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ABSTRACT  

A feature of OLEDs that has to date received little attention is the prediction of the stability of the molecules involved in 
the electrical and optical processes. Here, we present computational results intended to aid in the development of stable 
systems. We identify degradation pathways and define new strategies to guide the synthesis of stable materials for 
OLED applications for both phosphorescent emitters and organic host materials. The chemical reactivity of these 
molecules in the active layers of the devices is further complicated by the fact that, during operation, they can be either 
oxidized or reduced (as they localize a hole or an electron) in addition to forming both singlet and triplet excitons.  
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1. INTRODUCTION  
Though the first observation of organic electroluminescence occurred as early as the 1950s1-4 and 1960s,5 it was not until 
the demonstration by Tang and Van Slyke 6 in 1987 of reasonably strong electroluminescence in diodes in which the 
active layers were composed of organic materials that organic light-emitting diodes (OLEDs) became a significant 
academic and industrial research interest. Today, OLED-based devices have entered the market of full-color displays and 
large-area solid-state lighting. Recent advances in efficiency coupled with low driving voltages and unprecedented 
picture quality have made these devices viable commercial products. Despite these successes, the lifetimes, particularly 
for deep blue emission, continue to be a limiting factor and cause for concern.7, 8 

In addition to extrinsic aging processes, e.g., the penetration of oxygen and water into the organic layers and subsequent 
(photo/electro)chemical reactions, there also exist degradation channels that result from intrinsic chemical reactions of 
the molecular materials used in the devices.9-11 Improved fabrication and encapsulation technologies have led to the 
conclusion that the limiting factor for device lifetime can be linked to the chemical structure of the molecules that 
comprise the device layers. It has been proposed that such intrinsic chemical reactions involving the organic molecules 
in the transport and emissive layers represent one of the main causes determining the loss in luminance efficiency12 and 
the lifetime of the device.  

Despite the multitude of information on the luminescent properties of Ir(III)-complexes, there have only been a few 
detailed investigations on deactivation pathways. Scheme 1 shows the canonical pathway for deactivation in these 
complexes. Singlet or triplet excitons formed from successive charge-transfer or energy-transfer events rapidly relax to 
the lowest state in the triplet manifold (T1). Here, intersystem crossing occurs quickly as there is a large spin-orbit 
coupling (SOC) effect due to the presence of heavy atoms. For luminescent molecules, this emissive state has generally a 
metal-to-ligand charge-transfer (3MLCT) character. This state can then emit a photon, or, if sufficient energy is 
available, undergo rearrangement to an alternate triplet state with ligand-to-ligand charge-transfer (3LLCT), ligand-
centered (3LC), or metal-centered (3MC) character. Direct photoexcitation of the Ir(III)-complex leads to similar 
pathways. Depending on the nature of the cyclometalating and ancillary ligands, the relative energies of these states can 
vary considerably, resulting in different stabilities and device lifetimes. 
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Figure 1. Canonical pathways for deactivation in Ir(III) complexes. Singlet or triplet excitons formed from successive 
charge-transfer or energy-transfer events rapidly relax to the lowest state in the triplet manifold (T1), a 3MLCT state. This 
emissive state can then emit a photon, or, if sufficient energy is available, undergo rearrangement to an alternate triplet state 
with ligand-to-ligand charge-transfer (3LLCT), ligand-centered (3LC), or metal-centered (3MC) character. 

 

As the phosphorescent materials are distributed within an appropriate organic semi-conductive host matrix to avoid self-
quenching of phosphors,13-15 stability of the matrix molecules is also required. Previous attempts at understanding the 
lifetime of the host materials have focused on requiring a high-glass transition temperature (Tg), electrochemical 
stability, and morphological stability.15, 16 The triplet energy (ET) of the host molecules must be higher than that of the 
emitter (dopant) to suppress energy back transfer.17 Thus, degradation problems are particularly acute in blue OLEDs as 
the energies involved in the molecular excitation processes are in the same range as the homolytic cleavage of single 
bonds between second and third-row atoms, on the order of 2-3 eV.18, 19 The chemical reactivity of these molecules in the 
active layers of the devices is made even more complicated by the fact that, during operation, they can be either oxidized 
or reduced (as they localize a hole or an electron) in addition to forming both singlet and triplet excitons, as shown in 
Figure 2. It is important to note that estimation of the reaction rates from thermodynamic quantities is difficult since the 
reaction barriers for the various chemical processes on each of the potential energy surfaces for the ionic and excited 
states can be radically different, leading to different qualitative predictions even within an homologous series of host or 
guest molecules. 

