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ABSTRACT: We report theoretical results on the possible violation of Kasha’s rule in the 

phosphorescence process of  (acetylacetonato)bis(1-methyl-2-phenylimidazole)iridium(III), and 

show that the anomalous emission from both the T1 and T2 states is key to its white-light 

phosphorescence. This analysis is supported by the calculated Boltzmann-averaged 

phosphorescence lifetime of 2.21 μs, estimated including both  radiative and nonradiative 

processes and in excellent agreement with the experimentally reported value of 1.96 ± 0.1 μs. 

The T2 state is found to be of metal-to-ligand charge transfer character (dπ→nπ) and the d orbital 

contribution comes from 5dz
2
 and 5dx

2
-y

2
, whereas the S1 and T1 states both have dπ-pπ character 

with significant 5dxz orbital contribution, allowing for  efficient intersystem crossing from the S1 

to the T2 state, and in turn phosphorescence from the T2 state. Our results open new opportunities 

for tailoring the phosphorescence wavelength and thus the design of molecules with improved 

photovoltaic properties. 
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According to Kasha's rule, fluorescence and phosphorescence will in general be observed from 

the S1 and T1 states , respectively. However, Beer and Longuet-Higgins observed the first 

breakdown of Kasha’s rule in 1955 while investigating the fluorescence spectrum of an aromatic 

molecule, azulene.
1 

At present, molecules showing such unusual fluorescence from higher 

excited singlet states are not uncommon.
2-6

 In contrast, phosphorescence analogs showing 

emission from higher triplet states are very rare. Historically, the breakdown of Kasha's rule in 

phosphorescence was first observed in p-benzoquinone by Itoh et al.
7-11

 Since then, this 

phenomenon has only been observed in a fullerene (C70)
7,12

 and eight other pure organic 

molecules.
7
 Finding  inorganic materials or organometallic complexes that display anomalous 

phosphorescence is made difficult by the often strong spin-orbit coupling between the S0 and T1 

states and the often small energy gap between the T1 and T2 states, both effects that will favor 

normal phosphorescence from the T1 state. 

Experimentally, it has been observed that a white light phosphorescent organometallic complex, 

(acetylacetonato)bis(1-methyl-2-phenylimidazole)iridium(III) popularly known as N966, had a 

broad emission spectrum in CH2Cl2 solution at 298K, covering the spectral range from 440 to 

800 nm.
13

 Careful examination of this solution-phase emission spectrum also reveals the 

existence of a shoulder at 475 nm which is even more conspicuous in the electro-

phosphorescence spectrum  and low temperature (77 K) emission spectrum of this material, 

indicating a possible violation of Kasha’s rule in this  organometallic complex. This unusual 

spectral feature of N966 led us to study its phosphorescence spectrum using first-principles 

calculations. To explain the photophysical origin of this anomalous phosphorescence spectrum, 

we have performed time-dependent density functional theory based response theory (TDDFT-

RT)
14-17

 calculations and evaluated both the Franck-Condon and Herzberg-Teller contributions to 
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the radiative lifetime. The explicit quantitative evaluations of the nonradiative and intersystem 

crossing rates have also been carried out involving both the T1 and T2 states, contributing to the 

understanding of the mechanism of unusual phosphorescence from this organometallic complex.  

The structure of the N966 complex is shown in Figure 1. The ground-state (S0) and the lowest 

excited triplet state (T1) of N966 were optimized using density functional theory with the latter 

state having been optimized from the S0 geometry applying an unrestricted approach. The lowest 

excited singlet state (S1) and the second lowest triplet state (T2) structures were optimized from 

the electron density of the S0 state using excited-state gradients obtained using TD-DFT.
18

 All 

optimizations were carried at the B3LYP/cc-pVDZ level of theory, using for iridium the 

LANL2DZ basis set and its corresponding pseudopotential to incorporate scalar-relativistic 

effects on the core electrons of iridium. Harmonic vibrational frequencies were calculated at the 

optimized geometries to verify that the structures correspond to energy minima. The minimum-

energy structure of S0 has C2 symmetry, the symmetry axis bisecting the acetylacetonato (acac) 

group. The C2 symmetry is retained for the optimized structures of the S1 and T2 states, whereas 

all symmetry is lost in the T1 excited state. The bond lengths between the central atom and all 

atoms directly linked to it for the different states are collected in the Supporting Information, 

Table S1.  The absorption calculations have been performed at the optimized structure of the 

electronic ground state and the details of these calculations are presented in the Supporting 

Information. All calculations were performed with the Gaussian 09 program.
19
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Figure 1.Optimized, ground-state structure of (acetylacetonato)bis(1-methyl-2-

phenylimidazole)iridium(III) [(C25H25IrN4O2)]. Different colors represent different atoms - red 

for oxygen, green for carbon, deep blue for nitrogen, light blue for iridium and grey for 

hydrogen. 

