbene (NHC) ligands were applied to form 
complex with Iridium atom for wide-range emission from blue to red. The structural-
dependent photophysical properties of the Iridium(III) complexes were investigated by 
density functional theory (DFT) and time-dependent density functional theory (TDDFT). 
The phosphorescence emission energies and quantum efficiency of the complexes 
were determined for exploring the effect of the different positions of π-conjugation in 
the NHC ligands on the photophysical properties. The emission energies were 
calculated by the ΔSCF-DFT and TDDFT methods basis on the optimized triplet 
geometry. The radiative decay processes including the radiative rates, transition dipole 
moments, singlet-triplet spitting energies, and spin-orbit coupling (SOC) constants were 
detailed evaluated by using TDDFT method. The non-radiative decay processes were 
considered as two aspects that are the temperature-independence based on energy-
gap law and the temperature-dependence following the deactivation pathway from 
the triplet metal centered state (3MC) to the ground state (S0). The energy different 
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between the emissive triplet state (3MLCT) and the ground state at their optimized 
geometries (E0-0) can accurately predict the emission energy of the complexes. The 
radiative decay rate of the complexes exponentially depends on the S1-T1 splitting 
energy. The activation energy in thermal deactivation pathway that is the energy barrier 
of triplet transition state (3TS) can be controlled by the energy of emissive triplet state. 
The π-conjugated modifications on NHC Ir(III) complexes can achieve efficient blue and 
green phosphorescence with high quantum yields, but these modifications cannot 
provide efficient red phosphorescence. 

 
Keywords: Wide-range emission, N-heterocyclic carbene, Iridium complexes, OLEDs, 
DFT, TDDFT and Photophysical properties. 
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CHAPTER 1 
INTRODUCTION 

 
1.1 Phosphorescent iridium complexes 
 

Cyclometalated Ir(III) complexes have been widely investigated because  
they offer thermal stability, high phosphorescence quantum yields, relatively short 
excited state lifetimes, and simple color tuning by ligand modification.1 The advantages 
of the phosphorescent Ir(III) complexes give them applications as luminescent sensors2-

4, biological labeling agents5, photocatalysts for CO2 reduction6, oxygen sensitizers7-9, 
and especially electroluminescence uses as light-emitting electrochemical cells 
(LECs)10-14 and organic light-emitting diodes (OLEDs).14-15 Almost 100% internal quantum 
efficiency can be achieved by association of both singlet and triplet states as shown 
in Figure 1.1. The first process starts from exciton formation with a 25% singlet and 
75% triplet character. Because the central iridium ion contains a significant spin-orbit 
coupling (SOC), the Ir(III) complexes exhibit a rapid intersystem crossing (ISC) from the 
first singlet state (S1) to the lowest triplet state (T1).16 The triplet state can effectively 
emit photons by harvesting from an association of singlet and triplet excited states. 

 

 
Figure 1.1 Triplet harvesting by rapid intersystem crossing (ISC) from the first singlet 
state to the lowest triplet state. Efficient phosphorescence occurs from T1 to S0.16 
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To understand the design strategies for using iridium complexes as 
phosphors, photoexcitation of the cyclometalated Ir(III) complexes was explored with 
the simple case of fac-iridium tris(2-phenylpyridinato) (fac-Ir(ppy)3).17 The electronic 
interactions strongly act on the frontier molecular orbitals: the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The 
participation of molecular orbitals in photoexcitation to the T1 were obtained using 
time-dependent density functional theory, based on quantum calculations.18 The 
calculation revealed that the HOMO in this complex was mainly delocalized over the 
d orbitals of Iridium and the π orbitals of the phenyl ring, while the LUMO primarily 
involved the π* orbitals of the pyridyl ring. The photoexcitation involves two electronic 
transitions, d(Ir) → π*(ligand) and π(ligand) → π*(ligand). These are characterized as 
metal-to-ligand charge transfer (MLCT) and ligand-centered (LC) transitions, 
respectively. Moreover, strong SOC derived from the central iridium simplifies the 
triplet state of MLCT and LC transitions resulting in the production of four electronic 
states: singlet and triplet states of MLCT and LC transition states (1MLCT, 3MLCT, 1LC, 
and 3LC).  

The energy of 1LC transitions is normally higher than that of 1MLCT 
transitions. The 3MLCT bands are naturally observed between the 1MLCT and 3LC 
transition bands because the exchange energy (difference between singlet energy and 
triplet energy) of the MC transition is usually smaller than that of the LC transition.19 
Therefore, the order of energy for the four transitions is 1LC > 1MLCT > 3MLCT > 3LC. 
Typically, the phosphorescence of the MLCT state has a relatively short lifetime in 
comparison with that of LC state. A pure LC state produces no phosphorescence, since 
it lacks the metal character that provides SOC, and therefore the othewise forbidden 
T1 → S0 emission.20 The MLCT state, consequently, is associated with the metal 
component, simplifying efficient triplet emission. Beside the MLCT and LC states, an 
intra-ligand charge transfer (ILCT) transition can present in cyclometalating ligands with 
donor-acceptor-type electronic structures.21-23 The ILCT transitions that are localized 
on the ligand are similar to LC transitions.  
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 The photophysical processes of common Ir(III) complexes are shown in 
Figure 1.2. First, photoexcitation populates both the LC and MLCT transition states. 
Two transition states can be intensely coupled due to sharing of ligand localization on 
LUMO. The higher-lying 1LC excited state in fac-Ir(ppy)3 can transition to the lower-lying 
1MLCT excited state with a time constant of more than 100 fs in a process called 
“internal conversion (IC)”.24 Due to the SOC effect of the iridium core, the 1MLCT 
excited state can undergo efficient intersystem crossing (ISC) to the 3MLCT excited 
state.24 The time constant of the ISC process in fac-Ir(ppy)3, of less than 100 fs, is 
shorter than that of the IC process.25 Therefore, the phosphorescence of fac-Ir(ppy)3 
can be obtained by energy relaxation from the 3MLCT excited state to the ground 
state. Additionally, phosphorescence with high efficiency in most Ir(III) complexes can 
originate from either 3MLCT or 3MLCT mixed with 3LC.26 Nevertheless, not all 
complexes are highly phosphorescent, due to the different non-emissive pathways.   
 

 
 

Figure 1.2 Photophysical process of cyclometalated Ir(III) complexes: LC, ligand-
centered state; MLCT, metal-to-ligand charge transfer state; ILCT, intraligand charge 
transfer state; ISC, intersystem crossing; IC, internal conversion.19 
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1.2 Color tuning of phosphorescence in iridium complexes 
 

The phosphorescence color can be altered through ligand substitution in 
either of the two rings. In the previous example of Ir(ppy)3, the phenyl ring with a 
formal negative charge and the iridium center provide the main distribution to the 
HOMO, while zero-charge pyridyl ring plays the primary role in the LUMO. In 
consequence, substitutions in the phenyl ring more strongly affect the HOMO energy 
than the LUMO energy, whereas substitutions in the pyridyl ring have the opposite 
effect.27 Electron-withdrawing substituents (such as the fluoro, cyano, and 
trifluoromethyl groups) commonly stabilize the molecular orbitals by filling the 
electron shells, while electron-donating substituents (such as the methylamino and 
methoxy groups) normally destabilize the molecular orbitals. Ir(ppy)3 normally emits 
at the green wavelength, but the emission can be tuned to either red or blue by 
substitution (see Figure 1.3). Red-shift is obtained by substitution of electron-donating 
groups into the metallated phenyl ring, raising the HOMO energy level. Substitution of 
electron-withdrawing groups into the pyridyl ring decreases the LUMO energy level, 
and therefore the HOMO-LUMO energy gap. More extended conjugation (such as by 
polyaromatic hydrocarbons) on the metallated phenyl ring also decreases the HOMO-
LUMO energy gap, leading to a red-shift of phosphorescence. Blue-shift is obtained by 
substitution of electron-withdrawing substituents into the phenyl ring, reducing the 
HOMO energy level. The LUMO energy level is increased by substitution of electron-
donating group into the pyridyl ring, increasing the HOMO-LUMO energy gap. Blue-
shifted emission can also be achieved by replacing the pyridyl ring with more electron-
rich aza-heterocycles such as pyrazoles, triazoles, or imidazoles.28 
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Figure 1.3 The effect of electron-donating and withdrawing groups on the molecular 
orbital energies for control of emission color.20 
 

Blue emitters are quite challenging to design because of a high emission 
energy is needed to widen the HOMO-LUMO energy gap in the phosphor. Blue 
phosphors of Ir(III) complexes naturally show inferior color purity and lower efficiency 
than green and red phosphors, due to the presence of a metal-centered (MC) d-d 
transition state.29 The MC state, which is a high energy of transition state, is normally a 
non-emissive pathway.30 Deep blue phosphorescence correlates with a high-lying 
emissive triplet state (3MLCT), which is close to the MC transition state. Thermal 
population of the 3MC state can occur by energy transfer from the 3MLCT state, 
producing non-radiative transition to the ground state. For instance, a homoleptic Ir(III) 
complex containing 1-phenylpyrazole (ppz) ligand emits deep blue phosphorescence 
(λmax = 414 nm at 77 K), but its phosphorescence is weak at room temperature.31 This 
is because the thermal population of the 3MC excited state decays to the ground state 
through non-radiative decay. To address this, N-heterocyclic carbene (NHC) ligands 
were applied, producing blue phosphors with high efficiency.32 
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1.3 N-heterocyclic carbene (NHC) in luminescent complexes 
 

N-heterocyclic carbenes (NHC) have been extensively utilized as transition 
metal catalysts.33-34 They have other applications as antitumor agents, liquid crystalline 
materials, organometallic polymers and luminescent materials.35 The NHC ligands can 
shift the metal-carbene antibonding orbitals to higher energy states. As a result, the 
metal-carbene bonds have a stronger covalent composition than typical coordination 
bonds, increasing the stability of the complexes.35  

From these advantages, Thompson and coworkers improved the blue 
emitters for a fabrication in OLEDs by synthesis of NHC Ir(III) complexes.32 These 
complexes exhibit phosphorescence in blue and near-UV regions, and they show 
higher phosphorescent quantum yield than the Ir(ppz)3. The achievement originates 
from the strong ligand field and sufficient donor strength of the NHC ligand, which can 
raise the metal-centered d-d excited states to high energies causing them thermally 
inaccessible from the typical emissive triplet excited state as depicted in Figure 1.4. 
Moreover, such NHC iridium complexes applied in OLEDs have also used for avoiding 
the unstable fluorine-containing material and obtaining pure deep blue 
phosphorescence.36 It is advantageous that the emission energies of these complexes 
can be shifted to lower energies by above color tuning strategies to attain efficient 
blue, green and red emission. The phosphorescence in blue and green regions should 
be achievable without shifting of the metal-centered excited state.37 Therefore, the 
NHC iridium complexes would be suitable candidate for efficient phosphorescent 
emitter.38 
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Figure 1.4 Adjustment of non-emissive state (d-d transition state) to control the 
quantum yield by using N-heterocyclic carbene ligand: pmi, 1-phenyl-3-
methylimidazolin-2-ylidene.32 
 
1.4 Computational perspective into photochemistry of metal complexes 
 

A computational perspective of molecular modeling is useful to insight the 
properties of material at the atomistic level and to guide the synthesis of new materials 
through molecular designs. A density functional theory (DFT)39 as effective method 
have vastly utilized in photo-functional complexes. An exchange-correlation (XC) of 
hybrid functionals, which is usually determine the accuracy of calculation, have been 
mostly used in chemistry such as B3LYP40. For excited state properties, the time-
dependent functional theory (TDDFT) has become the popular method for accurately 
predicting photophysical properties in organic and inorganic molecules.41 Therefore, 
TDDFT can efficiently simulate absorption spectrum from the ground state geometry. 
For excited state geometries, TDDFT can also use to search these geometries, so there 
is the method to gain emission spectra as well as excited state dynamics. The lowest 
excited states of iridium complexes are normally triplet states; consequently, an 
approximation of triplet exited state geometries (such as 3MLCT and 3MC excited states) 
can be simply gained by the DFT calculation. Besides, the TDDFT method can 
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alternatively utilized for calculating the excited state geometries, but consuming time 
is longer than the DFT method.42-43  

Normally, solvation effect is included in TDDFT calculation for closely 
modeling real experiment.44 There are two models for simulating solvent, i.e. explicit45 
and implicit46-47 models. Explicit model is simulation of solvent molecules, and it has 
limitation to only apply in small to medium solutes. Meanwhile, the implicit model is 
performed as dielectric medium without the structure of solvent, and the solvent is 
limited within a cavity determined by the molecular structure. Therefore, the model 
can efficiently reduce the computational cost. Another important effect of the iridium 
complexes is a relativistic effect, which are occasionally utilized for ground and excited 
state properties. To calculate the relativistic effect including SOC effect, the four-
component Dirac equations that reduced to 2-component procedure such as the zero-
order regular approximation (ZORA).48 

The geometry operated in a calculation is important for precise prediction 
the emission energy and lifetime of iridium complexes. Many research have predicted 
phosphorescent properties using optimized triplet geometry reasoning from the 
exciton population on the T1 manifold in observed phosphorescence.49-52 On the other 
hand, there are some reports that the emission properties obtained from optimized 
singlet geometry are better agreed with the experiment.53-56 The better correlation with 
the experiment was found by calculation of emission energies from both singlet and 
triplet geometries.56-57 These observation can be described by the vibrational mode 
relating to the change between the singlet and triplet geometries. The triplet state 
displays a shallow and anharmonic potential, so the maximum wave function should 
locate between the singlet and triplet equilibrium geometries.56 The reliable 
calculations of phosphorescent lifetimes was performed using quadratic response (QR) 
approximation associated with TDDFT method for different iridium complexes.53, 55-56 
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1.5 Main purposes in this research 
 

Main objectives in this research are to examine the influence of π-
conjugation in N-heterocyclic carbene Ir(III) complexes on electronic structures and 
photophysical properties by theoretical approaches and to explore the computational 
protocol for reliably predicting photophysical properties such as emission energies, 
radiative decay process, and nonradiative decay process of the Ir(III) complexes. 
 
1.6 Scope of this research 
 

This research focuses on the electronic structures and photophysical 
properties of the N-heterocyclic carbene Ir(III) complexes. The ground and triplet states 
will be optimized for analysis of structural properties and frontier molecular orbitals. 
The optimized structures of complexes are further used for investigation of 
photophysical properties, which are absorption spectra, emission properties including 
emission wavelengths and quantum efficiency. The radiative rate and non-radiative 
pathway that are a part of the quantum efficiency will be determined. Additionally, 
the different DFT methods and solvation effect may be explored for the reliable 
protocol of calculation, which providing the calculation results is consistent with the 
experimental results. 
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CHAPTER 2 
REVIEW OF LITERATURE 

 
This chapter starts from structural control of phosphorescent Ir(III) 

complexes with different isomers: facial and meridional isomers, followed by 
modification of ligand with π-conjugation. Additionally, the calculation methods in 
emissive properties including emission energies, radiative rate decay, nonradiative rate 
decay, and quantum yield were also reviewed here. 

