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Preface

For nearly a hundred years, the properties of organo-transition metal compounds
have fascinated chemists and physicists from a scientific point of view. Although
the enormous potential of these materials for opto-electronic applications was
evident since long, a break-through came only about fifteen years ago after the
demonstration that these compounds are well suited as emitters in highly efficient
OLEDs (organic light emitting diodes). This is due to the specific properties of
these materials with regard to the electroluminescent processes. In OLEDs, light
emission proceeds via a recombination of electrons and holes leading to the forma-
tion of 25% singlet and 75% triplet excitons. The 75% triplet excitons are trans-
ferred into heat and hence are lost for the generation of light, unless spin-orbit
coupling (SOC) induced by a transition metal ion opens a radiative path for the
emission from the excited triplet to the singlet ground state. SOC induces also an
efficient transfer from the populated 25% singlets to the emitting triplets. Thus,
the total excitation energy is transferred to the emitting triplet states. This process
is called triplet harvesting. In particular, due to these effects, OLEDs which contain
organo-transition metal triplet emitters (phosphorescent emitters) can reach a four
times higher efficiency than OLEDs built with purely organic singlet emitters
(fluorescent emitters). Therefore, this book focuses on phosphorescent emitter
materials, their photophysical properties, and their applications in OLEDs.

OLEDs have already started to be commercially applied in small and bright
displays and entered the market which hitherto is governed by LCD or other tech-
nologies. Lighting by OLEDs comes also into the focus of commercial interests,
since efficient and thin large-area lighting sources will become available in near
future. The development of these new technologies is characterized by an excep-
tional interdisciplinary research in the fields of physics, chemistry, and material
sciences. Thus, basic research meets applied sciences and industrial interests. Vice
versa, the interplay in this field strongly stimulates basic sciences and fundamental
material research. Hence, it can be expected that a number of fascinating new
materials will be developed in the near future.

In this volume, leading scientists present comprehensive reviews, which provide
insight into the emission properties of organo-metallic triplet emitters, the mecha-

X
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Preface

nisms of electroluminescence, the development of new emitter and host materials,
and the improvement of OLED efficiencies by optimizing the emitter materials
and the device architectures. The different contributions are written in a style
which enables researchers from related fields and industrial laboratories as well
as graduate students to follow the highly informative presentations. I am con-
vinced that the contributions demonstrate the attractiveness and the great potential
of the compounds and that further studies towards a better understanding of opto-
electronic properties and mechanisms are induced. This will not only open large-
scale applications of OLED displays and lighting systems, but will also stimulate
the research and development of future applications in organic electronics, such
as electrically pumped lasers or highly efficient and inexpensive organic solar
cells.

Regensburg, Germany
August, 2007 Hartmut Yersin
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Triplet Emitters for Organic Light-Emitting Diodes:
Basic Properties

Hartmut Yersin* and Walter J. Finkenzeller

1.1
Introduction

Within the past decade, organo-transition metal compounds consisting of triplet
emitters have become highly attractive, in particular, due to their applicability in
electro-luminescent devices such as organic light-emitting diodes (OLEDs). With
this new technology, efficient light-emitting systems are evolving. For example, in
the future it will become possible to fabricate large and brilliant flat panel displays
at a moderate price, to prepare illuminating wallpapers, and micro displays for all
types of application. One important requirement for all of these applications is
low power consumption and high efficiency of the light-emitting devices. Here,
the organo-transition metal compounds offer a great advantage. The maximum
obtainable efficiency may be a factor of four higher than for purely organic emitter
materials. Thus, many research groups, both from academic and industrial labo-
ratories, have become interested in this challenging scientific- and application-
driven field [1-40].

Organo-transition metal compounds, such as the famous Ir(ppy); or [Ru(bpy)s]**
complexes,” represent triplet emitters. This means, they exhibit an emission — a
phosphorescence — from the lowest excited electronic triplet state to the electronic
singlet ground state. Although this electronic transition is formally forbidden,
it may become sufficiently allowed by spin—orbit coupling (SOC) induced by the
central metal. Depending on the specific compound, the emission can show
widely differing properties. Its wavelength can lie in the spectral range from
blue to red, or even from ultraviolet to infrared. Normally, at ambient tempera-
ture, the spectra are not resolved line emissions, but rather are broad and
often exhibit an undesirably low color purity. The emission decay time ranges
from shorter than 1ps to as long as several milliseconds, and the photolumi-
nescence quantum yield may be almost 100%, or unattractively low. The desire