The experimental findings suggest that the phosphorescence spectrum of N966 covers the entire 

visible region (440-800 nm), with the maximum at 570 nm. From TDDFT-RT calculations, we 

find the T1 emission to occur at 577 nm, in excellent agreement with the experimental results.  It 

is to be noted that the TDDFT-RT calculation is based on the electronic states only, and as a 

result, this theory alone cannot shed light on the origin of this extremely broad band.  Bolink et 

al.
13

 did not address this issue, though they suggested that vibronic coupling
20,21

 between the T1 

and S0 states could be a possible reason behind the large spectral broadening. To verify the role 

of vibronic coupling, we have calculated the FC overlap integral involving all the normal modes 

of the molecule. The detailed computational procedure is given in the method section.  The FC 

vibronic spectrum with the vibrational progression of the T1 state is presented in Figure 2a and 

the figure illustrates that vibronic effects in the T1 state make a significant contribution to the 

broadening of the spectrum in the green and red region. However, the vibronic emission 
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spectrum of T1 is unable to provide any satisfactory explanation for the existence of a shoulder in 

the lower wavelength region (475 nm). Being blue-shifted by 3523 cm
-1

 from the major peak at 

577 nm, the shoulder could neither be a vibrationally resolved component as this always occurs 

with a bathochromic shift, nor be the contribution of a triplet sublevel because the calculated 

zero field splitting is only -46 cm
-1

 (a negative ZFS parameter indicates prolate electron 

distribution, i.e. an elongation in one direction). It has previously been observed that the presence 

of molecular oxygen in the triplet state interferes with the emission spectrum as noise.
7
 However, 

the chance of this shoulder being the result of such solvent-trapped molecular oxygen is very 

unlikely because molecular oxygen shows emission at different wavelengths: the 

phosphorescence occurs at 1270 nm whereas the fluorescence is observed within the wavelength 

range of 195-260 nm.  Moreover, the intensity of this shoulder is visibly much larger in the 

N966-based solid state diode (where no oxygen is present) and in the emission spectrum 

recorded at 77 K as well. This compelled us to consider the possible involvement of a higher 

excited triplet state in the overall phosphorescence of N966. Indeed, the TDDFT-RT computed 

phosphorescence wavelength of T2, 491 nm, is just 16 nm red-shifted from the position of the 

shoulder of the experimentally recorded phosphorescence spectra (Figure 2b). Figure 2b also 

shows that the vibronic contribution of T2 is very small compared to that of the T1 state. The 

complete phosphorescence spectrum simulated with full width half-maximum (FWHM) = 2000 

cm
1

 (0.24 eV) together with the experimental spectrum is presented in Figure 2c, which shows a 

nice agreement, indicating that the T2 contribution to the phosphorescence cannot be ruled out. 
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Figure 2. (a)Vibrationally resolved simulated spectrum with FWHM = 2000 cm
1

 (brown), 

FWHM = 100 cm
1

 (blue) and stick-spectrum (red) of the T1 state indicating the five most active 

vibrational modes other than the 0–0 transition together with the experimental 

photophosphorescence spectrum (dashed line). (b)Vibrationally resolved simulated spectrum 

with FWHM = 2000 cm
1

(brown), FWHM = 100 cm
1

 (blue) and stick-spectrum (red) of the T2 

state showing the 0–0 vibrational mode. (c) Experimental photophosphorescence (dashed line), 

electrophosphorescence (dotted line) and simulated total phosphorescence [with FWHM = 2000 

cm
1

(red line)] spectra of N966. The electrophosphorescence spectrum shows a prominent 

shoulder in the higher-energy region (~ 485 nm), while experimental photophosphorescence 

showed the shoulder at 476 nm, and both spectra show a broad peak at 570 nm. 

Phosphorescence from a higher triplet state (T2) has been observed in some aromatic molecules 

and has been attributed to the thermal activation from T1 due to the small energy gap between the 

two triplet states (~ 200 – 450 cm
-1

).
7
 However, in the present case, the energy gap between T1 

and T2 is considerably higher (3029 cm
-1

) and at room temperature the Boltzmann population 

ratio is approximately 4.9 x10
-7

, indicating that population of the T2 state by thermal activation 

from T1 cannot alone give efficient phosphorescence from T2, rather the population of the T2 
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state is due to non-radiative processes. We nevertheless assume that two triplet states are in 

thermal equilibrium, as previously observed in 9,10-Phenanthrenequinone.
22

  

After excitation, the most crucial step towards the commencement of phosphorescence is the 

intersystem crossing (ISC) and, depending on the energy gap and the strength of the spin-orbit 

interaction,
23-25

 ISC could take place between S1-T1 or even with higher triplet states. In the 

present case, the calculated ∆ES1-T1 
and ∆ES1-T2 

are 0.7 eV are 0.3 eV, respectively, and the spin-

orbit interaction between the S1-T2 (513 cm
-1

) is significantly larger than S1-T1 (93 cm
-1

), 

indicating that both factors will favor efficient ISC from S1 to T2.  It is well known that ISC is a 

complex process that involves dynamic reorganization of one state to the other, where molecular 

vibrations and vibrational density of states could alter the ISC rate constant (kISC) considerably. 