 
2.1 Structural control of phosphorescent complexes 
 

Tamayo et al.31 explored structure and photophysics of tris-
cyclometalated Ir(III) complexes in facial (fac) and meridional (mer) isomers. They 
investigated in both phenylpyridyl-based and phenylpyrazolyl-based Ir(III) complexes, 
In the synthesis, the meridional isomer of these complexes was formed at 140-150 °C, 
whereas the facial isomer was predominantly found at higher temperature of reaction. 
The meridional isomers are more kinetic stability than the facial isomer. The meridional 
configuration having the phenyl groups are opposite in each other with trans formation, 
the phenyl groups in the facial configuration are opposite the pyridyl or pyrazolyl 
groups. The meridional isomer of the phenylpyridyl-based complexes exhibits broader 
and red-shifted emission relative to the facial isomer, and vice versa for the 
phenylpyrazolyl-based complexes. The MLCT transition energies of the 
phenylpyrazolyl-based complexes are blue-shifted compared to those of the 
phenylpyridyl-based complexes. The phenylpyridyl-based Ir(III) complexes display 
strong emission at 77 K and room temperature, while the phenylpyrazolyl-based 
complexes can only exhibit strong emission at 77 K. The lifetimes of phenylpyrazolyl-
based complexes also show longer than that of phenylpyridyl-based complexes. 

Tsuchiya et al.58 investigated substituted tris(phenylbenzimidazolinato) 
Ir(III) complexes in both facial and meridional isomers. Electron-withdrawing and 
electron-donating groups do not affect the structure of complexes. These carbene 
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complexes were not isomerized from meridional to facial isomer under UV irradiation. 
The absorption and phosphorescence energies of all substituted complexes were red-
shifted relative to the parent complex for both facial and meridional isomers. The 
radiative rates of these complexes are not different between the facial and meridional 
isomers with the same substituent. The radiative decay rates are decreased due to the 
increase of splitting energy between the singlet state and triplet state. Additionally, 
the extended separation energy between the metal-centered state and 3LC state make 
the non-radiative decay rate reduced. 

Cho et al.59 isolated facial and meridional NHC Ir(III) complexes, fac/mer-
Ir(dbfmi)3, to investigate a difference of photophysical properties between two isomers. 
The phosphorescence of meridional isomer displays slightly red-shifted emission 
relative to that of facial complex due to more stabilization of 3MCLT in meridional 
complex. The emission transitions of facial isomer are major characterized by 3LC state, 
whereas the transitions of meridional isomer show dominant character of 3MLCT. That 
could be confirmed by the DFT calculation on spin density distribution. The spin 
density in the T1 of facial isomer show metal contribution of 7%, while that of 
meridional isomer are distributed by metal up to 18%. The quantum yields of facial 
and meridional isomers in dichloromethane solution are 68% and 53%, respectively. 
The thermal population of 3MC state, which is temperature-dependent non-radiative 
decay, directly depends on the activation energy barriers of both isomers. The 
activation energy of facial isomer is higher than that of meridional isomer corresponding 
to the higher quantum yield of facial isomer. 

Sajoto et al.32 reported an approach to achieve efficient blue iridium(III) 
complexes by replacing the ppy ligand in Ir(ppy)3 with N-heterocyclic carbenes (NHC) 
ligand. They synthesized homoleptic fac/mer-Ir(pmi)3 and fac/mer-Ir(pmb)3 [pmi = 1-
phenyl-3-methylimidazolin-2-yli-dene, pmb = 1-phenyl-3-methylbenzimidazolin-2-
ylidene]. They found that the emissions of these complexes were blue-shifted from 
the Ir(ppy)3. The emission energy of the complexes increases because the NHC ligand 
has higher triplet energy than ppy ligand leading to the LUMO destabilization. 
Furthermore, Chien et al.60 also synthesized homoleptic tris-cyclometalated Ir(III) 
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complexes bearing imidazolium-based carbene fac/mer-Ir(pypi)3 [pypi = 2-pyridyl-N-
(phenyl)methylamine]. The absorption and emission wavelengths of them were red-
shifted compared with Ir(ppy)3. The emissions in range of near-infrared render these 
complexes not suitable for OLEDs application. However, in terms of their photophysical 
properties, these complexes can be further studied. 

Lo et al.61 reported homoleptic Ir(III) complexes composing of 
phenyltriazole ligands that can exhibit blue phosphorescence at room temperature. 
The emission is blue-shifted by substitutions of fluorine atoms to the phenyl ring of 
the ligands, while the emission is red-shifted by substitutions of trifluoromethyl group 
to the phenyl ring of the ligands. The phosphorescent quantum yields of these 
complexes are reduced with increase of emission energy. The calculation of molecular 
orbitals indicated that the fluorinated complexes increase the LC character on the 
emissive triplet state resulting in the radiative decay rate decreased. Moreover, non-
radiative decay rate was dominant to reduce the phosphorescent quantum yields. 
They found that the type of complexes could not be explained by the energy gap law 
because these complexes have strong coupling with more than one of Huang-Rhys 
factor. Therefore, the quenching of phosphorescence should ascribe to thermal 
activation of vibrational decay. 

Liu et al.62 investigated the geometries and electronic properties of 
fac/mer-Ir(pmb)3 and fac/mer-Ir(pypi)3 in the ground and excited states by PBE0 and 
UPBE0 methods. The HOMOs of Ir(pmb)3 are composed of d(Ir) and π(phenyl), whereas 
those of Ir(pypi)3 are contributed by d(Ir) and π(carbene). The LUMOs of all complexes 
are localized on the carbene ligand. They noted that the lowest-lying absorption bands 
and phosphorescence of all complexes mainly originate from MLCT character. 
Although their results are consistent with the experimental results, the agreements are 
qualitative only. Therefore, this type of complexes should be further investigated for 
quantitative analysis in a quantum efficiency. 

Lu et al.63 designed and synthesized biscarbene Ir(III) complexes with N,N' 
heterocyclic (N^N) ligands that employ the wide-range emission covering deep-blue to 
red colors by tuning the N^N ligands. The calculations of molecular orbitals show that 
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the HOMOs are main located on the iridium center and carbene ligands, while the 
LUMOs are predominantly distributed on the N^N ligands. Therefore, the N^N ligands 
play important role in change of phosphorescence colors of these complexes. The 
maximum emission wavelengths of these complexes are red-shifted at room 
temperature compared with those at 77 K. The phosphorescence lifetimes of these 
complexes, which were measured in poly(methyl methacrylate) PMMA film, show short 
lifetimes (1-4 μs) leading to high efficiency.  

Shang et al.64 investigated the influence of cyclometalated ligands on the 
photophysical properties of heteroleptic iridium(III) complexes with acethylacetonate 
(acac) ligand using DFT and TDDFT methods. The extended π-conjugations on the 
phenyl ring in these complexes specially affect the energies and electron distribution 
of HOMO. These complexes exhibit red phosphorescence from orange-red to saturated 
red colors. More rigid structure on the phenyl rings may lead to low quantum efficiency 
because of larger S1-T1 splitting energy and lower MLCT contribution relative to the 
parent complex.  

Han et al.65 explored an extension of π-conjugations of tris-cyclometalated 
iridium(III) complexes using DFT and TDDFT methods. The conjugation addition on the 
pyridyl ring can influence on both HOMO and LUMO energies, especially the use of 
rigid ligand. The absorption and emission energies are nearly correlated with the trend 
of HOMO-LUMO energy gaps. The phosphorescence wavelengths can vary from green 
to red colors by only modification on the metalated pyridyl ring, and emissive 
transitions of all these complexes were characterized by LMCT, LLCT and ILCT. The 
substitutions of phenyl group on the metalated pyridyl ring make higher 3MLCT 
contributions, larger singlet-singlet transition dipole moments and smaller S1-T1 
splitting energies relative to those of the parent complexes resulting in the increase of 
radiative decay rates. 

Shang et al.64 investigated the effect of substituent groups and π-
conjugation on the phosphorescent properties of bis(carbene) Ir(III) complexes with 
N^N heterocyclic ligands using DFT and TDDFT methods. The modification on the 
cyclometalated carbene (C^C) ligands are introduced by phenyl, fluorophenyl, 
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(trifluoromethyl)phenyl groups and rigid structures. Phosphorescence energies were 
accurately predicted by TDDFT method with M06-2X functional. The emissions of these 
complexes show blue to green colors, and derive from the transitions of LMCT, LLCT 
and ILCT characters. The substitution of fluorophenyl group on the C^C ligands 
produce produces highest 3MLCT contribution, smallest S1-T1 splitting energy and 
largest 3MC-3MLCT energy gap leading to high quantum efficiency.  

Tronnier et al.66 synthesized cyclometalated NHC platinum(II) complexes 
with acetylacetonate ligand to explore the effect of extended π systems, so different 
number of phenyl substituents were applied in the NHC ligands. Extension of π-
conjugation systems affect the red-shift of emission compared to a parent complex. 
These complexes display the emission in blue to green regions with high quantum 
yields. The color changes to lower emission energies derive from the stabilization of 
LUMO resulting in the smaller energy gaps. The substitution of phenyl group at the N2 
position on the imidazole moiety can effectively increase the quantum yield because 
of higher contribution of MLCT character. More π-conjugated extension can also 
increase the quantum yield, but emission color can be intensely changed to red-shift. 

Thompson et al.67 proposed an approach to increase the emission 
efficiency of Ir(ppz)3 (ppz = 1-phenylpyrazole) by a decrease of the triplet energy. Thus, 
the quenching state is thermally inaccessible. They prepared a counterpart of the 
Ir(ppz)3 complex by replacing the phenyl group of ppz with a fluorene. A bonding 
interaction of the fluorene is similar to that of the phenyl, but the fluorene has a much 
lower triplet energy than a phenyl group. Therefore, the quenching energy will not be 
changed with the fluorene substitution, but the triplet will be lower. The emission of 
fluorene derivative of Ir(ppz)3 is red shifted about 50 nm comparing with the Ir(ppz)3, 
and the emission efficiency is increased to 0.47 at room temperature. OLEDs that 
prepared from this fluorene based emitter have external efficiency in range of 6-7%. 

Sasabe et al.68 developed high-efficiency blue OLEDs by using mer-
Ir(dbfmi)3 [dbfmi = N-dibenzofuranyl-N’-methylimidazole]. It shows blue emission with 
a maximum wavelength at 445 nm. The phosphorescence lifetime of the Ir(dbfmi)3 is 
approximately 12 times longer than that of Bis[2-(4,6-difluorophenyl)pyridinato-
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C2,N](picolinato)iridium(III)69 (FIrpic). Therefore, triplet-triplet annihilation could occur in 
the blue OLEDs. To prove long lifetime of Ir(dbfmi)3, they performed density functional 
calculations including the spin-orbit coupling effect. They found that the emissive 
lifetime is 25 μs for Ir(dbfmi)3 and 3.3 μs for Ir(ppy)3 as a reference system. Moreover, 
the MLCT character of Ir(ppy)3 is roughly twice as large as in Ir(dbfmi)3, which is clearly 
indicated in emissive lifetimes. 

Dobbs et al.58 reported highly efficient phosphorescent homoleptic 
iridium(III) complexes of cyclometalated 5-aryl-1H-1,2,4-triazoles. They showed the 
effect of aryl substituents attached to the cyclometalated aryl ring that has an 
influence on emission wavelength of 453-499 nm. The addition of a phenyl ring to two 
different positions (meta and para relative to the triazole ring) of the phenyl attached 
with the iridium center leads to a lower triplet emission energy (red-shifted). The red-
shifted emission is caused by the decrease of LUMO energies. Moreover, the 
substitution at meta or para positions of the cyclometalated aryl ring can lower the 
non-radiative decay rate. Considering the position of substitution, the substitution at 
the meta position makes an emission bluer than the para substitution which could be 
expected from the inductive effect of aromatic substitution. 

Xie et al.70 theoretically studied the effect of π-conjugation on the 
photophysical properties of the cyclometalated Ir(III) complexes with auxiliary carbene 
ligand. The skeleton of π-conjugation shows significant role to determine the 
phosphorescent properties. The addition of bridging group on the host ligands can 
affect a blue-shifted emission compared to a parent complex due to the closely 
degenerated LUMO and LUMO+1 interaction. The extension by bridging group on the 
host ligand can also make a more coupling between the S1 state and triplet states 
resulting in the highest radiative decay rate. The complex with π-conjugated bridging 
group, which show a rigid molecule, have larger energy gap between the T1 state and 
S0 state and high-lying 3MC state bringing about the inaccessible non-radiative decay. 
Therefore, high quantum efficiency and blue phosphors can be achieved by bridging 
π-conjugated addition on the main ligands. 
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Amouri et al.71 synthesized deep-red phosphorescent Ir(III) complexes 
containing a naphthalimide NHC ligand to investigate the influence of napthalimide 
unit on the NHC ligand. They found that the emission characters of these complexes 
are dramatically changed from character of 3MLCT to 3LC confirmed by TDDFT 
calculation. The red-shift of emission energies accompanies with the decrease of 
excited state lifetime corresponding to the energy-gap law. The spin density of T1 show 
main distribution on naphthalimide moiety of NHC ligand and some localization on 
iridium. The quantum yields of these complexes, were measured in polymeric film, 
have the value in range of 0.16-0.22. 

Luo et al.72 designed cyclometalated NHC Pt(II) complexes with 
acetylacetonate (acac) ligand to investigate the influence of π-conjugation on the 
phosphorescence properties using DFT and TDDFT. The extended π-conjugation on the 
NHC ligand significantly affect the emission wavelengths with red-shift from blue to red 
colors. The radiative decay rates of π-extended complexes are lower than a parent 
complex due to the decrease of SOC constants and the increase of S1-T1 splitting 
energies. The SOC constants between T1 and S0 are decreased by π-conjugated 
expansion on NHC ligand, so these complexes can avoid the quenching of vibrational 
coupling to S0 state. The energy barriers to 3MC state are increased by lower emission 
energies for extended π-conjugation of complexes resulting in the thermal 
photodeactivation pathways suppressed. Therefore, the non-radiative processes can 
be effectively reduced by extension of π-conjugation leading to increase the quantum 
efficiencies. 
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2.2 Prediction of phosphorescence properties 
 
Unger et al.73 predicted the phosphorescence wavelengths of different 

metal (Osmium, Iridium and Platinum) complexes with reliable results (within 5% of 
error) relative to the experiment. The emission wavelengths were calculated from 
energy difference between lowest triplet state and ground state based on the 
optimized T1 geometry. This method is more advantage than the TDDFT method, which 
has a charge-transfer problem of excited states. The double-zeta type of 6-31G* basis 
set is adequate for simulation of electronic structure of the T1 state. Deviations 
between calculation and experiment of charged complexes were found to larger 
values compared with those of neutral complexes. Moreover, emission wavelengths 
of N-heterocyclic carbene complexes show correct prediction.  