o

Author for correspondence.
1) Chemical structures are shown in Fig. 1.12.
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to understand these and many other photophysical properties developed as the
focal point of several research groups, and led to the investigation of these
luminescent materials in greater detail. Indeed, the main subject of this chapter
is to present the background for an understanding of these emission properties.
This will be achieved first by discussing some relatively simple — and, with
respect to the number of the involved states, sometimes even slightly oversim-
plified — models, in order to help to introduce also non-specialists to this field.
In later sections, a more detailed description of the photophysics of the triplet
state is developed. The discussion of these models, and their relationship to the
observed properties, will be outlined in rather elementary terms, and illustrated
by examples related to OLED emitter materials. In this respect, references relat-
ing to further studies will be given.

This chapter is organized in the following manner. Following a very brief
introduction into the working principle of an OLED, exciton formation and the
process of electron-hole recombination are addressed. There follows a discussion
of the process leading to the population of higher excited singlet and triplet
states of the doped emitter molecules, and it is shown, how finally the excitation
energy is harvested in the emitting triplet state (Section 1.2). Usually, the same
state can be populated either directly or indirectly by photoexcitation; therefore,
electroluminescence and photoluminescence spectra result from the same elec-
tronic state(s) and thus are normally almost equal, at least for doped triplet
emitters in the absence of host emission. Consequently, detailed photolumines-
cence studies can be applied to explore also the electro-luminescence properties
of OLEDs. In Section 1.3, the different types of electronic HOMO-LUMO
transitions” are introduced, which are important for organo-transition metal
complexes. In particular, ligand-centered (LC), metal-centered (MC), and
metal-to-ligand charge transfer (MLCT) transitions are discussed. Models that
are based merely on these transitions, however, do not display energy states,
such as singlets and triplets. It is possible to show, in a very simple approach,
how these states and the related splittings can be deduced from experimentally
supported “rules of thumb”. More accurate approaches and models, which
include SOC, will also be discussed. The emitting triplet state splits almost in
any case into three substates. The extent of this splitting — the zero-field split-
ting (ZFS) — may serve as a very useful parameter for a classification of the
corresponding compound, also with respect to its suitability for OLED applica-
tion. Especially, it will be shown that the magnitude of ZFS depends on the
MLCT character in the emitting state, and is governed by SOC. Interestingly,
the SOC routes are distinctly different for quasi-square planar as compared to
quasi-octahedral complexes. These differences have direct influences on the
properties of the emitting triplet state, and thus also on OLED applications. In
Section 1.4, an ordering scheme is presented for triplet emitters based on the
amount of ZFS, and trends are discussed, how photophysical properties are

2) HOMO=highest occupied molecular orbital; LUMO =lowest unoccupied molecular orbital.
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related to the magnitude of the ZFS. In Sections 1.5 and 1.6 it is shown, in a
number of case studies applied to Pt(thpy), and Ir(ppy)s;, how triplet energy level
schemes and the emission decay times of the individual triplet substates can
be elucidated from highly resolved and broadband emission spectra, respectively.
Phosphorescence dynamics and the effects of spin-lattice relaxation (SLR) are
addressed in Section 1.7. The influence of high external magnetic fields on the
triplet state splitting and the decay dynamics is discussed in Section 1.8, again
as a case study focusing on Ir(btp),(acac). In Section 1.9, the importance of
vibronic coupling is discussed — that is, the origin of the vibrational satellite
structure — which is induced by Franck—-Condon (FC) and/or Herzberg-Teller
(HT) activity, and which usually determines the form and width of an emission
spectrum. Finally, in Sections 1.10 and 1.11, environmental effects on the triplet
state energy, splitting and decay dynamics are addressed, and spectral broaden-
ing by inhomogeneous as well as by homogeneous effects are discussed. The
latter effect leads to the unresolved spectral band structure at ambient tempera-
ture. These discussions are again based on case studies applied to Pt(thpy), and
Ir(btp),(acac). At higher temperatures, the emission generally represents a ther-
malized decay from the different triplet substates. In particular in Section 1.11,
it is shown that it is possible to simulate the ambient temperature broadband
luminescence spectra by use of the well-resolved, low-temperature spectra simply
by taking basic spectral broadening mechanisms into account. The chapter is
completed with a short conclusion (Section 1.12).