To evaluate kISC, we use Marcus-Levich-Jortner theory
26

 derived in the framework of Fermi’s 

golden rule, and the rate constant is then expressed as
27,28

 

(1)FCWD
2

S T
2

1nISC         H
π

k SOC 


 

where the first term is the square of the spin-orbit coupling (SOC) matrix element and the second 

term gives the Franck‒Condon-weighted density of states (FCWD). The details of this 

expression are given in the Supplementary Information. The kISC achieved for S1-T1 and S1-T2 

are 3.95 × 10
11 

s
-1

 and 5.29 × 10
11 

s
-1

, respectively, where the latter is 1.3 times higher than the 

former and the results suggests that T2 is gaining more population from S1 than the T1 state. It is 

worth noting that albeit the square of the SOC value for S1→T2 is almost 30 times greater than 

that of S1→T1, the calculated kISC of the former is only 1.3 times higher than the latter due to the 

FCWD. The FCWD depends on the dimensionless electron-phonon coupling strength (the 

Huang-Rhys factor (S)
29

) over all the normal modes and various energy parameters, 
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reorganization energy, normal mode frequency and the energy difference between the states of 

interest, as can be seen from Eq S2 provided in the Supporting Information. Because the energy 

parameter displays an exponential decaying contribution to the FCWD, the contribution of the 

energy term of the FCWD to the S1→T2 transition is only 1.6 times larger than for the 

S1→T1 transition, giving a clear indication that the Huang-Rhys factor plays the decisive role in 

tuning the kISC values. The Huang-Rhys factor for the S1→T1 and S1→T2 transitions are 7.35 and 

13.97, respectively, which matches well the corresponding 0-0 overlap values of 1.29 × 10
-2

 and 

3.98 × 10
-4

. Incorporating the Huang-Rhys factor in Eq S2 (Supporting Information) yields 

FCWD values of  0.300 eV
-1 

and 0.014 eV
-1  

for the S1→T1 and S1→T2 transitions, respectively, 

and the ratio of the FCWD of the former to the latter is almost 21, thus cancelling the difference 

in SOC which otherwise strongly favors the S1→T2 transition.  

Although the differences are small, the relatively faster ISC between S1-T2 compared to S1-T1 

requires a more detailed analysis, and we have therefore inspected the nature of the frontier 

molecular orbitals of the relevant states as shown in Figure 3. Interestingly, the S1→T1 transition 

is of 
1
[dπ-pπ]* →

3
[dπ-pπ]* type, whereas the S1→T2 transition involves 

1
[dπ-pπ]* →

3
[dπ-pπ-

nπ]* orbitals due to charge transfer from the 5d orbital of iridium to the acac moiety. The 

population analysis suggests that  the major d orbital contribution to the LUMO comes from the 

5dxz  orbital, whereas both the 5dz
2
 and 5dx

2
-y

2 
have participated in the formation of LUMO+1. 

The small energy gap between the S1 and T2 states together with efficient spin orbit coupling will 

make kISC larger than that of S1 and T1.  Moreover, the presence of a larger non-bonded electron 

density at the oxygen atom in the LUMO +1 orbital will also lead to an enhancement of the SOC 

vis-à-vis efficient ISC between the S1 and T2 states.
30
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Figure 3.Schematic representation showing the TD-DFT calculated energy levels, frontier 

molecular orbitals (FMO’s) (isovalue = 0.03) involved in the transitions to the singlet (S0 and S1) 

and triplet (T1 and T2) states of N966. The T1→S0 and T2→S0 transitions are assigned to LMCT 

[πcml*→d] (cml refers to the cyclometallated ligand) and LMCT [πacac*→d], respectively. 

∆ES1→S0 = 2.83eV, ∆ET1→S0 = 2.15eV and ∆ET2→S0 = 2.49eV. 