Xu et al.74 calculated emission energies at optimized T1 geometries using 
TDDFT with various exchange-correlation functionals containing different percentage 
of Hartree-Fock (HF) exchange. The calculated emission energies greatly depend on 
the percentage of HF exchange in the functionals. The increased percentage of HF 
exchange tends to increase in the calculated emission energies. The predicted emission 
energies averaged from different functionals linearly correlate with experimental 
emission energies. Moreover, the ΔSCF protocol, which is the most popular approach 
to compute the emission energy, was used to compare with the TDDFT method. The 
ΔSCF approach also show good agreement with the experimental data. Nevertheless, 
the TDDFT method provides a better linear correlation with the experiment in 
comparison with the ΔSCF method. 

Peng et al.75 investigated emission spectra, radiative decay and 
nonradiative decay processes of green and deep blue emitting Ir(III) complexes using a 
thermal vibration correlation function rate theory associated with the DFT and TDDFT 
methods. The IL character in emissive transition gradually increased together with the 
decrease of MLCT character according to blue-shift of emission energy. The radiative 
decay rates are positive correlated with the MLCT character in the emissive triplet 
state. The nonradiative decay rate dominantly depends on an intramolecular 

Ref. code: 25605709033061WEU



18 
 

 

reorganization energy. The nonradiative decay rate are decreased with diminution of 
the reorganization energy. The reorganization energy mainly caused by the vibration of 
chromophore ligands. Therefore, the large MLCT character and low reorganization 
energy are necessary for high phosphorescent efficiency of blue emitting complexes. 

Jansson et al.56 calculated phosphorescence mechanisms of Ir(ppy)3 using 
TDDFT quadratic response methods. The emission transitions from T1 to S0 are mainly 
determined by LMCT character. The strong emission of the Ir(ppy)3 reasonably 
originates from the high intensity of S2–S5 transitions because of large SOC constants 
between the T1 state and the higher singlet states (S2–S5). The phosphorescence 
lifetime calculated at S0 geometry (2 μs) provides a better agreement with the 
observed lifetime in acetonitrile (1.9 μs) in comparison with the lifetime calculated at 
T1 geometry. The S0-T1 transition moments of the T1 geometry are quite smaller, so 
the calculated lifetime at the T1 geometry show longer than that at the S0 geometry. 
The reason is that the higher state potential such T1 state has intensely anharmonic 
appearance approaching the shallow minimum potential with respect to the 
displacement of metal-ligand. Therefore, the S0-T1 transition moments should be 
predicted at the S0 geometry for accurate phosphorescence lifetime. 

Younker et al.76 explored a computational approach to reliably predict 
emission properties of vary cyclometalated Ir(III) complexes using TDDFT method with 
the zero-order relativistic approximation (ZORA). The vertical excitation energies 
calculated at the S0 geometry are better correlation with the experimental emission 
energies than that calculated at the T1 geometry. The S0 geometry were used to 
calculate the radiative rate that can also produce agreement with the experiment. This 
work supports Jansson’s work56 that they previously used the S0 geometry to predict 
phosphorescence properties. The structural optimization under solvent effect was also 
considered. The emission energies and radiative rate constants, that were calculated 
using either gas phase or solvent optimized geometries, are almost identical. 
Consequently, the geometry optimized in gas phase is sufficient to predict the 
phosphorescent properties. 
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Haneder et al.77 demonstrated the importance of the singlet-triplet 
splitting (ΔEST) in controlling the emission radiative rate of phosphorescent N-
heterocyclic carbene complexes emitting in the deep-blue. They performed DFT 
calculations on the Ir(dpbic)3 [dpbic = 1-phenyl-3-phenyl-benzimidazolin-2-yilidene-
C,C2ʹ)]. The increase of the π-conjugation in the ligands is also expected to play a role 
in tuning the splitting, but such approach could simultaneously influence the emission 
color purity. The low emission efficiency of Ir(dpbic)3 can be determined by the non-
radiative channel that relates to the torsional degree of freedom of phenyl group 
linked to the carbene moiety. They also confirmed that the MLCT character influences 
the ΔEST controlling the radiative rate of complexes. 

Sajoto et al.78 studied the temperature dependence of high-energy 
phosphorescent tris-cyclometalated iridium complexes. The temperature-dependent 
behavior that makes the lower phosphorescent efficiency caused by a thermal 
activation of nonradiative decay channel. The deactivation takes place via a five 
coordinate intermediates formed by one metal-ligand bond cleavage. Such 
intermediates have the electronic structure as a 3MC state. One approach to inhibit 
the bond cleavage is to restrict the degrees of freedom required to dissociation of 
metal-ligand bond by using rigid ligands such as benzoquinoline.   

Zhou et al.79 explored the role of metal-ligand bond elongation from 
emissive state (3MLCT) to nonradiative state (3MC) of blue phosphorescent Ir(III) 
complexes. Because the simple analysis of molecular orbitals does not provide 
quantitative prediction of nonradiative state, the PES of 3MC was searched using the 
DFT method to deep insight in the observed non-radiative decay rate. The TDDFT with 
SOC calculation shows that the radiative rate constants of 3MC state are two orders of 
magnitude slower than those of the 3MLCT state. The transition barrier energy between 
the 3MLCT state and 3MC state is obviously correspond to the observed nonradiative 
rate constant. Therefore, the thermal population of 3MC state is prominent 
nonradiative process at room temperature for blue phosphor. A metal-ligand bond is 
shortened in the triplet state, so another metal-ligand bond is lengthened leading to 
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the metal-ligand bond breaking. This makes the irreversible decomposition of complex 
to the nonradiative decay. 

Escudero80 first presented an approach to quantitatively predict the 
phosphorescence quantum yields of blue and green emitting Ir(III) complexes. The 
calculation of radiative rate of emissive triplet state and PES of thermal deactivation 
pathways were required to obtain the quantum yields. The calculations of Ir(ppy)3 
were needed as reference before proceeding quantum yields calculation in the other 
complexes. This approach can be used to pre-screening of quantum yield for unknown 
blue and green Ir(III) complexes. However, the approach is not suitable for red emitting 
Ir(III) complexes because the temperature-independent nonradiative processes were 
ignored in this quantum yields calculation.  
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CHAPTER 3 
RESEARCH METHODOLOGY 

 
This chapter describes an inspiration of molecular design for all studied 

NHC Ir(III) complexes. The methods begin by searching the optimized structure, 
followed by determination of optical properties including absorption and emission 
energies. Lastly, the method for quantum efficiency including radiative decay rate, 
temperature-independent nonradiative decay rate, and temperature-dependent 
nonradiative decay pathway were also explained in this chapter. 
 
3.1 Molecular designs 
 

Although the N-heterocyclic carbene ligand was originally used to achieve 
blue phosphorescence32, the modification of ligand structure can vary emission color 
from blue to red. Moreover, the structure of ligands also directly affects the quantum 
efficiency that depends on radiative decay rate and nonradiative decay rate. The NHC 
Ir(III) complexes of Sajoto’s work32 were first look that are the Ir(pmi)3 (1) and Ir(pmb)3 
(1a). The later modification to red emission of Ir(pypi)3 (1b) was also investigated to 
deeper insight into high energy phosphorescence of the type of complexes.60 To 
improve quantum efficiency, the rigid ligands have been considered as followed the 
complexes 2a and 2b to avoid the rupture of metal-ligand bond to 3MC state. Another 
approach is the decrease of the emission energy to stay away from the quenching 
state. To achieve the approach, the increase in the π-conjugation of ligands have been 
considered by replacing phenyl group with biphenyl and fluorenyl moieties as 
complexes 3a and 3b, respectively. Moreover, the π-conjugation addition on the N-
heterocyclic carbene moiety as complexes 4a and 4b. All investigated complexes are 
represented in Figure 3.1. 
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Figure 3.1 Molecular structures of all studied NHC Ir(III) complexes. 
 
3.2 Optimization of S0 and T1 geometries 
 

Geometries of all Ir(III) complexes in ground state (S0) and lowest triplet 
state (T1) were optimized by restricted and unrestricted density functional theory (RDFT 
and UDFT). All structures were optimized without any symmetry constraints. The 
PBE081 functional that have proved to be accurately compared with X-ray structure 
was used to calculate the optimized geometries.82-84 The LanL2DZ basis set85 with 
effective core potential (ECP) was employed for Ir atom, and the 6-31G(d) basis set86 
was applied for light atoms (C, H, and N). Vibrational frequencies were also calculated 
in the same level of theory to confirm minimum configuration on the potential energy 
surface that no imaginary frequencies were observed. The B3LYP40 functional is 
appropriate to calculate single point (SP) energy on the optimized geometries from 
PBE0 with the same basis sets for population analysis.  
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3.3 Absorption and emission energies 
 

The absorption energies of singlet-singlet transitions were calculated by 
using the time-dependent density functional theory (TDDFT) associated with the 
polarized continuum model (PCM)45 in dichloromethane (CH2Cl2) media on the basis 
of the optimized ground-state equilibrium structures. Emission energies were first 
evaluated by TDDFT with five popular functionals which are B3LYP, PBE0, CAM-B3LYP62, 
M05-2X87 and M06-2X88 at the T1 geometry. The M06-2X method that is the most 
consistent with the experimental data was chosen for TDDFT representation. Zero-
point energies difference between S0 and T1 states at their respective optimized 
geometries (E0-0) and zero-point energies difference between the T1 and S0 state at the 
optimized T1 geometry (Evert) were also calculated to compare with the energies from 
TDDFT method (ETD). 

The metal contribution (MLCT%) in the transition states89 can be 
calculated from the characterization of the HOMO-x → LUMO+y transitions as partial 
charge transfer (CT) transitions by using following definition: 

 
CT(M) = %(M)HOMO-x − %(M)LUMO+y                      (1) 

 
Here %(M)HOMO-x and %(M)LUMO+y are electronic densities on the 

metal center in HOMO-x and LUMO+y. However, the excited states are usually formed 
by more than one electron excitation. Therefore, the metal charge transfer of the 
excited-states is formulated as a sum of CT characters of each participating excitation, 
𝑖 → 𝑗: 

 
CT𝐼(M) = ∑ [𝐶𝐼(𝑖 → 𝑗)]2(%(M)𝑖 − %(M)𝑗)𝑖,𝑎                     (2)                             

 
Where 𝐶𝐼(𝑖 → 𝑗) are the appropriate coefficients of the 𝐼th eigenvector of 

the CT matrix. 
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3.4 Quantum efficiency 
 

The phosphorescence quantum yield (PLQY) is the main factor of 
photophysical properties for the complexes that can be expressed as 

 
Ф𝑃ℎ𝑜𝑠(𝑇) =  

𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟+𝑘𝑛𝑟(𝑇)
                                       (3) 

 
It depends on three parameters. First, the radiative rate (kr) which is 

assumed to be temperature-independent parameter. Therefore, the three substrates 
of the lowest triplet excited state are equilibrated and other thermal activation of 
emissive states are not populated. Second, the non-radiative temperature-
independent decay rate (knr) depends on the overlap between the ground state (S0) 
and emissive triplet state (T1) vibrational wave function and follows the energy gap 
law.90-92 As knr are normally less than kr about two times, it can be ignored in quantum 
yield calculation. Lastly, the temperature-dependent non-radiative rate, knr(T), is the 
dominating factor that is associated with the thermal population of a non-radiative 
excited state. 
 

3.4.1 Radiative decay 
In a scalar-relativistic behavior, the spin sublevels of the triplet 

excited states are considered to be degenerated. However, the effect of spin-orbit 
coupling (SOC) can split the triplet state into three sublevels. Different energy of the 
three sublevels can be found without the presence of external magnetic field. 
Therefore, an energy difference between the highest and lowest energy of sublevels 
is called zero-point splitting energy (ZFS). The phosphorescence radiative decay rate 
constant (𝑘𝑟

𝑖 )  from one of the three spin sublevels (indexed by 𝑖) of the emissive 
triplet state (T1) can be express in following formula:  
                                             

𝑘𝑟 = 𝑘𝑟(𝑆0, 𝑇1
𝑖) =  

4𝛼0
3

3𝑡0
∆𝐸𝑆−𝑇

3 ∑ |𝑀𝑗
𝑖|

2
𝑗𝜖(𝑥,𝑦,𝑧)                       (4) 
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where ∆𝐸S−T is the transition energy, 𝛼0 is the fine-structure constant, 
𝑡0 = (4𝜋𝜀0)2/𝑚𝑒𝑒4 and 𝑀𝑗

𝑖 is the j axis projection of the electric dipole transition 
moment between the ground state (S0) and the ith sublevel of the triplet state (T1).  

The main contribution to the S0 → T1 transition moment originates 
from the first-order corrected wave functions: 
 

𝑀𝑗
𝑖 =  ∑

⟨𝑆0|�̂�𝑗|𝑆𝑛⟩⟨𝑆𝑛|�̂�𝑆𝑂|𝑇1
𝑖
⟩

𝐸(𝑆𝑛)−𝐸(𝑇1)
+ ∑

⟨𝑆0|�̂�𝑆𝑂|𝑇𝑚⟩⟨𝑇𝑚|�̂�𝑗|𝑇1
𝑖
⟩

𝐸(𝑇𝑚)−𝐸(𝑆0)
   ∞

𝑚=1
∞
𝑛=0           (5) 

 
which can be evaluated by the corresponding quadratic response 

(QR) function.87, 93 Moreover, the spin-orbit coupling operator (�̂�SO) in equation (5) can 
be applied by using the effective single-electron approximation.94-95  This 
approximation significantly reduces computational cost because it removes the two-
electron spin-orbit integrals. The single-electron SOC operator combined with the 
effective core potentials (ECPs) basis sets can provide the phosphorescence radiative 
rate within 15% of the values obtained the full relativistic four-component method.83 

A thermal population distribution is determined by Boltzmann 
statistics of the three sublevels, so the total radiative decay rate constant can be 
showed as follows: 
 

                             𝑘𝑟 =
𝑘𝑟

1+𝑘𝑟
2𝑒𝑥𝑝 (−𝑍𝐹𝑆1,2/𝑘𝐵𝑇)+𝑘𝑟

3𝑒𝑥𝑝 (−𝑍𝐹𝑆1,3/𝑘𝐵𝑇)

1+𝑒𝑥𝑝 (−𝑍𝐹𝑆1,2/𝑘𝐵𝑇)+𝑒𝑥𝑝 (−𝑍𝐹𝑆1,3/𝑘𝐵𝑇)
                       (6) 

 
 The values of ZFS1,2 and ZFS1,3 for transition metal complexes 

are less than 200 cm-1.16 Therefore, at ambient temperature, the observed radiative 
rate constant (kr) is equal to the algebraic average of the three 𝑘𝑟

𝑖  values 
 

𝑘𝑟 =
1

3
∑ 𝑘𝑟

𝑖3
𝑖=1                                              (7) 

 
 The radiative decay rate constants of all complexes were 

evaluated on the optimized S0 geometries using linear and quadratic response 
theories96-97 in the framework of TDDFT with the B3LYP functional.56 The SDD with ECP 
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and 6-31G(d) basis sets were employed for Ir atom and light atoms, respectively. The 
SOC operator used in the calculations is the effective single-electron approximation 
suggested by Koseki et al.95 for less time consuming. Spin-orbit coupling (SOC) matrix 
elements between lowest triplet state and singlet excited states were also calculated 
with the same method. Calculations implicating SOC operator were performed in 
DALTON2016 program.98 Other properties of the radiative decay processes including 
singlet-triplet splitting energies and transition dipole moment were easily obtained 
from TD-B3LYP in the Gaussian 09 program. 