1.2
Electro-Luminescence and the Population of Excited States

In this section, we first present the basic principle of an OLED. Following this
short introduction, attention is focused on the energetics and dynamics of elec-
tron—hole recombination in the emission layer (EML). Here, the main interest is
in those processes which take place within the vicinity of the emitting center. In
this context, we explain concepts of exciton formation, spin-statistics, intersystem
crossing, and population of the lowest triplet substates, which is often referred to
as triplet harvesting.

1.2.1
Multilayer Design of an OLED

Figure 1.1 shows a typical and well-established set-up of an OLED. It consists of
a number of thin layers which are either solution-processed or vacuum-deposited,
for example, on a glass substrate. In operation, holes are injected from a transpar-
ent anode, mostly consisting of a non-stoichiometric composite of SnO, (10-20%)
and In,0; (90-80%), called “indium tin oxide” (ITO). Adjacent to this anode layer,
a hole injection/transport layer (HTL) is normally applied to allow for a well-

3
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Fig. 1.1 Basic set-up of an organic light-
emitting diode (OLED). The different layers
are not drawn to scale. Examples of materials
used for a realization of an OLED device are
given in Fig. 1.2. Within the scope of this
chapter, interest is mainly focused on the

process of electron(-)—hole(+) recombination
and the triplet state population of the emitter
molecule (depicted as a star). Further
optimized OLEDs contain additional hole
and/or electron blocking layers (e.g., see Ref.
[42]).

balanced hole? transport into the EML. At the opposite side, a metal-cathode with
a suitably chosen work function injects electrons into an electron transport layer
(ETL). It has been shown that an additional, very thin layer of LiF or CsF (0.5 to

3) Note that the “hole” represents a model
particle which is physically based on the
movement (hopping) of an electron. The
HOMO of a neutral organic molecule is
usually populated with two electrons. If one
electron is extracted, for example, by
transferring it to the anode, a positively
charged molecule is left. Subsequently, the
empty electron position in the HOMO can
be populated by an electron from the
HOMO of a neighboring molecule. Thus,
the positive charge has moved to the
neighbor. An equivalent process occurs

involving the next nearest neighbor, and so
on. Thus, the positive charge — called a
“hole” — moves from molecule to molecule
into direction of the cathode. Such a hole
has properties of a particle, it carries a
positive charge, a spin (the one of the
residual electron) and it can move in the
HOMOs with a specific hole mobility. For
two molecules with different HOMO
energies, the electron hops downwards, and
this corresponds formally to an upwards
hopping of the hole.
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1nm) strongly reduces the injection barrier and also protects the ETL from chemi-
cal reactions with the cathode material [41]. Clearly, although electron transport
from the cathode to the EML must be efficient, it is also important that the electron
current is well balanced with the hole current in order to avoid ohmic losses. Such
losses can be minimized by introducing a hole-blocking layer (e.g., [8, 42]) between
the EML and the ETL and/or an electron blocking layer (e.g., [43]) between the
HTL and the EML. These additional layers (which are not shown in the diagram)
prevent holes/electrons from crossing and leaving the EML without electron-hole
recombination. As result, the device efficiency can be distinctly increased. However,
such blockings may lead to the build-up of high charge densities at the interfaces,
with unfavorable consequences for the device lifetime [44].

The materials used for an OLED device must fulfill a series of requirements,
such as suitability for a specific fabrication procedure (e.g., spin-coating, inkjet
printing, vacuum deposition), good film-forming properties, sufficiently high glass
transition temperature to avoid crystallization of the layer material within the
desired lifetime of the device, and chemical and photochemical stability. Moreover,
hole and electron injection barriers must be low, and the mobilities as well as
HOMO and LUMO energies must match for neighboring layers. A further require-
ment is that the lowest triplet state of the host material used for the EML lies sig-
nificantly higher (i.e., about 3000cm™ or approximately 0.4¢eV) than the triplet of
the emitting complex. Otherwise, the triplet of the host can be populated, and
subsequently the excitation energy can easily diffuse to quenching sites, or can be
quenched at the host itself. (Compare also the other contributions to this volume
[9, 10]). In particular, for high-energy blue emitters, specific matrix materials must
be chosen, or even must still be developed.