 
Figure 2. Possible routes for excited-state / ionized-state formation in an electrochemical device. 
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2. COMPUTATIONAL METHODOLGY 
2.1 Computational Methods 

All the calculations were carried out at the quantum-mechanical level, using the density functional theory (DFT)20, 21 
methodology. Calculations were carried out with the Turbomole20-25 and Gaussian26 programs using the Becke gradient 
corrected exchange functional27 in conjunction with the Lee Yang Parr correlation functional28 with three parameters, 
B3LYP29. We employed the split-valence SV(P) and 6-31G(d,p)30-32 basis sets for H, C, N, O, Si, S and P. For iridium, 
the LANL2DZ electron core potential was used for Ir33 in conjunction with the LANL2DZ basis set. The ground-state 
(S0) geometries were optimized via spin-restricted calculations while the optimal structures in the lowest triplet state (T1) 
and radical-ion states were evaluated via spin-unrestricted calculations. The vertical and adiabatic ionization potential 
(VIP/IP) and electron affinity (VEA/EA) values were determined via the ΔSCF method based on the optimized 
geometries for the respective electronic states. The lowest vertical and adiabatic energies for singlet and triplet 
excitations were calculated using time-dependent (TD) DFT at the S0 and T1-state optimized structures. Calculations 
using different exchange correlation functionals, e.g. CAM-B3LYP/6-31G(d) and LC-B97X/6-31G(d) are also provided 
for these systems.  

3. DATA AND DISCUSSION 
3.1 Degradation in Guest/Dopant Molecules 

Current theoretical studies for homoleptic phosphorescent Ir(III) emitters based on phenyl-pyridine (Ir(ppy)3) and 
phenyl-pyrazole (Ir(ppz)3), reported by Treboux et al.34 on the basis of unrestricted DFT calculations, demonstrate a 
small barrier to the conversion process from the octahedral isomer to the open isomer (where the Ir-N bond is broken) in 
the triplet state. The prediction of such a ligand dissociation process is consistent with the findings from the combined 
theoretical and experimental studies of Sajoto et al.35 These authors also performed DFT calculations to show that the 
radiative 3MLCT electronic state has only a 0.2 eV barrier to the nonradiative metal-centered (3MC) electronic state, 
which involves breaking of the Ir-N bond. 

3.2 Chemical Models 

 We have carried out calculations on a series of facial-homoleptic compounds with ligands based on phenyl-pyridine 
(ppy), phenyl-pyrazole (ppz), phenyl-imidazole (pim) and a carbene complex (pmi). The octahedral and trigonal-
bipyramidal structures as well as the ligands are shown in Figure 3. Our first series of calculations indicated that these 
substitutions were able to manipulate the absorption and emission energies of these complexes. Based on the distribution 
of the HOMO and the LUMO, we show that the substitution pattern predicts the absorption and emission energies of 
these complexes. While this result has been shown in many previous reports, the energy of the metal-centered (3MC) 
electronic state with a trigonal-bipyramidal structure can also be directly related to the substitutents on the ligand.  

Figure 3. Molecular structures for the octahedral and trigonal-bipyramidal complexes as well as for the cyclometalating 
ligands and substituents. 

 

In Figure 4, the energy required to dissociate the Ir-N bond, ∆E in Figure 1, for each of the molecules studied is plotted 
as a function of the phosphorescence energy, i.e. the energy of the T1->S0* transition. The values for Ir(ppy)3 and 
Ir(ppz)3 are similar to those of Treboux et al.34 and substituted Ir(ppy)3 and Ir(ppz)3 compounds from Sajoto et al.35. The 
ability of substituents to alter the energies of these molecules is shown in Figure 4 is a measure of the modification of the 
ligand-field strength. The general trend is apparent, with the increase in emission energy corresponding to a reduction in 
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the energy needed to form the trigonal-bipyramidal structure, which in some cases is lower in energy than the octahedral 
structure. In order to understand the effects of the substituent on both the strength of the Ir-N bond and the 3MC state, it 
is necessary to vary these two effects separately. 

 

 
Figure 4. ∆E (see Figure 1) for each of the molecules studied is plotted as a function of the phosphorescence energy for 
homoleptic Ir(III) complexes with ligands based on phenyl-pyridine (ppy), phenyl-pyrazole(ppz), phenyl-imidazole (pim) 
and a carbene complex (pmi). 