 
3.4.2 Vibrational coupling to ground state 

The non-radiative decay involving vibrational quenching from the 
emissive triplet state to the ground state can be effectively described based on Fermi’s 
golden rule in the limitation of Condon approximation.90-92 Under two assumptions, 
the vibrational wavefunctions of each electronic state are independently harmonic 
oscillators and parallel of the potential energy surfaces (PES) between T1 and S0 states 
(ω𝑗

S = ω𝑗
T; ω𝑗

S and ω𝑗
T the frequency of the jth normal modes of the S0 and T1 states, 

respectively) that are commonly applied to simplify the formal expression into simple 
and practical form. The Huang-Rhys factor (S) of normal modes, which is important 
parameter of vibrational coupling, was calculated by the Frank-Condon method in 
frequency calculation with the same method as the optimization. In the low 
temperature of weak electronic coupling (S < 1 or ħωM >> kBT) along the two 
assumptions, the non-radiative decay rate of vibrational quenching (knr) according to 
the energy-gap law90-92 can be expressed as  

 

𝑘nr =
2𝜋

ħ
⟨S0|𝐻SO|T1⟩2 (

1

2𝜋ħω𝑀∆𝐸′)

1

2
exp(−𝑆M) exp [−𝛾

∆𝐸′

ħωM
+ (

𝛾+1

ħωM
)

2

𝜆lf𝑘B𝑇]         (8)  

 
𝑆𝑗 =

1

2
(

𝑚𝑗𝜔𝑗

ħ
) ∆𝑄𝑗

2                                                          (9) 
 

𝑆M = ∑ 𝑆𝑗𝑗∈hf                                               (10) 
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𝜆M = ∑ 𝑆𝑗ħω𝑗𝑗∈hf                                           (11) 
 

ħωM =
𝜆M

𝑆M
                                                (12) 

 
𝜆lf = ∑ 𝑆𝑗ħω𝑗𝑗∈lf                                                          (13) 

 
∆𝐸′ = ∆𝐸0−0 − 𝜆lf                                                       (14) 

 

𝛾 = ln (
∆𝐸′

𝜆M
) − 1                                         (15) 

 
where hf and lf indicate the high-frequency modes (1800 > ωhf > 

1000 cm-1) and low-frequency modes (ωlf ≤ 1000 cm-1), respectively, 𝑚𝑗 is the reduced 
mass of the 𝑗th normal modes, ∆𝑄𝑗 is the equilibrium displacement along the 𝑗th 
normal mode coordinate, and ∆𝐸0−0 is the zero-point energy difference between the 
T1 and S0 states. The subscript “M” designates one dominant accepting mode which 
is used to calculate in the equation (8). 

  
3.4.3 Thermal population of metal-centered state 

The phosphorescence quantum yield (PLQY) strongly depends on 
temperature dependent. Most complexes can highly emit at 77 K, while the complexes 
can be quenched at 298 K.78 The OLEDs should work at ambient temperature, the 
temperature-dependent behavior of complexes is important to design more efficient 
phosphors.  

The temperature-dependent non-radiative photodeactivation 
pathways of complexes including Ir(III)96, 99 and Pt(II)95, 97 complexes have been studied 
by computational approaches. These researches described the role of metal centered 
(3MC) in the non-radiative pathways. In Figure 3.2, The pseudo-octahedral Ir(III) 
complexes at T1 state with predominant 3MLCT character usually cross a barrier (the 
transition state; TS) to populate the lowest 3MC state which commonly shows a 
trigonal bipyramidal geometry. If the 3MC state is populated, two main processes can 
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occur as follows: (i) reversibly back to the 3MLCT state or (ii) irreversibly relax to the 
ground state (S0) geometry. The energy barrier between the S0 and 3MC is determined 
by minimum energy crossing point (MECP) which displays a more distorted trigonal 
bipyramidal geometry.  

The temperature-dependent non-radiative rate in equation (16), 
knr(T), can be expressed into a Boltzmann model100, 
 

𝑘nr(𝑇) = 𝐴exp(−𝐸lim/𝑘B𝑇)                               (16) 
 

where 𝐸lim is the activation energy of the limiting step and 𝑘B is the 
Boltzmann constant. To achieve the pathways, the DFT calculation are often used for 
optimizing the ground state (S0) and lowest triplet state (T1) because the DFT 
calculation can reach a continuous adiabatic system of potential energy surfaces (PES) 
of the excited states.95, 99 
 

 

Figure 3.2 Temperature-dependent nonradiative channels of Ir(III) complexes.96 
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There are two scenarios during photodeactivation pathways. First, 
the formation of the 3MC state is the rate limiting step. Therefore, the large values of 
Ea (Ea >> Ec) lead to suppression of the temperature-dependent non-radiative channels. 
Moreover, it can be divided into two possible subkinetic cases: (i) if Ec is less than Eb, 
the population of the 3MC state will not be favored to reversible backward reaction. 
Then, the complexes efficiently undergo the irreversible pathway to the S0 state. (ii) if 
Ec is greater than or equal to Eb, the barrier to 3MLCT state is lowered. A pre-
equilibrated between 3MLCT and 3MC can be reached, so the back reaction to 3MLCT 
state is as preferred as the irreversible relaxation to the S0 state. Second, the barrier of 
MECP is the rate limiting step (Ec >> Ea). This case is less benefit to improve the PLQY 
of phosphors. 

 The 3MC state structures can be located by performing an 
unrestricted triplet optimization. A starting structure for 3MC state optimization can be 
considered from spin density of 3MLCT state. Because lobes of d orbitals directly point 
to the carbene ligands in the octahedral geometry of 3MLCT state, it raises the energy 
of the unoccupied d orbitals. On the other hand, the carbene moiety is moved away 
from iridium core leading to the lower energy of the unoccupied d-orbitals.30 Therefore, 
the starting 3MC structures were constructed by rotation of carbene moiety about 90 
degrees from pyridyl group so that the Ir-C (carbene moiety) bonds were elongated. 
Consequently, the 3MC structures after unrestricted optimization should be distorted 
trigonal bipyramidal. 

 The minimum energy crossing point (MECP) between the S0 state 
and 3MC state of potential energy surface was optimized by using the Harvey’s 
algorithm98 as implemented in the ORCA software.101 The hybrid functional B3LYP 
combined with the Def2-SVP basis set (for light atoms) and the ECP-60-MWB 
Stuttgart/Dresden pseudopotential (for Iridium center) were used for the optimization 
of MECP. Furthermore, the single point calculation for MECP were performed by 
B3LYP/6-31G(d) method for providing relative energies. 
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CHAPTER 4 
RESULTS AND DISCUSSION 

 
4.1 Optimized geometries 

 
The optimized ground state structure of 1 is depicted in Figure 4.1 along 

with number of some key atoms. The main geometric parameters of 1a and 1b that 
were also compared with the available X-ray data32, 60 are given in Table 4.1. 
Additionally, the calculated structure and X-ray structure were overlayed for 
comparison as depicted in Figure 4.2. The percentage errors of bond length between 
the calculation and experiment are in the range of 0.041–11% for 1a and 1b, so these 
calculations show agreement with the experimental values. The discrepancy can be 
occurred because the calculation was performed on the isolated molecule unlike a 
crystal packing structure in the experiment.  
 

 

Figure 4.1 Optimized structure of ground state for complex 1. 
 

 
 

Ref. code: 25605709033061WEU



31 
 

 

Table 4.1 Structural parameters of 1a and 1b complexes comparing with the 
experimental data including percentage of error. 

 1a  1b 

 expa calc %errorb  expa calc %errorb 

Ir-C1 2.098 2.109 0.53  2.259 2.104 6.9 
Ir-C2 2.087 2.090 0.17  2.081 2.095 0.67 
Ir-C3 2.078 2.073 0.23  2.093 2.073 0.96 
Ir-C4 2.043 2.049 0.27  1.844 2.055 11 
Ir-C5 2.031 2.028 0.16  1.972 2.032 3.0 
Ir-C6 2.019 2.020 0.041  1.965 2.025 3.1 

a The experimental values was given from ref. 32 and 60. 
b %error = |x(calc) – x(exp)| / x(exp). 

 
 

 

Figure 4.2 The overlap between X-ray (brown) and PBE0 calculated (gray) structures 
for 1a and 1b. 
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The main geometrical parameters relating to the iridium atom in the 
ground state (S0) and the lowest triplet excited state (T1) are listed in Table 4.2 for all 
complexes. All Ir(III) complexes display a distorted octahedral geometry for both S0 
and T1 states. At the ground state, the bond lengths of Ir-Ccarbene (Ccarbene: C4–C6) 
with the values of 2.016 to 2.071 Å are shorten than those of Ir-Cphenyl (Cphenyl: C1-C3) 
being in range of 2.066–2.115 Å due to electron donor strength of carbene moiety. The 
modifications of NHC in 1b, 3a and 3b does not make obvious changes in iridium-
ligand bond lengths (not over 0.007 Å) in comparison with the parent complex (1). The 
bond lengths of Ir-C5 in 1a, 4a and 4b having the benzimidazolyl groups are slightly 
shorten (ca. 0.010 Å) with respect to 1, but they may increase the probability of metal 
to ligand charge transfer with stronger interaction between Ir(III) center and NHC ligand. 
In contrast to previous complexes, the bond lengths of Ir-Cphenyl and Ir-Ccarbene in 2a 
and 2b modified with bridging vinyl groups are elongated in comparison with 1, 
particularly the Ir-C6 bond length (variations of 0.026 Å for 2a and 0.020 Å for 2b). The 
weaker bond between iridium and NHC ligand on the 2a and 2b indicating that the 
bridging vinyl groups cause extended π-electron delocalization resulting in the increase 
of ligand-centered (LC) character. The bond angle changes with respect to 1 are within 
1.50 degree for all complexes except C4-Ir-C5 angles of the 4a and 4b, which are 
deviated from those of the 1 by 5.51 and 5.37 degree, respectively. These deviations 
can be ascribed to the steric effect of the aryl group replacing the methyl group on 
the carbene moiety in the complexes, which forces the structure of complex to confine 
within limited space.  
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Table 4.2 Selected bond distances (Å), bond angles, and dihedral angles (degree) of the S0 and T1 optimized geometries for the complexes. 
 
 1  1a  1b  2a  2b  3a  3b  4a  4b 
 S0 T1  S0 T1  S0 T1  S0 T1  S0 T1  S0 T1  S0 T1  S0 T1  S0 T1 

Ir-C1 2.105 2.128  2.109 2.107  2.104 2.110  2.115 2.109  2.111 2.113  2.103 2.096  2.107 2.108  2.107 2.126  2.109 2.104 

Ir-C2 2.096 2.056  2.090 2.096  2.095 2.098  2.109 2.114  2.107 2.110  2.095 2.097  2.095 2.098  2.091 2.023  2.094 2.092 

Ir-C3 2.076 2.010  2.073 2.009  2.073 2.086  2.086 2.098  2.084 2.097  2.076 2.077  2.078 2.058  2.066 2.052  2.068 2.063 

Ir-C4 2.057 2.119  2.049 2.080  2.055 2.018  2.071 2.053  2.065 2.046  2.058 2.052  2.056 2.063  2.052 2.075  2.047 2.067 

Ir-C5 2.039 2.045  2.028 2.036  2.032 2.034  2.047 2.070  2.042 2.056  2.040 2.041  2.037 2.039  2.029 2.104  2.024 2.023 

Ir-C6 2.021 2.038  2.020 2.058  2.025 2.028  2.047 2.006  2.041 2.016  2.022 2.025  2.022 2.019  2.019 2.016  2.016 2.016 

C1-Ir-C4 77.89 77.56  77.63 77.01  77.40 78.40  78.99 79.13  78.68 79.40  77.95 78.87  77.89 77.78  77.68 77.11  77.74 77.48 

C1-Ir-C3 93.12 94.20  92.84 92.25  93.24 92.21  92.63 93.92  92.68 94.62  92.76 92.22  92.92 92.54  91.85 90.04  91.84 92.08 

C2-Ir-C3 88.74 95.32  87.71 90.93  89.98 89.40  89.64 86.84  90.83 88.20  89.21 89.25  88.69 89.28  86.80 91.32  86.33 86.67 

C4-Ir-C5 91.81 88.69  90.69 90.42  91.81 92.98  92.35 92.31  93.21 93.73  92.14 92.38  92.11 92.10  86.30 79.86  86.44 86.05 

C4-Ir-C6 99.31 99.36  100.89 97.87  99.59 99.89  98.41 97.73  97.70 97.34  99.18 98.75  99.05 98.55  104.00 109.10  103.69 103.25 

C1-C7- 
N1-C4 

-2.23 -1.42  -7.37 -6.61  -1.88 -1.40  -1.19 -1.07  -0.68 -0.40  -1.96 -1.34  -2.12 -2.21  -9.90 -10.85  -9.22 -10.87 
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The T1 excited state essentially involves in the phosphorescence process, 
so the optimized structure of the T1 state should considered together with those of 
the S0 state. The deviations of bond lengths between the S0 and T1 geometries are 
shown in Figure 4.3. The bond length changes of most complexes except for the 1, 
1a and 4a are below 0.042 Å. The bond lengths of Ir-C4 and Ir-C6 in T1 are slightly 
contracted (within 0.042 Å) for the 1b, 2a and 2b indicating that the transitions of S0 
to T1 state more relate to the carbene moiety in the complexes compared with the 1 
due to extension of π-conjugation system. The bond distances of the 1, 1a and 4a 
significantly deviate from the S0 to T1 state with the values over 0.060 Å by contraction 
of Ir-Cphenyl bonds along with elongation of Ir-Ccarbene bonds. The large structural 
distortions of the 1, 1a and 4a highly influence on the nonradiative decay involving 
vibrational quenching. However, there are the other factors, which must be further 
investigated to evaluate the non-radiative decay rate. 
 