Figure 1.2 illustrates one example of a device realized according to the structure
depicted in Fig. 1.1. This example (which is adapted from Ref. [45]) is built up by
the use of small-molecule, vacuum-depositable materials. The figure depicts the
corresponding HOMO und LUMO levels in the absence of an electrical bias, as
well as the chemical structures of the materials applied. The diagram shows that
energy barriers occur since the hopping of holes upwards (in energy) and of elec-
trons downwards to the EML do not seem to be favored, although this would be
advantageous. The energy barriers can be overcome, however, by level shifts due
to the external potential, and additionally by thermal activation processes. Level
shifts induced by the external potential are not shown in Fig. 1.2. Such a device
was first reported by the Forrest and Thompson groups [45] in 2001. It exhibits a
relatively high external quantum efficiency of 19% and a luminous power effi-
ciency of 60lm W These values are obtained only at low current densities. With
increasing currents, the efficiency gradually decreases due to a growing influence
of different quenching effects [46], of which triplet—triplet annihilation is regarded
as being of particular importance [45-47]. In more recent developments, much
higher efficiencies have been obtained with modified devices. For example, by p-
doping of the HTL and n-doping of the ETL and additionally by introducing
a double emission layer (D-EML), the Leo group [48] obtained with the green-
emitting Ir(ppy); a luminous power efficiency of 77lm W' and an external quantum

5
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Fig. 1.2 HOMO-LUMO diagram and materials of an OLED
device similar to the one shown in Fig. 1.1. The HOMO/
LUMO values are given relative to the vacuum level, and
therefore are negative. Values and materials are taken from
Ref. [45]. For the emission layer (EML), the oxidation and
reduction potentials are given for the host (TAZ, solid line)
and the emitter (Ir(ppy).(acac), dashed line).

efficiency of more than 19% at 100cdm™ at an operating voltage of only 2.65V.
Also applying the Ir(ppy); complex, the authors of Ref. [49] obtained a luminous
power efficiency of 79lm W™ and a current efficiency of 81cdA™ by use of a
transparent silver anode. This device structure features an enhanced hole injec-
tion, and also allows for more efficient outcoupling of light due to a microcavity
structure. In Ref. [50], values of 110lm W™ at 10’cd m™ were communicated. By
use of a microcavity, two-unit tandem device, efficiencies as high as 200cd A™ at
10°cdm™ were reported recently [51]. Interestingly, efficiencies which can be
reached today with OLEDs are as high as — or even higher than — those of highly
efficient inorganic LEDs.

Although, in this chapter, we do not aim to discuss further progress in the field
of OLED device architectures, it is referred to some interesting recent develop-
ments reported in the literature [51-60].
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1.2.2
Electron-Hole Recombination, Relaxation Paths, and Light Emission

In order to gain some general understanding of the processes in the EML, Fig.
1.3 displays a simplified model of electron—hole recombination. This layer consists
of a host material (matrix) which is doped with a suitable triplet emitter complex
at low concentration. For the subsequent discussion, it is assumed that both
charge carriers — electron and hole — are already present in the EML. Different
steps of electron—hole recombination - that is, exciton formation and population
of the emitting triplet state — can take place. For example, the exciton can be
formed and trapped on the host molecule with subsequent energy transfer to the
triplet emitter. In an alternative process, one of the charge carriers is directly
trapped on the emitter dopant itself and the recombination occurs on this mole-
cule. This has been proposed specifically for efficient devices containing Ir(III)
emitter complexes [45, 61, 62], but also for PtOEP [63], that the hole is trapped
first on the emitter complex. The electron — or, more exactly, the negatively charged
polaron” [64] — experiences a Coulomb attraction and the formation of the overall
neutral exciton starts. This process of hole trapping as a first step can occur, if the
oxidation potential of the emitter complex fits well to the HOMO energy of the
hole transport material (HTL) (compare Ref. [45]). Presumably, this process of
charge carrier trapping directly on the emitter molecule will usually result in a
more efficient OLED device than by indirect excitation of the emitter molecule by
energy transfer [5]. In part, alternative approaches for the description of exciton
formation processes are discussed in Refs. [5, 65, 66].

For the model depicted in Fig. 1.3, it is assumed (as mentioned above) that the
hole is already trapped at the emitter molecule. In our simple approach, it is sup-
posed that the reorganization energy after oxidation of the emitter (hole trapping)
sitting in the relatively rigid host environment is small. Subsequently, we discuss
the electron dynamics until the emitting triplet state is populated. With an external
potential AV, the electron will migrate through the host material towards the
anode. Under normal conditions, this process additionally requires thermal activa-
tion energy to overcome energy sinks due to inhomogeneities and due to host
reorganization effects related to the polaronic properties of the electron. Electron
trapping is avoided if the energies of the sink depths are less than, or on the order
of, the thermal energy ky T, where kg is the Boltzmann constant and T the absolute
temperature.