To strengthen our arguments further, we have computed both the radiative and nonradiative 

lifetimes explicitly. The net lifetime is defined as τ = (kr + knr)
 1

, where kr and knr are the radiative 

and nonradiative rate constants, respectively. For evaluating kr, we have adopted the high-

temperature limit approximation
31

 where all three sublevels of the triplet manifold participate 

equally in the phosphorescence process, and the relevant expression is given in the Supporting 

Information. In addition, the 0-0 FC overlap integrals are taken into account in the computation 

of the phosphorescence transition moments because vibronic coupling is of fundamental 

importance in this system. Moreover, using the refractive index of CH2Cl2 as 1.424, the 
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Strickler-Berg correction
32

 has also been applied to the FC-weighted rate constant. The rate 

constant calculated including all possible corrections, together with the radiative lifetime (τ
rad

), 

are presented in Table 1. 

Table1. Electronic transition, transition energy [E (eV)], rate constant for pure electronic 

transition [kelec (s
-1

)], FC weighted rate constant [k
0-0

 (s
-1

)], Strickler-Berg corrected rate constant 

[k
0-0,SB

  (s
-1

)], radiative lifetime [τ
rad

 (μs)] and the total computed lifetime [τn
comp

 (μs)] of N966. 

Tn→ S0 Medium E kelec k
0-0

 k
0-0,SB

 τ
rad

 τn
comp

 

n=1 
Gas-phase 2.149 2.29 × 10

4
 4.58 × 10

2
 - 2182.69 

~1.67 
Solvent-phase 2.169 2.77 × 10

4
 5.52 × 10

2
 1.12 × 10

3
 892.93 

n=2 
Gas-phase 2.523 9.11 × 10

4
 2.30 × 10

4
 - 43.37 

~3.32 
Solvent-phase 2.547 1.00 × 10

5
 2.54 × 10

4
 5.16 × 10

4
 19.37 

 

From Table 1, it is clear that the radiative lifetime from T1 is almost 1000 times longer than 

that observed experimentally, whereas the lifetime of the T2 state is only 10 times longer. In a 

recent work, Paul et al.
33 

showed that inclusion of the FC factor alone fails to explain the 

vibronic phosphorescence lifetime of an organic dimer and it was further demonstrated that the 

displacement-induced vibronic phosphorescence transition moment arising from the Herzberg-

Teller (HT) contribution
34

 along the normal modes are responsible for the ultralong lifetime of 

this class of aggregated organic phosphors. The HT contribution listing all the 0-1 bands of 

selected normal modes and the corresponding method of calculation are provided in the 

Supporting Information. The kr and τ
rad

 obtained from the HT term are 5.60 × 10
2 
s

˗1
 and ~ 1.78 

ms, respectively, for the T1 state, and in contradiction with the experimental results. We did not 

perform HT calculations on the T2 state because the vibronic feature of the T2 state is relatively 
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weak.  This makes it clear that knr is the dominant contribution to the lifetime of both states, and 

in particular for the T1 state, in agreement with the experimental report, suggesting very low 

photoluminescence quantum yield (PLQY=0.015), where PLQY = kr / (kr + knr). Within the 

limitations of the FC approximation in the non-adiabatic scheme, the knr of the Tn→ S0 transition 

is evaluated by the same expression as shown in Eq 1. As for kr, knr also involves the evaluation 

of SOC integrals, namely <Tn|HSO|S0>, where we have used the full one- and two- electron 

Breit‒Pauli SO operator as implemented in Dalton,
35,36

 whereas the FCWD was estimated 

following the approach used for kISC. The calculated nonradiative rate constant (knr) for T1 is 5.98 

× 10
5
 s

-1
, 100-1000 times higher than that of kr, leading to a net lifetime of ~ 1.67 μs as (see 

Table 1). knr for T2 is 2.64 × 10
5
 s

-1
, and the corresponding net lifetime is ~ 3.32 μs (Table 1). 

Due to thermal equilibrium, the lifetime of N966 would be the inverse of the Boltzmann-

averaged total rate constant of the two lower-lying triplet states
37

 and according to our 

calculation, the lifetime will be 2.21 μs, in good agreement with the experimental value of (1.96 

± 0.1 μs).
13

 The lifetime calculations thus lend support to our proposal that both the T1 and T2 

states contribute to the net phosphorescence of N966. 

In conclusion, we have established that a breakdown of Kasha’s rule occurs in the 

phosphorescence of the complex N966, and this is the first observation of this kind for an 

organometallic phosphor material. We have demonstrated that vibronic phosphorescence from 

the T1 state gives spectral broadening in the green and red region, whereas electronic 

phosphorescence from the T2 state is the origin of the blue region of the spectrum. The 

significant involvement of T2 is supported by the more efficient intersystem crossing between the 

S1 and T2 states compared to that between S1 and T1. Calculations of lifetimes involving both 

radiative and nonradiative processes also indicate that the experimental lifetime is due to the 
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Boltzmann averaged phosphorescence from both the T1 and T2 states. Finally, we think  that our 

findings will motivate experimentalists to benchmark these calculated data by performing 

optically detected magnetic resonance experiment at 4.2 K. 
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