 

Figure 4.3 Calculated bond length variations between the S0 and T1 for the Ir(III) 
complexes (the negative values indicate the bond distances contracted in the T1 state, 
while the positive ones represent elongation of bonds in the T1 state). 
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4.2 Electronic properties  
 

The frontier molecular orbitals (FMOs) that closely correlate with the 
absorption and emission was explored for the Ir(III) complexes. The energy levels and 
contour plots of HOMO and LUMO for the complexes are depicted in Figure 4.4, and 
the detail of the molecular orbitals in term of energies and percentage compositions 
of the NHC ligand and iridium orbitals are listed in Table A1–A9.  The HOMO of the 
complexes is localized on 30–40% iridium d-orbitals and 60–70% NHC ligand π-orbitals 
except for those of 2b, which is mainly distributed by 84% π-orbitals of ligands because 
of high π-conjugation system in this complex. The HOMO energy, which is involved 
with the phenyl moiety in the complexes, are not significantly varied (not more than 
0.20 eV) from those of the 1. The little variations of bond lengths between iridium and 
phenyl moiety in the NHC ligands from previous section cause the small changes in 
the energy levels of HOMO. The d-orbital compositions of HOMO–1 are reduced by 0–
15% from those of HOMO for all complexes excluding the 4b (reduced by 22%). The 
HOMO–1 energies of the 2a and 2b are extremely close to the HOMO energies of them 
(difference value of 0.04 eV) on account of the extended π-conjugation in the bridging 
vinyl groups. The energy differences between HOMO and HOMO–1 of other complexes 
are approximately in the range of 0.30–0.40 eV, while the 1b is excluded to 0.08 eV. 
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Figure 4.4 Energy levels, energy gaps (in eV), and orbital distribution of HOMO and 
LUMO for the Ir(III) complexes. 
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The LUMO of all complexes is mainly distributed by π-orbitals of NHC 
ligands with more than 95% contributions. The π-orbitals contribution on the NHC 
ligand of the complexes can be either a carbene moiety or both moieties (carbene 
and phenyl). The π-orbitals of the parent complex 1 are localized on both moieties, 
while those of 1a and 1b modified by benzimidazolyl group only localized on carbene 
moiety. The additions of π-conjugation in the phenyl moiety for 2a, 2b, 3a and 3b 
cause the π-orbitals more localizing on the phenyl moiety. For 4a and 4b, the 
delocalization of π-orbitals on the carbene moiety are the same case as the 1a which 
are only modified on the carbene moiety. The LUMO energy of all modified complexes 
is more stabilized in comparison with the 1. The deviation of LUMO energy relating to 
the 1 are reduced by 0.50 to 1.00 eV for 1b (0.74), 2a (0.89), 3a (0.52), 3b (0.61) and 
4a (0.69), while the higher values of deviation (more than 1.00 eV) are found in 1b 
(1.27), 2b (1.25) and 4b (1.40) due to large π-conjugation system in the complexes. 
More stabilization of the LUMO energy of the modified complexes directly reduces the 
energy gap compared with the 1. The energy gaps of the complexes are decreased in 
order of 1 > 3a > 1a > 4a > 3b > 2a > 1b > 4b > 2b. The modifications of the 
complexes are therefore expected to red-shift in the absorption and emission spectra.  

 Spin density distributions of the complexes, which were also analyzed 
on the T1 optimized geometries, are depicted in Figure 4.5. The spin densities of all 
complexes are mainly distributed by one NHC ligand and iridium atom. Proportions of 
the iridium atom that are provided in the parentheses usually indicate the metal to 
ligand charge transfer (3MLCT) character for transition of emissive triplet state. The 
iridium proportion of all modified complexes are less than that of the 1 caused by the 
additional conjugation in the NHC ligands. The modification in the phenyl moiety of 
the NHC ligands of 2a, 2b, 3a and 3b highly influence on the proportion of the iridium 
by more delocalization on the NHC ligands relating to the 1. Additionally, the lowest 
proportion of the iridium atom are found in the 4b having high π-conjugation on the 
carbene moiety. The 1, 1a, 1b, and 4a that possess metal proportion in the spin density 
more than one can be expected to have dominant 3MLCT character in the 
phosphorescence emission. 
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Figure 4.5 Spin density at the optimized T1 geometries for the Ir(III) complexes (isovalue 
= 0.002). 
 
4.3 Absorption energies 
 

Electronic transitions of singlet-singlet excitation were calculated at the 
optimized S0 geometries by including the solvent effect with PCM in CH2Cl2 media. The 
simulated normalized absorption spectra of all complexes are plotted in Figure 4.6, 
and the selected singlet excited states in details including oscillator strength (f), 
absorption energies, dominant contributions, and main characters are listed in Table 
A10 associated with the experimental data32, 60 of 1, 1a and 1b. The calculated 
absorptions of 1 are in agreement with the experiment values in the range of 260–290 
nm, but the calculation of absorption in lowest singlet absorption at 307 cannot 
reproduce the experiment absorption with extending to 335 nm. The difference 
between experiment and calculation for 1 is caused by the SOC effect to singlet-triplet 
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transition ignored in the calculation.32 The calculated dominant peak in the low energy 
regions at 285 and 379 nm for 1a and 1b are also agreed with the experimental data 
at 304 and 375 nm, respectively. The calculation at the TD-PBE0 method could be 
reasonably applied for the rest complexes. The simulated absorption spectra have 
strong intensity at high energy and lower intensity at low energy. The lowest-lying 
singlet transition energy that is the vertical excitation energy from ground state (S0) to 
the first singlet excited state (S1) can be determined to evaluate shift of modified NHC 
Ir(III) complexes (see Table A11–A14). The calculated lowest-lying absorption of all 
modified complexes exhibit a red-shift in comparison with that of parent complex 1 
because of more π-conjugation in the NHC ligand of the complexes. The lowest-lying 
absorption wavelengths follow the order of 1 (307 nm) < 1a (326 nm) < 3a (332 nm) 
< 4a (340 nm) < 3b (350 nm) < 2a (355 nm) < 4b (385 nm) < 1b (390 nm) < 2b (427 
nm), which is nearly correlated with the order of HOMO-LUMO energy gaps in the 
previous part. The consistency in both orders is caused by the main contribution of 
HOMO → LUMO in the S0-S1 transition for all complexes, which have MLCT (metal to 
ligand charge transfer), LLCT (ligand to ligand charge transfer) and IL (intraligand) 
characters.  
 

 

Figure 4.6 Simulated absorption spectra of the complexes in CH2Cl2 media (FWHM = 
3000 cm-1). 
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4.4 Emission energies 
 

Basis on the geometries of the triplet state, emission energies of the 
complexes were calculated via aforementioned three choices, which are E0-0 (PBE0), 
Evert (PBE0), and ETD (M06-2X). The E0-0 and Evert with PBE0 functional that are ΔSCF 
method have applied to predict the emission properties for similar systems. For TDDFT 
method, the emission energies were actually predicted by different functionals; B3LYP, 
CAM-B3LYP, PBE0, M05-2X, and M06-2X. All results of TDDFT calculations in the 
emission properties are represented in the Figure 4.7. The comparison between 
different functionals in TDDFT calculation and experiment shows the M06-2X 
functionals are the best one candidate in TDDFT method for comparing with the other 
methods (E0-0 and Evert). Each complex has similar emission characters although 
different functionals are used in the TDDFT method. The character of emission will be 
discussed later.  
 

 

Figure 4.7 Calculated lowest triplet energy wavelengths (nm) of TDDFT method with 
B3LYP, CAM-B3LYP, PBE0, M05-2X, and M06-2X funtionals for all Ir(III) complexes 
associated with the experimental data32, 60 of series 1, 3b and series 4. 
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The lowest triplet energies in the different three ways of calculation are 
depicted in the Figure 4.8 as bar graphs coupled with the experimental data of series 
1, 3b, and series 4. The vertical energies (Evert) of the complexes obviously 
overestimated prediction with respect to the experiment, while E0-0 and ETD are better 
methods to predict the emissive triplet energies. The mean absolute error (MAE) in 
statistics that was used to evaluate difference between prediction and observation for 
quantitative analysis. The MAEs of E0-0, Evert, and ETD are 19.0, 100.1, and 45.9, 
respectively.  The MAE of E0-0 are the smallest value; therefore, the E0-0 should be the 
best method to predict the emissive triplet energies for similar system of complexes 
unknown in the experiment. In addition, the R2 of E0-0 method was determined via 
correlation between the calculation and the experiment as shown in Figure 4.9, which 
displays the value up to 98.5%. Higher temperature clearly causes a red shift of the 
observed maximum emission wavelength for common Ir(III) complexes, so it should be 
match with the vertical transition or TDDFT transition. Conversely, in this case of the 
system, the calculated 0-0 transitions of the complexes are consistent with the 
experimental data in 298 K, impling that the phosphorescent emissions are mainly 
involved with low frequencies less than 1000 cm-1.75 Therefore, the displacement 
vectors of dominant normal modes in low frequencies should be the out-of-plane 
vibrations of the ligand and metal-ligand bonds/internal ligand vibrations.75 The 
maximum emission wavelengths of the investigated Ir(III) complexes can be more 
endured the red shift produced by high temperature.  
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Figure 4.8 Calculated lowest triplet energy wavelengths (nm) for all Ir(III) complexes 
associated with the experimental data32, 60 of series 1, 3b and series 4. 
 
 

 

Figure 4.9 Correlation of calculated E0-0 and experimental emission energies (nm) for 
series 1, 3b and series 4. 
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From above reason, the 0-0 transition can be applied to compare among 
these complexes. The emission wavelength of 1b are red-shifted to 645 nm with 
respect to 1 because of this position can stabilize the carbene moiety to lower the 
emission energy. Conversely, the emission wavelength of 1a is almost the same as that 
of 1, so it shows that the conjugation addition in this position not significantly affects 
the emission energy. However, the modifications of 1a have an effect on the radiative 
rate constant, which they will be discussed in the next section. The modification by 
addition of bridging vinyl group on 1 and 1b will be the 2a and 2b, respectively. The 
emission wavelength of the 2a is red shifted from the 1 to 570 nm, and that of the 2b 
is the lowest energies in the system by red shift from 1b to be 718 nm. The bridging 
vinyl groups can permit more delocalization between phenyl and carbene moieties, 
resulting in stabilization of the triplet energies. Adjustments in structure of 1 with 
fluorene groups on phenyl moieties of the complex to 3a and 3b, the both have the 
red shift in emission in comparison with the 1. The wavelength of 3b is more red-
shifted than that of 3a because dimethyl-methylene group make hardly rotation of 
aryl ring. It leads to the higher electron delocalization that can stabilize the emissive 
triplet energy. The 3a and 3b show the wavelength of 451 and 472 nm, respectively, 
which are still the blue region of phosphorescence. Next, the 4a are modification of 
1a to improve the quantum efficiency. The aryl group on carbene moiety in the 4a 
causes red shift from 395 nm to 423 nm due to higher donating effect of aryl ring 
compared with that of methyl group. The increase of π-conjugation on the carbene 
moiety in the 4a that is called the complex 4b can be activated to be more red-shift 
to wavelength of 536 nm. The expansion of π-conjugation from 1 to 1a does not affect 
the emission energies, but the secondary π-conjugation was modified on carbene 
moiety of 4b providing a color change from blue (423 nm) to green (536 nm) emission 
in comparison with 4a. 

The transition characters of emission were obtained by TDDFT calculation 
based on the optimized T1 geometries. They are defined by electron density difference 
maps (EDDMs) between the first triplet state (T1) and the ground state (S0) at the 
optimized T1 geometry in dichloromethane solution displaying in Figure 4.10. In a wide 
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perspective, the hole (purple regions) are mostly distributed on the some NHC ligands 
and the Iridium atom, while the electron (turquoise regions) are mainly excited to one 
NHC ligand. In more details, the complex 1 has the excited electron on both phenyl 
and carbene moieties. Conjugated addition on the carbene moieties of 1a and 1b 
make the electron exciting to the carbene moiety on NHC ligand more than that of 1. 
The bridging group of 2a can induce the electron excitation to the whole of NHC ligand, 
whereas the character of 2b is as same as that of 1b due to the high conjugation on 
carbene moiety. The electrons are excited to the extended groups on phenyl moiety 
such in the 3a and 3b. The 4a and 4b, which are modification of the 1a, has the same 
character as the 1a. Consequently, the phosphorescence of the complexes is primarily 
derived from the intra-ligand π-π* transition of the NHC ligand (3ILCT character) and 
some d orbital of Iridium atom to π* orbital of the NHC ligands (3MLCT character). 
These characters distinctly correspond to the spin density of T1 shown in Figure 4.5. 
 

 

Figure 4.10 Electron density difference maps (EDDMs) of the emission transition for all 
complexes (isovalue = 0.002). Purple and turquoise colors indicate regions of decrease 
and increase in electron density, respectively. 
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4.5 Radiative decay 
 

The radiative rate constants were calculated by TD-B3LYP with SOC 
treatment through linear and quadratic theories. First, the calculated radiative decay 
rates of mer-Ir(pmi)3 (1), mer-Ir(pmb)3 (1a), fac-Ir(pmi)3, and fac-Ir(pmb)3 were 
performed on the optimized singlet and triplet geometries for testing the method 
appropriated with this system. To compare computation based on S0 and T1 
geometries, the correlations between calculation and observation of the radiative rate 
constants were plotted in Figure 4.11. The R-squared of linear correlations show the 
values of 0.994 and 0.976 for S0 and T1 geometries, respectively. The result is consistent 
with the Minaev’s work describing that the shallow minimum and anharmonicity 
potential surface of the T1 state causes low density of probability in vibrational wave 
function at the T1 geometry.56 Commonly, the maximum density of probability of 
vibrational wave function for emissive triplet state is between the S0 and T1 
structures.56, 76 It is for this reason that the S0-T1 transition moments of the T1 geometry 
are quite smaller than those of the S0 geometry. Therefore, the observed radiative 
rates could be expected to close with the radiative rates at S0 geometry more than T1 
geometry. From above rational explanation, the radiative rate constants of the rest 
complexes were performed at S0 geometry to precise prediction. 
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Figure 4.11 Correlation of radiative rate constants between the experiment32, 78 and 
the calculation based on the S0 and T1 geometries.  
 