When the electron is still far from the trapped hole, it will migrate towards the
anode independently from the hole. Thus, the hole and electron are neither bound
nor correlated (see left-hand side of the diagram, Fig. 1.3). However, when the
electron migrates further into a region given by a critical electron-hole separation
Rc, the positively charged hole (h) will attract the electron (¢). This distance is

4) Electron (or hole) hopping is normally matrix distortions represents a polaron. For
connected with a polarization of the matrix. background information see, for example
Therefore, the corresponding negatively Ref. [64].

(positively) charged particle coupled to

7
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Fig. 1.3 Dynamics of exciton formation. In
this model, the exciton formation is induced
by Coulomb attraction between electron and
hole and starts already at a separation of 150
to 180A. The exciton trapping on the emitter
complex, which is doped into a host material,
occurs via charge transfer states [5, 69]. The
wavefunctions of these "*DMCT states extend
over 10 to 15A, and thus involve the triplet

molecules. The exciton trapping processes
lead finally to the population of the lowest
excited triplet state(s) of the emitter molecule
via internal conversion (IC) and intersystem
crossing (ISC). The lower-lying states depicted
in the dashed frame represent electronic
states of the doped emitter molecule itself.
Note, this energy level diagram is strongly
simplified.

emitter itself and the nearest-neighbor host

reached when the energy of Coulomb attraction AE(e—h) is of similar size as the
thermal energy kzT. Thus, for an estimate of R, we can write

62

AE(e—h)=————=kT
4meyeRC

1)
wherein e is the electron charge and g, and € represent the dielectric constants of
the vacuum and the host material, respectively. If a dielectric constant of € = 3 is
assumed, a value of Rc = 180A is obtained for T=300K. This means that the
electron experiences the hole potential even when it is still far from the trapped
hole. Both particles are already bound, although a relatively large number of host
molecules lies between electron and hole. These two attracting particles may
already be called “exciton”. However, at this electron-hole separation, the exciton
can easily dissociate thermally.

For the further discussion, it is required to take also the spins of both electron
and hole into account. The spin of the hole is given by the spin of the residual
electron at the emitter molecule. In a quantum mechanical treatment, in which
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the bound electron-hole states must be described by four antisymmetrized wave-
functions, the spins are coupled and four new combined states are obtained — that
is, one singlet state and one triplet state. The triplet consists of three substates.
These substates differ from each other mainly by their relative spin orientations.
An energy splitting between the resulting singlet and triplet states may be neglected
at large electron-hole separations. Therefore, the corresponding exciton state —
being four times quasi-degenerate — is shown in Fig. 1.3 (middle) just by one
energy level, designated as S, T. In a statistical limit, all four substates of this
exciton state will be formed (populated) with equal probability. Consequently, a
population ratio of one to three of singlet to triplet substates is obtained. For a more
detailed discussion concerning the statistically determined population ratio, see
Refs. [67, 68].

Driven by the long-range electron-hole Coulomb attraction, the electron moves
further on matrix molecules towards the trapped hole. When the electron reaches
a distance of 10 to 15 A — that is, when the electron is approximately located in the
first coordination sphere of the emitter dopant — the wavefunctions of electron and
hole (or that of the residual electron) begin to overlap slightly [5, 69]. Consequently,
the exchange interaction must be taken into account. This quantum mechanical
interaction, based on the electron—electron interaction, is responsible for a split-
ting AE(S—T) of the singlet state S and the triplet state T by about twice the
exchange integral. In this situation of small wavefunction overlap, AE(S-T)
depends approximately exponentially on the electron-hole separation R

AE(S—T)~exp(—aR) (2)

where a is a constant which depends on the individual wavefunctions of the
emitter dopant and the nearest neighbor host molecules. Due to the still relatively
large electron—hole separation of 10 to 15A with respect to the extension of the
wavefunctions, the singlet-triplet splitting is expected to be very small, i.e. much
smaller than is typically found for singlettriplet splittings in molecules.