 

In order to do this, we have also carried out calculations on a series of heteroleptic compounds combining some of the 
ligands from the homoleptic series. We began with phenyl-imidazole/phenyl-carbene complexes where the phenyl 
groups are in a facial arrangement. This minimizes the interactions of formally negatively charged carbon atoms with 
each other. Even with this simplification, there can be several unique trigonal-bipyramidal (3MC-type) structures, each 
of which has different thermodynamic properties. We find that the thermodynamic parameters for these complexes 
cannot be predicted from the corresponding homoleptic complexes.  

3.3 Degradation in Host Molecules 

Various materials based on a hole-transporting moiety and an electron-transporting moiety have been exploited as 
ambipolar host materials. Typically hole-transporting fragments based on carbazole13, 36 or silane37, 38 derivatives have 
been considered although issues related to device efficiency or lowering of device operating voltage remain. For 
example, the most commonly used carbazole-based material, 4,4'-bis(N-carbazolyl)-1,1'-biphenyl (CBP) with high triplet 
energy gaps and excellent hole transporting properties, has been widely used as host material for green and red 
phosphorescent emitters.39 However, high driving voltages were required in the devices due to its low electron drift 
mobility. More importantly, its triplet energy ET (2.55 eV)40 is too low for sky-blue phosphors such as FIrpic.41 
Phosphine oxide (PO)15, 16, 42-49 and sulfone (SO2)50, 51 derivatives with high triplet energy have emerged as host materials 
for blue electrophosphorescence and have also been successfully utilized in OLEDs. For example, 4,4'-
bis(diphenylphosphine oxide) biphenyl (PO1), synthesized by Sapochak and co-workers,49 has a triplet exciton energy 
(2.72 eV) higher than CBP through substitution of the carbazoles with diphenylphosphoryl (Ph2P=O) groups; the reason 
is that the P=O group prevents electronic communication between the central diphenyl core and the outer phenyl groups. 
Kippelen and co-workers51 have utilized 4,4'-bis(phenylsulfonyl) biphenyl (SO1) as an effective host material for blue 
OLEDs. As a result, the PO and SO2 functional groups have attracted great attention as functional groups for host 
materials. 
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However, ambipolar host molecules based on these fragments have intrinsic weaknesses: phosphine oxides have weak 
C-P bonds, sulfones weak C-S bonds, and carbazoles weak C-N bonds,52 which can be easily broken in device operation. 
For example, facile decomposition of diphenyl sulfone (DPS) has been observed.53-57 DPS and related compounds 
decompose via homolytic cleavage of one of the two formally single bonds connecting the sulfur atom to an aromatic 
ring, a process which characterized by an activation energy of 8.5-8.8 kcal/mol.57 

3.4 Chemical Models 

The structures of the molecules investigated are depicted in Fig. 5 and were chosen to include the impact of both para- 
and meta-substitutions of the aryl group as well as the impact of lowering the triplet energy through the incorporation of 
a biphenyl bridge. 

 

 

 
Figure 5. Prototypical host materials studied. 

 

 

We find that the dissociation energy for the sulfones, i.e. the energy needed to break the sulfur aromatic carbon bond, is 
consistent across all the substitutions, ranging between 2.9 to 3.0 eV. Similarly, the dissociation energy for the 
phosphine oxide – carbon bond is 3.5 to 3.6 eV. Figure 6 shows the transition-state energy and the overall dissociation 
energy as a function of the adiabatic triplet energy. It is remarkable that, regardless of the energy of the triplet state T1 in 
these compounds, the energy of the transition state relative to S0 is constant. Thus, the ability to alter the transition state 
energies of these molecules can be controlled through the building blocks in ambipolar materials, but there is only 
limited effect from the electron-donating substituents on these building blocks.  
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Figure 6. Transition-state energy as a function of the adiabatic triplet energy for a series of phosphine oxide- (PO) and 
sulfone- (SO) based host materials. 

4. CONCLUSIONS 
While improvements in purification, processing, and encapsulation methods can prevent extrinsic degradation processes, 
they do not preclude molecular-level intrinsic decomposition processes. Therefore, solutions leading to longer lifetimes 
must come from improvements in the molecular materials themselves. In order to engineer molecular components 
possessing high figures of merit in terms of both device performance and lifetime, it is required to gain fundamental 
knowledge of the degradation pathways. Here, we addressed from a computational standpoint the molecular factors 
which effect the formation of a non-radiative iridium(III) structure with a trigonal-bipyramidal structure. We have also 
presented data on prototypical host materials confirming that increasing the triplet energy for blue emission directly 
leads to a decrease in the stability of the materials. 
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