According to equation (4), the radiative rate constant strongly depends on 
the S0-T1 transition energy (E0-0) and transition moment (𝑀). The 0-0 transition from the 
previous could be applied to determine the S0-T1 transition energy, and transition 
moment was provided by averaged sublevels of lowest triplet state of transition 
moments (𝑀x, 𝑀y, 𝑀z) defined as 𝑀ave. The values of E0-0, 𝑀ave, radiative rate 
constant (𝑘r), and radiative lifetime (𝜏r) are listed in the Table 4.3. The transition 
energies of 1 and 1a are almost equal; however, the transition moment of 1a are 
higher than 1 approximately three times. Thus, the transition moment with highest 
value directly leads to the highest radiative rate constant for the 1a. The modification 
of 1b shows the intensive decrease of both S0-T1 transition energy and transition 
moment resulting in the lower radiative rate of the 1b compared with the 1. The 
bridging vinyl groups modified in 2a and 2b distinctly depress the transition moment 
to the values of 0.024 and 0.023, respectively, leading to very small values in order of 
102 for the radiative rate constants. More transition energy of the 2a (2.18 eV) provides 
slightly higher 𝑘r in comparison with that of 2b (1.73 eV). Addition of fluorene groups 
in 3a and 3b makes lower transition energy and transition moment with respect to 1. 
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Comparing between 3a and 3b, an increase of rigid ligand of dimethyl fluorenyl group 
in 3b causes the lower transition energy and moment values than the 3a; therefore, 
the 𝑘r of 3b (6.8 × 103 s-1) is less than that of 3a (1.3 × 103 s-1). Complexes in series 4, 
which are specific modification of 1a, can be directly controlled by the π-conjugation 
on the carbene moieties as same as 1a. The substitution of aryl groups of 4a provides 
a small difference in transition moment with 1a; however, the radiative rate constant 
of 4a are significantly decrease due to its lower transition energy approximately 0.2 eV. 
The addition with high π-conjugation on the carbene moiety from 4a to 4b highly 
decreases the transition energy from 2.93 to 2.32 eV, in addition, extremely reduces 
about 3 times of transition moment to 0.086 Debye. The 𝑘r of 4b is still higher than 
those of 1b and series 2 with low energy region emissions. Therefore, in the view of 
only calculation in the radiative rate constant, emission color adjustment in the system 
should be modified through the 1a for higher radiative rate.  
 
Table 4.3 S0-T1 transition energy E0-0 (eV), averaged S0-T1 transition moment 𝑀ave 
(Debye), radiative decay rate constants 𝑘r (s-1), and radiative lifetime 𝜏r (μs) for the 
complexes. 

 E0-0 𝑀ave
a kr 𝜏r

b 

1 3.15 0.094 4.6 × 104 21.86 

1a 3.14 0.29 4.4 × 105 2.292 

1b 1.92 0.048 2.7 × 103 369.4 

2a 2.18 0.024 9.5 × 102 1058 

2b 1.73 0.023 4.7 × 102 2134 

3a 2.75 0.063 1.3 × 104 74.48 

3b 2.63 0.048 6.8 × 103 147.8 

4a 2.93 0.26 2.8 × 105 3.570 

4b 2.32 0.086 1.5 × 104 65.84 
a 𝑀ave = √(|𝑀𝑥|2 + |𝑀𝑦|2 + |𝑀𝑧|2)/3 
b 𝜏r is the radiative lifetime in the high-temperature limit. 
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The S0-T1 transition moment is originally produced from perturbation 
theory according to the equation (5), which the second term is usually ignored due to 
relatively large energy gaps between the S0 and T1 states. The first term could be only 
considered to get more insight in the radiative processes of the complexes. The 
transition dipole moments, the SOC matrix elements, and the singlet-triplet splitting 
energies of each complex at their S0 geometries are listed in Table A15–A18. Although 
the modification from 1 to 1a mostly causes decrease of the transition dipole 
moments and the SOC matrix elements, the singlet-triplet splitting energies of 1a are 
the lowest values among the other complexes. Therefore, they mainly cause the 
highest radiative rate constant of the 1a. The 1b, 2a and 2b slightly provide difference 
of transition dipole moments and higher SOC matrix elements in some singlet states 
with respect to 1, but they have critical low values of the radiative rate constants. The 
important reason is mainly involved in very high singlet-triplet splitting energies in range 
of 0.76–1.00 eV from S1 to S6 states (see Figure 4.12). The fluorene groups addition of 
3a and 3b make higher singlet-triplet spitting energies and lower SOC matrix elements. 
They are crucial factors to obtain lower radiative rate than that of 1, even though the 
transition dipole moments of 3a and 3b are quite higher than those of 1. The 4a 
modified from 1a has lower radiative rate constant than that of 1a caused by majority 
of singlet transition dipole moment, while singlet-triplet splitting energies and SOC 
matrix elements of both complexes are difficult to clearly distinguish. The π-
conjugation extension of 4b obviously affects increase of singlet-triplet splitting 
energies and decrease of SOC matrix elements with respect to 4a leading to lower 
radiative rate constant in 4b. Although transition dipole moments of 4b are higher than 
those of 4a, they are not main factor to determine the radiative rate constant. From 
above results, the singlet-triplet splitting energies and the SOC matrix elements are 
key factors to control the radiative rate constant, specially the S1-T1 splitting energies. 
Therefore, the relationship between the S1-T1 splitting energy and the radiative rate 
constant could be considered as represented in Figure 4.13. 
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Figure 4.12 The splitting energies between lowest triplet state (T1) and higher singlet 
states (S1–S6) for all complexes. 

 

 
Figure 4.13 Radiative decay rate versus S1-T1 spitting energy for all complexes. 
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4.6 Nonradiative decay of vibrational coupling to ground state 
 

The nonradiative rate constant (𝑘nr) following the energy-gap law is 
determined by deformation of structure between S0 and T1 states in the weak coupling 
condition. The Huang-Rhys factor that defines the molecular deformation was thus 
calculated for all complexes.72, 75 The necessary parameters in 𝑘nr determination 
following equation (8) are listed in Table 4.4. The 1, 1a, 3a and 4a have significant 
structural deformations, which they cause a large Duschinsky effect leading to 
unreliable Huang-Rhys factors and reorganization energies. Because the parameters of 
Huang-Rhys factor and reorganization energies are distinctly incorrect, the non-radiative 
rate constants could not be determined for 1, 1a, 3a and 4a. The rest complexes that 
have more π-conjugations in the ligand skeletons normally display low structural 
distortion between S0 and T1 states allowing weak coupling limit. The calculated 𝑘nr 
in the order 1b > 2b > 4b > 2a > 3b at 298 K inversely relate to the 0-0 transition 
energies with sequence of 2b < 1b < 2a < 4b < 3b. The 𝑘nr of 1b is more than that 
of 2b about 2 times due to the major effect of both structural reorganization energy 
and SOC constant. Although the higher E0-0 and the lower 𝜆ν of 4b should effectively 
make the higher 𝑘nr more than that of 2a, the large SOC constant of 4b is main factor 
to bring about the higher 𝑘nr. The SOC matrix elements, which play important role to 
the non-radiative rate constant, show extremely high values in 1a and 4a. Therefore, 
the complexes of 1a and 4a have a tendency to provide the strong non-radiative rate 
decay. The complexes of 1, 1a, 3a and 4a being not available on 𝑘nr have quite big 
E0-0 resulting in low vibrational coupling to their ground states. They have more 3MLCT 
character of excited state causing higher reorganization energy in low-frequency modes 
(𝜆lf). The 𝜆lf has more influence on the non-radiative rate constant when increased 
temperature; however, this parameter of 1, 1a, 3a and 4a are not available in the 
energy-gap law. The temperature dependence of 𝑘nr for these complexes is usually 
describe to the presence of thermal population in the 3d-d excited state. 
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Table 4.4 Calculated 0-0 transition energies (E0-0, cm-1), Huang-Rhys factors of the hf (SM) and lf (Slf) 
modes, reorganization energies (cm-1) of the hf (𝜆M) and lf (𝜆lf) modes, intramolecular reorganization 
energies (𝜆ν), values of ⟨S0|𝐻SO|T1⟩2 (cm-2), and calculated 𝑘nr (s-1) at 298 K for the Ir(III) complexes. 

 
E0-0 SM Slf 𝜆M 𝜆lf 

𝜆ν
a 

⟨S0|𝐻SO|T1⟩2 
𝑘nr  

(298 K) FC SS 

1 25448 2.10 5.87 n/ab n/ab n/ab 3113 3505.49 n/ab 

1a 25324 2.23 17.0 n/ab n/ab n/ab 4420 15029.6 n/ab 

1b 15495 1.89 1.23 2845 383 3235 2964 275.914 5.50 × 106 

2a 17559 1.97 1.40 2940 355 3420 3127 13.4736 2.28 × 104 

2b 13927 1.51 1.35 2296 380 2680 2342 101.191 2.56 × 106 

3a 22192 16.3 46.1 n/ab n/ab n/ab 3904 680.495 n/ab 

3b 21187 1.57 1.34 2413 669 3084 2842 704.412 3.93 × 103 

4a 23653 2.60 53.5 n/ab n/ab n/ab 4526 121104 n/ab 

4b 18674 1.38 2.28 2076 413 2491 2383 1669.35 2.99 × 104 
a 𝜆ν was obtained from different two ways including Frank-Condon (FC) and state specific (SS). 
b Huang-Rhys factors of the complexes is not reliable, so it could not be used to calculate the 

reorganization energies and the nonradiative rate constants.  

 
4.7 Non-radiative decay of thermal population on metal-centered state 

 
The temperature dependence non-radiative decay is photodeactivation 

process from the emissive triplet state (3MLCT) to the d-d state or the metal center 
(3MC) state, which continuously relaxes to the ground state without radiative decay.102 
The pathway naturally occurs in the high energy of emissive triplet state for the Ir(III) 
complexes at ambient temperature. The 3MC states of the complexes are thus 
necessary to investigation of the deactivation pathway. The structural geometries of 
3MC states were optimized from starting geometry created by breaking Ir-Ccarbene bond 
and rotating the carbene moiety to 90° of dihedral angle relative to the phenyl moiety. 
The five-coordinate species of 3MC geometries could be obtained, and clearly show a 
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distorted trigonal bipyramid (TBP) as displayed in Figure 4.14. The breaking Ir-Ccarbene 
bond of the complexes that listed in Table 4.5 is over 3.000 Å but those of 2a and 
2b. This bond directly relates with the dihedral angle between phenyl and carbene 
moieties of the monodentate ligand showing more than 50° except those of 2a and 
2b (ca. 10°). The vinyl bridging ligands in 2a and 2b cause more rigid in the ligands 
leading to little rotation of the dihedral angle and shorten distance of breaking Ir-
Ccarbene relative to that of the other complexes. Conversely, the steric effect of 4a and 
4b affects the 3MC geometries by larger Ir-Ccarbene (> 3.800 Å) and higher dihedral angle 
rotation between phenyl and carbene moieties for the monodentate ligand. The 3MC 
structures of 4a and 4b could not be optimized by breaking Ir-Ccarbene bond of the 
NHC1 ligand due to the steric effect of aryl group on the carbene moiety. Although 
the geometries of 3MC could be obtained from the breaking bond of the NHC2 ligand 
instead of the NHC1 ligand, the structure and density of this state should be expected 
to the same. The calculated spin densities of the TBP geometry that are distributed 
along the equatorial plane for all complexes as depicted in Figure A1 are mainly 
localized on the Iridium atom in accordance with the nature of 3MC state.  
  

 

Figure 4.14 Optimized 3MC geometry of 1 by elongation of Ir-C4 bond length. 
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Table 4.5 Structural parameters including bond lengths (Å), bond angles (°), and 
dihedral angles (°) of 3MC state for the complexes. 

 1 1a 1b 2a 2b 3a 3b 4a 4b 

Ir-C1 2.085 2.088 2.082 2.096 2.101 2.085 2.087 2.026 2.023 

Ir-C2 2.053 2.046 2.050 2.076 2.068 2.053 2.052 2.072 2.071 

Ir-C3 2.060 2.046 2.058 2.104 2.094 2.059 2.060 2.067 2.068 

Ir-C4 3.347 3.358 3.336 2.994 2.895 3.364 3.341 2.045 2.040 

Ir-C5 2.018 2.010 2.017 2.037 2.032 2.019 2.017 3.828 3.810 

Ir-C6 2.022 2.012 2.015 2.030 2.029 2.024 2.022 2.014 2.012 

C1-Ir-C2 131.71 131.18 131.59 138.28 139.64 130.66 132.04 123.82 123.41 

C2-Ir-C3 118.37 116.98 118.89 116.51 117.76 119.03 117.64 86.10 85.69 

C1-C7- 
N1-C4 

-52.79 -55.19 -54.30 -10.15 -11.4 -53.18 -52.46 80.99 80.07 

 
The temperature dependence deactivation pathways of the complexes 

are depicted in Figure 4.15, which start with the 3MLCT of octahedral geometry. The 
process has two energy barriers, which are transition state (3TS) (3MLCT/3MC) and 
minimum energy crossing point (MECP) (3MC and S0). The energy of 3MLCT state (E0-0) 
can be varied by the modified ligand in wider range than the energy of 3MC state (EMC) 
because the 3MC state involves the metal distribution more than ligand. Therefore, the 
modifications of ligand of the complexes have less effect on the energies of 3MC states. 
The important parameters of deactivation pathway are listed in Table 4.6, which show 
the energy barriers including Ea, Eb, and Ec defined in Figure 3.2. The Ea is significantly 
higher than the Ec, so the energy barrier between 3MLCT state and 3MC state is rate-
limiting step of the process for all complexes. The Ea is gradually increased with 
decrease in the E0-0 as plotting in Figure 4.16a, indicating that the barrier energy of 3TS 
states strongly depends on the E0-0. The 4b, 2a, 1b and 2b that have emission color 
from green to red are thus inaccessible to thermal population at the ambient 
temperature. The lowest Ea of 1a that is just 2.11 kcal/mol effectively affects the 
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thermal deactivation at room temperature. This calculated result is consistent with the 
experiment with a very high 𝑘nr at 298 K (65 × 106 s-1).32 The 3a, 3b and 4a still being 
blue phosphors have the Ea over 15.00 kcal/mol; therefore, temperature dependent 
𝑘nr of these complexes is efficiently reduced to improve the quantum efficiency.  
 
 

 
Figure 4.15 Relative energy profile of temperature-dependent non-radiative pathways 
through 3MC state for all complexes. The reference is the ground state. 
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Table 4.6 Emission energy E0-0 and activation energy Ea, Eb and Ec (kcal/mol) of the 
metal-centered state decay for all complexes. 

 E0-0 EMC Ea Eb Ec 

1 72.76 78.72 7.66 1.70 -0.03 

1a 72.40 74.05 2.11 0.46 -0.04 

1b 44.30 79.10 35.11 0.32 0.01 

2a 50.20 82.38 32.89 0.72 1.35 

2b 39.82 82.70 42.73 -0.16 1.62 

3a 63.45 79.50 17.23 1.18 -0.06 

3b 60.58 79.15 19.85 1.28 -0.05 

4a 67.63 81.18 16.25 2.70 0.07 

4b 53.39 80.64 29.63 2.38 -0.05 

 
 

 

Figure 4.16 Plot of a) the emission energy (E0-0) versus the activation energy (Ea) and 
b) the energy difference between MC state and MLCT state (EMC−E0-0) versus the 
activation energy for all complexes. 
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The energy difference between EMC and E0-0 is equally increased together 
with the Ea plotted in Figure 4.16b indicating that the energy of 3TS state is slightly 
different with that of 3MC state. In other words, the activation energy of Ea is steadily 
decreased as the energy of 3MLCT state (E0-0) gradually increased relative to the energy 
of 3MC state. The population on the 3MC state, the Eb and Ec become important 
parameters to consider the path of back transition to the ground state. The Eb that is 
difference between the energy of 3TS and 3MC presents small value within 2.70 
kcal/mol for all complexes. The spin density of 3TS state has more distribution on the 
Iridium atom than those of 3MLCT state for all complexes as displayed in Figure A2. 
Although the low energy of Eb can make the back reaction to the 3MLCT state, the Ec 
of most complexes except 1a and 1b are almost zero or less than zero leading to fast 
relaxation to ground state. When the 3MC state is thermally accessed, the complexes 
will rapidly relax by intersystem crossing through MECP to the ground state. Some 
complexes found on 2a and 2b, the Ec is more than the Eb indicating the back reaction 
to the 3MLCT can be occasionally occurred. Nevertheless, the population on 3MC state 
of 2a and 2b is quite neglected due to extremely high Ea. Adjustment of the ligands 
by π-conjugated addition can inhibit the thermal deactivation process, but emission 
energy will be altered to lower energy. 
 
4.8 Quantum yield calculation 

 
Phosphorescent quantum yield could be calculated according to equation 

(3) which depends on both radiative and nonradiative rate constants. Naturally, the 
nonradiative rates of green and red phosphors mainly depend on temperature-
independence, following the energy-gap law90-91, while those of blue phosphor are 
predominantly affected by temperature-dependent pathway through 3MC state.100, 102 
As Table 4.7, the green phosphor (4b) has moderate quantum yield of 0.33, whereas 
the red phosphors have very low quantum yield of lower than 0.05. The quantum 
yield of 4b as blue phosphor show good quantum yield with value of 0.63. For other 
blue phosphors (1, 1a, 3a, and 4a), their quantum yields could not be achieved 
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because the nonradiative cannot be directly obtained from equation (8). If one can be 
determined the pre-exponential factor and activation energy (Ea) in equation (16), the 
temperature-dependent nonradiative rate will be directly obtained by Arrhenius 
equation. Unfortunately, the calculation of pre-exponential factor is quite difficult 
because it involves nonadiabatic transition of MECP state. Therefore, pre-exponential 
factor can be defined as rate constant of 3MC state to S0. There is one report to 
indirectly predict the quantum yield from activation energy.80 However, this protocol 
must have the reference values from the Ir(ppy)3 to predict the quantum yield as same 
as the experimental method.80 Therefore, the prediction of quantum yield of blue 
phosphor could be considered to a further work. 

 
Table 4.7 Summary of phosphorescent quantum efficiencies of the complexes. 

 λem  
(nm) 

Expected 
colour 

kr  
(×104 s-1) 

knr 

(×104 s-1) 
Ea 

(kcal/mol) 
Quantum 

yield 

1 393 Near-UV 4.6 n/a 7.66 n/a 
1a 395 Near-UV 44 n/a 2.11 n/a 
1b 645 Red 0.27 550 35.1 0.00049 
2a 570 Yellow 0.095 2.28 32.9 0.040 
2b 718 Red 0.047 256 42.7 0.00018 
3a 451 Blue 1.3 n/a 17.2 n/a 
3b 472 Blue 0.68 0.393 19.8 0.63 
4a 423 Blue 28 n/a 16.2 n/a 
4b 536 Green 1.5 2.99 29.6 0.33 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 

 
The homoleptic Iridium(III) complexes with modified N-heterocyclic 

carbene ligands were investigated by DFT and TDDFT methods for simultaneously 
obtaining wide-range emission colors and improving quantum efficiency. The extended 
π-electron delocalization on the carbene moiety in NHC ligands more affect the bond 
length contraction between metal atom and ligand than the modification on the 
phenyl moiety in NHC ligands. Energy gaps of the Iridium(III) complexes obviously 
depend on the LUMO energies because the modified NHC in the complexes have not 
significant influence on the HOMO energies. The absorption spectra of the modified 
NHC Iridium(III) complexes show a red-shift with respect to that of parent complex (1). 
The emission energies of the complexes calculated by different three methods that 
are E0-0, Evert, and ETD. The method of E0-0 can precisely evaluate emission wavelength 
with respect to the observed wavelength, while the Evert and the ETD methods 
overestimate the value of experiment. The π-conjugated addition on the phenyl 
moiety in NHC ligands can achieve a blue phosphorescence, while the modification on 
the carbene moiety can adjust from blue to red emission. The radiative rate constant 
of these complexes extremely depends on the S1-T1 splitting energy. The 1a and 
complexes in series 4 (4a and 4b) that modified from the 1a have the higher radiative 
rate than other complexes. The nonradiative rate following the energy-gap law in the 
weak coupling conditions inversely correlates with the emission energy for the 
complexes. However, this nonradiative rate cannot describe the complexes that have 
severe structural deformation (1, 1a, 3a and 4a). This can be solved by additional 
determination of the photo-deactivation pathway from the 3MLCT to S0 through 3MC, 
which is temperature dependence non-radiative decay, to clearly realize the 
quenching of all complexes. The activation energy of 3TS (Ea) is the rate-limiting step 
in the process, and it linearly depends on the 3MLCT energy (E0-0). The complexes that 
show green to red emission (4b, 2a, 1b and 2b) can certainly inhibit the thermal 
population of 3MC at the ambient temperature. Conversely, the complexes of 3a, 3b 
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and 4a still produce blue emission, but they can quite avoid thermal accessible 
quenching for quantum efficiency improvement. The extended π-conjugation on the 
NHC ligand makes the efficient blue to green phosphors, but extremely low quantum 
yields were found in the red phosphors. 
 

For further investigation, first, the modification of NHC ligand should be 
performed through the 1a for increasing the radiative rate constant. For example, the 
π-conjugation on the phenyl moiety should be modified via complex 1a shown as 
Figure 4.17. The L1 and L2 are expected to blue phosphors with higher radiative rates. 
A higher quantum yield of red phosphor can be provided by molecular design as a L3. 
Next, the bridging group in the ligand should be non-conjugated system to increase 
the radiative rate and to decrease the nonradiative rate according to energy-gap law. 
Additionally, this modification can be expected to higher emission energies as L4 and 
L5. Finally, the ligand should be further investigated as ancillary ligand together with 
the main phenylpyridinyl (ppy) ligand in heteroleptic Ir(III) complexes.  

 
Figure 5.1 Further modified NHC ligands to improve the quantum efficiency. 
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Table A1. Energy (eV), electron contribution (%), and main assignment of each molecular orbital 
(MO) involving absorption and emission transitions for 1. 

MO Energy (eV) 
Composition (%) 

Assignment 
Ir NHC1 NHC2 NHC3 

L+5 0.97 4 3 10 83 π*(NHC3) 
L+4 0.87 6 27 61 5 π*(NHC1+NHC2) 
L+3 0.70 2 67 26 6 π*(NHC1+NHC2) 
L+2 0.32 5 5 9 81 π*(NHC3) 
L+1 0.20 5 25 67 3 π*(NHC1+NHC2) 
LUMO 0.10 3 66 20 10 π*(NHC1+NHC2) 
HOMO -4.56 41 8 19 31 d(Ir)+ π(NHC2+NHC3) 
H-1 -4.86 36 35 13 16 d(Ir)+ π(NHC) 
H-2 -5.03 26 19 33 22 d(Ir)+ π(NHC) 
H-3 -5.30 9 29 39 24 π(NHC) 
H-4 -5.41 9 27 15 49 π(NHC) 
H-5 -5.59 7 41 47 4 π(NHC1+NHC2) 

 
Table A2. Energy (eV), electron contribution (%), and main assignment of each molecular orbital 
(MO) involving absorption and emission transitions for 1a. 

MO Energy (eV) 
Composition (%) 

Assignment 
Ir NHC1 NHC2 NHC3 

L+5 0.13 1 3 8 88 π*(NHC3) 
L+4 0.01 1 7 86 6 π*(NHC2) 
L+3 -0.07 1 90 5 5 π*(NHC1) 
L+2 -0.44 4 3 3 89 π*(NHC3) 
L+1 -0.52 6 10 82 2 π*(NHC2) 
LUMO -0.64 2 81 10 6 π*(NHC1) 
HOMO -4.76 36 7 22 34 d(Ir)+ π(NHC2+NHC3) 
H-1 -5.11 26 43 18 12 d(Ir)+ π(NHC) 
H-2 -5.23 7 21 34 37 π(NHC) 
H-3 -5.51 4 32 23 41 π(NHC) 
H-4 -5.57 23 20 31 26 d(Ir)+ π(NHC) 
H-5 -5.68 10 40 46 4 π(NHC1+NHC2) 
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Table A3. Energy (eV), electron contribution (%), and main assignment of each molecular orbital 
(MO) involving absorption and emission transitions for 1b. 

MO Energy (eV) 
Composition (%) 

Assignment 
Ir NHC1 NHC2 NHC3 

L+5 0.35 5 29 58 8 π*(NHC1+NHC2) 
L+4 0.32 4 29 44 22 π*(NHC) 
L+3 0.18 3 75 14 8 π*(NHC1+NHC2) 
L+2 -1.03 0 5 93 2 π*(NHC2) 
L+1 -1.06 0 6 3 91 π*(NHC3) 
LUMO -1.17 0 89 3 7 π*(NHC1) 
HOMO -4.69 38 13 18 30 d(Ir)+π(NHC) 
H-1 -4.77 25 23 27 25 d(Ir)+π(NHC) 
H-2 -4.84 32 13 24 32 d(Ir)+π(NHC) 
H-3 -5.29 1 54 41 4 π(NHC1+NHC2) 
H-4 -5.40 3 29 42 25 π(NHC) 
H-5 -5.46 5 40 17 37 π(NHC) 

 
Table A4. Energy (eV), electron contribution (%), and main assignment of each molecular orbital 
(MO) involving absorption and emission transitions for 2a. 

MO Energy (eV) 
Composition (%) 

Assignment 
Ir NHC1 NHC2 NHC3 

L+5 0.45 6 4 4 85 π*(NHC3) 
L+4 0.36 7 16 75 2 π*(NHC1+NHC2) 
L+3 0.24 4 73 16 7 π*(NHC1+NHC2) 
L+2 -0.60 0 1 0 99 π*(NHC3) 
L+1 -0.70 0 1 99 0 π*(NHC2) 
LUMO -0.79 0 98 1 1 π*(NHC1) 
HOMO -4.66 33 12 9 47 d(Ir)+π(NHC1+NHC3) 
H-1 -4.70 28 19 21 32 d(Ir)+π(NHC) 
H-2 -4.74 26 16 42 17 d(Ir)+π(NHC) 
H-3 -5.11 1 52 39 8 π(NHC1+NHC2) 
H-4 -5.25 11 48 22 19 d(Ir)+π(NHC) 
H-5 -5.38 2 18 35 45 π(NHC) 
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Table A5. Energy (eV), electron contribution (%), and main assignment of each molecular orbital 
(MO) involving absorption and emission transitions for 2b. 

MO Energy (eV) 
Composition (%) 

Assignment 
Ir NHC1 NHC2 NHC3 

L+5 -0.63 0 7 1 92 π*(NHC3) 
L+4 -0.65 0 14 83 3 π*(NHC1+NHC2) 
L+3 -0.78 0 78 17 5 π*(NHC1+NHC2) 
L+2 -1.03 1 2 51 46 π*(NHC2+NHC3) 
L+1 -1.03 0 9 40 51 π*(NHC2+NHC3) 
LUMO -1.15 0 90 8 2 π*(NHC1) 
HOMO -4.38 16 26 27 31 d(Ir)+π(NHC) 
H-1 -4.42 16 9 29 47 d(Ir)+π(NHC2+NHC3) 
H-2 -4.71 7 51 34 7 π(NHC1+NHC2) 
H-3 -4.86 35 13 24 28 d(Ir)+π(NHC) 
H-4 -5.36 19 55 15 12 d(Ir)+π(NHC) 
H-5 -5.54 2 14 40 44 π(NHC) 

 
Table A6. Energy (eV), electron contribution (%), and main assignment of each molecular orbital 
(MO) involving absorption and emission transitions for 3a. 

MO Energy (eV) 
Composition (%) 

Assignment 
Ir NHC1 NHC2 NHC3 

L+5 0.44 1 0 1 98 π*(NHC3) 
L+4 0.40 1 96 2 1 π*(NHC1) 
L+3 0.32 0 0 99 0 π*(NHC2) 
L+2 -0.24 2 5 5 88 π*(NHC3) 
L+1 -0.35 3 54 43 0 π*(NHC1+NHC2) 
LUMO -0.42 1 39 50 9 π*(NHC1+NHC2) 
HOMO -4.68 37 9 19 35 d(Ir)+π(NHC2+NHC3) 
H-1 -4.96 30 37 17 16 d(Ir)+π(NHC) 
H-2 -5.05 15 25 30 29 d(Ir)+π(NHC) 
H-3 -5.31 7 23 33 37 π(NHC) 
H-4 -5.40 22 32 18 28 d(Ir)+π(NHC) 
H-5 -5.53 10 46 32 12 π(NHC) 
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Table A7. Energy (eV), electron contribution (%), and main assignment of each molecular orbital 
(MO) involving absorption and emission transitions for 3b. 

MO Energy (eV) 
Composition (%) 

Assignment 
Ir NHC1 NHC2 NHC3 

L+5 0.42 1 1 1 98 π*(NHC3) 
L+4 0.31 1 79 20 0 π*(NHC1+NHC2) 
L+3 0.29 1 19 80 1 π*(NHC1+NHC2) 
L+2 -0.33 2 7 4 88 π*(NHC3) 
L+1 -0.45 2 42 55 1 π*(NHC1+NHC2) 
LUMO -0.51 1 50 40 10 π*(NHC1+NHC2) 
HOMO -4.54 31 8 20 41 d(Ir)+π(NHC2+NHC3) 
H-1 -4.82 19 30 36 15 d(Ir)+π(NHC) 
H-2 -4.86 10 40 19 32 π(NHC) 
H-3 -5.18 14 15 36 35 d(Ir)+π(NHC) 
H-4 -5.30 28 36 13 23 d(Ir)+π(NHC) 
H-5 -5.47 14 38 30 19 d(Ir)+π(NHC) 

 
Table A8. Energy (eV), electron contribution (%), and main assignment of each molecular orbital 
(MO) involving absorption and emission transitions for 4a. 

MO Energy (eV) 
Composition (%) 

Assignment 
Ir NHC1 NHC2 NHC3 

L+5 -0.24 1 40 53 7 π*(NHC1+NHC2) 
L+4 -0.33 1 33 6 60 π*(NHC1+NHC3) 
L+3 -0.38 2 6 2 90 π*(NHC3) 
L+2 -0.47 3 3 28 65 π*(NHC2+NHC3) 
L+1 -0.52 3 4 60 34 π*(NHC2+NHC3) 
LUMO -0.59 3 64 3 30 π*(NHC1+NHC3) 
HOMO -4.65 38 13 28 22 d(Ir)+π(NHC) 
H-1 -5.06 25 42 23 10 d(Ir)+π(NHC1+NHC2) 
H-2 -5.15 6 23 24 47 π(NHC) 
H-3 -5.44 5 32 36 26 π(NHC) 
H-4 -5.50 23 29 28 20 d(Ir)+π(NHC) 
H-5 -5.54 7 37 45 11 π(NHC) 

Ref. code: 25605709033061WEU



71 
 

 

Table A9. Energy (eV), electron contribution (%), and main assignment of each molecular orbital 
(MO) involving absorption and emission transitions for 4b. 

MO Energy (eV) 
Composition (%) 

Assignment 
Ir NHC1 NHC2 NHC3 

L+5 -0.32 1 32 57 10 π*(NHC1+NHC2) 
L+4 -0.43 1 18 3 78 π*(NHC1+NHC3) 
L+3 -0.51 1 3 1 96 π*(NHC3) 
L+2 -1.18 2 7 9 81 π*(NHC3) 
L+1 -1.25 3 4 86 7 π*(NHC2) 
LUMO -1.30 2 85 2 11 π*(NHC1+NHC3) 
HOMO -4.73 33 13 31 23 d(Ir)+π(NHC) 
H-1 -5.10 11 23 42 24 d(Ir)+π(NHC) 
H-2 -5.12 8 46 7 39 π(NHC1+NHC3) 
H-3 -5.44 9 13 46 33 π(NHC) 
H-4 -5.50 3 30 47 20 π(NHC) 
H-5 -5.53 13 60 6 21 d(Ir)+π(NHC1+NHC3) 

 

Table A10. Calculated absorption energies [λ (nm)/E (eV)], oscillator strength (f), orbital 
contributions, and charge transfer characters associated with experimental wavelength (nm) for 

selected vertical S0→Sn transitions of the complexes in series 1. 

 1 

States λ/E f Contribution Character %MLCT Exp 

S1 307/4.04 0.035 H→L (89%) MLCT/ILCT 35  

S4 286/4.34 0.063 H-1→L (88%) MLCT/ILCT 30 290 

S6 278/4.47 0.064 H-2→L (55%) MLCT/ILCT 23  

   H-1→L+1 (33%) MLCT/ILCT   

S10 267/4.64 0.103 H-2→L+2 (43%) MLCT/ILCT 25 268 
   H→L+3 (38%) MLCT/ILCT   
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Table A10. Calculated absorption energies [λ (nm)/E (eV)], oscillator strength (f), orbital 
contributions, and charge transfer characters associated with experimental wavelength (nm) for 

selected vertical S0→Sn transitions of the complexes in series 1 (Continued). 

 1a 

States λ/E f Contribution Character %MLCT Exp 

S1 326/3.80 0.007 H→L (83%) MLCT/ILCT 32  

S4 301/4.13 0.075 H-1→LUMO (84%) MLCT/ILCT 22  

S6 291/4.26 0.102 H-1→L+2 (71%) MLCT/ILCT 17  

S7 287/4.32 0.147 H-2→LUMO (54%) ILCT 7  

S8 285/4.36 0.245 HOMO→L+3 (70%) MLCT/ILCT 25 304 

S12 276/4.49 0.069 HOMO→L+5 (63%) MLCT/ILCT 26  

S14 268/4.63 0.157 H-3→L+1 (64%) ILCT 0  

S19 261/4.75 0.175 H-4→L+2 (27%) MLCT/ILCT 11  

   H-4→L+1 (16%) MLCT/ILCT   

S26 255/4.86 0.117 H-2→L+3 (52%) ILCT 6  

 1b 

States λ/E f Contribution Character %MLCT Exp 

S1 390/3.18 0.005 H→L (89%) MLCT/ILCT 36  

S2 384/3.23 0.090 H-1→L (60%) MLCT/ILCT 24  

   H-1→L+1 (23%) MLCT/ILCT   

S3 379/3.27 0.084 H→L+1 (50%) MLCT/ILCT 36 375 
   H→L+2 (44%) MLCT/ILCT   

S8 355/3.50 0.078 H-2→L+1 (85%) MLCT/ILCT 28  

S19 289/4.29 0.072 H→L+3 (63%) MLCT/ILCT 25 302 

S35 266/4.66 0.202 H-8→L (22%) ILCT 4 260 
   H-6→L+2 (14%) ILCT   

S38 263/4.71 0.123 H-7→L+1 (21%) ILCT 7  

   H-6→L+2 (14%) ILCT   
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Table A11. Calculated absorption energies [λ (nm)/E (eV)], oscillator strength (f), orbital 
contributions, and charge transfer characters associated with experimental wavelength (nm) for 

selected vertical S0→Sn transitions of the complexes in series 2. 

2a 

States λ/E f Contribution Character %MLCT 

S1 355/3.49 0.041 H→L (79%) MLCT/ILCT 29 

S2 352/3.52 0.071 H→L+1 (68%) MLCT/ILCT 28 

S7 337/3.68 0.070 H→L+2 (40%) MLCT/ILCT 26 
   H-2→L+1 (27%) MLCT/ILCT  

S10 311/3.99 0.076 H-3→L (89%) ILCT 2 

S19 285/4.36 0.108 H-2→L+3 (25%) MLCT/ILCT 11 
   H-5→L+2 (18%) ILCT  

S22 282/4.40 0.109 H-1→L+3 (27%) MLCT/ILCT 11 
   H-2→L+3 (19%) MLCT/ILCT  

S37 250/4.96 0.107 H-4→L+3 (27%) ILCT 5 
   H-1→L+7 (15%) MLCT/ILCT  

2b 

States λ/E f Contribution Character %MLCT 

S1 427/2.91 0.156 H→L (88%) MLCT/ILCT 15 

S2 418/2.96 0.146 H-1→L (33%) MLCT/ILCT 13 
   H→L+1 (22%) MLCT/ILCT  

S9 389/3.19 0.161 H-1→L+4 (29%) MLCT/ILCT 12 
   H-1→L+3 (17%) MLCT/ILCT  

S13 369/3.36 0.228 H-2→L+2 (65%) ILCT 7 

S28 306/4.06 0.141 H-4→L+2 (39%) MLCT/ILCT 15 
   H→L+6 (26%) MLCT/ILCT  

S51 269/4.62 0.105 H-5→L+5 (21%) ILCT 8 
   H-3→L+7 (20%) MLCT/ILCT  

S62 258/4.80 0.176 H-6→L+3 (17%) ILCT 4 
   H-8→L (16%) ILCT  
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Table A12. Calculated absorption energies [λ (nm)/E (eV)], oscillator strength (f), orbital 
contributions, and charge transfer characters associated with experimental wavelength (nm) for 

selected vertical S0→Sn transitions of the complexes in series 3. 

3a 

States λ/E f Contribution Character %MLCT 

S1 332/3.73 0.110 H→L (91%) MLCT/ILCT 33 

S5 305/4.07 0.198 H-2→L (54%) MLCT/ILCT 18 
   H-1→L+1 (29%) MLCT/ILCT  

S12 274/4.52 0.127 H-3→L+1 (33%) ILCT 11 
   H-4→L+1 (11%) MLCT/ILCT  

S18 269/4.61 0.392 H-4→L+2 (25%) MLCT/ILCT 12 
   H-5→L (15%) ILCT  

S20 267/4.64 0.459 H-5→L+1 (33%) ILCT 12 
   H-4→L+1 (20%) MLCT/ILCT  

S23 263/4.71 0.171 H→L+8 (38%) MLCT/ILCT 18 
   H-3→L+2 (16%) ILCT  

3b 

States λ/E f Contribution Character %MLCT 

S1 350/3.54 0.212 H→L (92%) MLCT/ILCT 28 

S4 325/3.82 0.171 H-1→L (75%) MLCT/ILCT 15 

S5 320/3.87 0.300 H-2→L (40%) ILCT 12 
   H-1→L+1 (33%) MLCT/ILCT  

S8 309/4.01 0.118 H-2→L+1 (51%) ILCT 9 

S15 286/4.33 0.295 H-3→L+1 (34%) MLCT/ILCT 14 

S17 282/4.39 0.232 H-4→L+2 (42%) MLCT/ILCT 16 
   H-3→L+2 (30%) MLCT/ILCT  

S20 277/4.47 0.326 H-6→L+1 (38%) MLCT/ILCT 15 
   H-6→L (23%) MLCT/ILCT  

S41 251/4.93 0.101 H-7→L (29%) ILCT 6 

   H→L+11 (19%) MLCT/ILCT  
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Table A13. Calculated absorption energies [λ (nm)/E (eV)], oscillator strength (f), orbital 
contributions, and charge transfer characters associated with experimental wavelength (nm) for 

selected vertical S0→Sn transitions of the complexes in series 4. 

4a 

States λ/E f Contribution Character %MLCT 

S1 340/3.65 0.003 H→L (46%) MLCT/ILCT 33 
   H→L+1 (44%) MLCT/ILCT  

S7 301/4.12 0.108 H-1→L+1 (73%) MLCT/ILCT 18 

S12 289/4.29 0.091 H→L+7 (53%) MLCT/ILCT 21 
   H-2→L+1 (28%) ILCT  

S20 276/4.50 0.083 H-3→L+1 (21%) ILCT 10 
   H→L+10 (14%) MLCT/ILCT  

S26 270/4.60 0.101 H-3→L+2 (56%) ILCT 3 

S31 266/4.67 0.096 H-4→L (19%) MLCT/ILCT 8 
   H-5→L+1 (14%) ILCT  

S59 248/5.01 0.061 H-6→L (12%) ILCT 7 
   H-2→L+9 (11%) ILCT  

4b 

States λ/E f Contribution Character %MLCT 

S1 385/3.22 0.009 H→L+1 (64%) MLCT/ILCT 28 
   H→L (29%) MLCT/ILCT  

S7 335/3.71 0.103 H-1→L+2 (56%) ILCT 6 
   H-2→L+1 (22%) ILCT  

S9 324/3.83 0.057 H-2→L+2 (55%) ILCT 5 

S10 312/3.97 0.113 H-3→L+1 (34%) ILCT 7 

S16 304/4.08 0.117 H-6→L+1 (25%) MLCT/ILCT 14 
   H-5→L+1 (14%) MLCT/ILCT  

S24 293/4.23 0.143 H→L+4 (82%) MLCT/ILCT 26 

S29 282/4.40 0.212 H→L+8 (43%) MLCT/ILCT 16 

   H-7→L+1 (10%) ILCT  
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Table A14. Transition dipole moments [𝜇(Sn), Debye], singlet-triplet splitting energies 
[∆𝐸(Sn − T1), eV], and SOC constants [⟨Sn|�̂�SO|T1⟩, cm-1] for the complexes of series 1. 

 

1  1a 

𝜇(Sn) ∆𝐸(Sn − T1) ⟨Sn|�̂�SO|T1⟩  𝜇(Sn) ∆𝐸(Sn − T1) ⟨Sn|�̂�SO|T1⟩ 

S1 0.80 0.47 35.58  0.66 0.16 62.18 

S2 0.79 0.54 33.44  0.28 0.24 27.29 

S3 0.56 0.62 47.13  0.70 0.32 14.74 

S4 1.38 0.79 188.24  1.05 0.51 309.61 

S5 0.88 0.89 134.01  0.79 0.64 82.75 

S6 1.72 0.99 194.58  2.08 0.73 182.17 

 
1b 

𝜇(Sn) ∆𝐸(Sn − T1) ⟨Sn|�̂�SO|T1⟩ 

S1 0.85 0.74 78.95 

S2 1.64 0.85 193.82 

S3 0.91 0.87 78.45 

S4 1.29 0.88 27.75 

S5 0.88 0.90 57.77 

S6 1.19 0.98 145.62 

 
Table A15. Transition dipole moments [𝜇(Sn), Debye], singlet-triplet splitting energies 
[∆𝐸(Sn − T1), eV], and SOC constants [⟨Sn|�̂�SO|T1⟩, cm-1] for the complexes of series 2. 

 

2a  2b 

𝜇(Sn) ∆𝐸(Sn − T1) ⟨Sn|�̂�SO|T1⟩  𝜇(Sn) ∆𝐸(Sn − T1) ⟨Sn|�̂�SO|T1⟩ 

S1 0.53 0.82 220.73  1.77 0.80 12.17 

S2 0.97 0.90 41.82  1.25 0.83 38.29 

S3 0.50 0.91 152.44  1.78 0.92 115.73 

S4 1.45 0.95 74.81  1.30 0.92 0.97 

S5 0.78 0.98 27.34  1.92 0.96 89.44 

S6 0.21 0.99 5.98  1.34 0.97 9.92 
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Table A16. Transition dipole moments [𝜇(Sn), Debye], singlet-triplet splitting energies 
[∆𝐸(Sn − T1), eV], and SOC constants [⟨Sn|�̂�SO|T1⟩, cm-1] for the complexes of series 3. 

 

3a  3b 

𝜇(Sn) ∆𝐸(Sn − T1) ⟨Sn|�̂�SO|T1⟩  𝜇(Sn) ∆𝐸(Sn − T1) ⟨Sn|�̂�SO|T1⟩ 

S1 1.56 0.56 29.18  2.12 0.63 23.46 

S2 0.96 0.62 53.02  1.04 0.69 47.43 

S3 1.45 0.71 18.32  2.11 0.78 20.48 

S4 2.05 0.87 184.88  2.30 0.94 133.10 

S5 2.21 0.93 121.21  4.27 0.99 96.71 

S6 3.10 0.99 150.63  1.80 1.03 103.51 

 
Table A17. Transition dipole moments [𝜇(Sn), Debye], singlet-triplet splitting energies 
[∆𝐸(Sn − T1), eV], and SOC constants [⟨Sn|�̂�SO|T1⟩, cm-1] for the complexes of series 4. 

 
4a  4b 

𝜇(Sn) ∆𝐸(Sn − T1) ⟨Sn|�̂�SO|T1⟩  𝜇(Sn) ∆𝐸(Sn − T1) ⟨Sn|�̂�SO|T1⟩ 

S1 0.51 0.18 55.26  0.81 0.43 9.07 

S2 0.47 0.23 71.58  0.81 0.46 20.66 

S3 0.77 0.30 47.04  1.31 0.55 16.39 

S4 0.39 0.50 20.80  1.09 0.81 18.72 

S5 0.60 0.56 24.27  1.06 0.88 95.91 

S6 0.78 0.62 255.69  1.64 0.92 16.52 
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Figure A1. Spin density contributions at the optimized 3MC geometries for the complexes (isovalue 
= 0.002). 
 

 
Figure A2. Spin density contributions at the optimized 3TS geometries for the complexes (isovalue 
= 0.002).
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