In the subsequent discussion, we follow further the model first presented by
Yersin [5, 69]. According to this approach, it is suitable to analyze the above-
described situation also from a slightly different viewpoint. Let us focus only on
the emitter complex, the dopant (D), and its first coordination sphere of matrix
(M) molecules. In this relatively large dopant-matrix—cage unit, the hole is located
in the HOMO of the dopant and the electron resides on the LUMO of a matrix
molecule. This situation corresponds to a charge transfer excitation. The corre-
sponding states represent dopant-to-matrix charge transfer (DMCT) states. When
the spin of the remaining electron in the HOMO of the dopant (D) and the spin
of the electron in the LUMO of the matrix (M) molecule as well as the electron—
electron interaction are taken into account, 'DMCT and *DMCT states are
obtained.” The corresponding splitting is relatively small due to the weak overlap

5) In Section 1.3, we will discuss in more detail, how singlet and triplet states are deduced from
HOMO-LUMO excitations.

9
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of the involved molecular orbitals. Clearly, these two states correspond to those
exciton states S and T which are realized at a small electron-hole separation
(Fig. 1.3).

The discussion presented above allows us to relate the exciton states with states
of a larger molecular unit which consists of the dopant and its matrix cage. This
molecular unit exhibits the 'DMCT and *DMCT states as well as a number of
lower-lying states which are largely confined to the dopant (triplet emitter) itself,
such as ’rre*, 12dd*, *MLCT states or adequate mixtures of these (see also Section
1.3).9 The resulting energy level diagram is depicted in the dashed frame of
Fig. 1.3.

Interestingly, on the basis of this energy level scheme, one obtains also infor-
mation about the relaxation paths from the exciton charge transfer states 'DMCT
and *DMCT to the lower-lying states which largely belong to the emitting center.
In particular, the relaxation from the "DMCT state to lower states will be faster
within the system of singlet states than making a spin-flip first. This is due to
the fact that SOC in organic host molecules (matrix) is relatively small and, thus,
intersystem crossing (ISC) is not favored. As consequence, a fast singlet path
(internal conversion) is obtained that finally populates the lowest singlet state
(Fig. 1.3). Subsequently, the population of this lowest singlet will be followed by
ISC processes to the lowest triplet substates. In case of significant singlet—triplet
mixing due to SOC, the difference between ISC and internal conversion (IC)
might be lost. An initial population of the *DMCT state is similarly followed by
a very fast relaxation (IC) within the system of triplet states down to the lowest
triplet state (Fig. 1.3). The beginning of these relaxation processes corresponds
to the singlet and triplet paths in the exciton trapping model, as shown in Fig.
1.3 (compare Refs. [5, 69].) The relaxation times within the singlet and triplet
system, respectively, are of the order of 1ps or faster, while the ISC processes
can be slower or of similar time, depending on the importance of SOC and the
resulting perturbation of the lowest triplet by singlet admixtures. In a favorable
situation, which is usually realized for the organo-transition metal triplet emitters,
the ISC rate is very high (order of 10" to 10"s™) [70, 71]. Thus, relaxation pro-
cesses to the lowest triplet state occur mostly with a yield of 100%. This means
that all originally formed singlet excitons (25%) and triplet excitons (75%) finally
relax into the lowest triplet state of the doped emitter molecule. This process is
called triplet harvesting. Therefore, under suitable conditions a fourfold larger
electro-luminescence efficiency for triplet emitters can be obtained compared to
purely organic singlet emitters.”

6) Within this simple model, it is assumed 7) For purely organic molecules, the radiative
that the energy states of the matrix (host) triplet-singlet transition rates are, at ambient
molecules lie at relatively high energies and temperature, orders of magnitude smaller
thus do not interfere significantly with the than the corresponding non-radiative rates.
lower-lying states of the dopant (triplet Therefore, any excitation energy is converted

emitter). into heat and the triplets do not emit.
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Electronic Excitations and Excited States

In general, photoluminescence properties are largely determined by the nature of
those molecular orbitals (MOs), which are mainly responsible for the electronic
ground state and the lowest excited state. These are called “frontier orbitals”.
Here, the aim is to focus on organo-transition metal complexes, such as
Ir(ppy)s, Ir(ppy)s(CO)(CL). Ix(btp); (acac), Pt(thpy)., [Pt(bpy):]**, Re(phen)(CO)(Cl),
[Ru(bpy)s]**, [Os(bpy)s]**, etc. For such compounds, different excitations between
various MOs have to be taken into account.” Specifically, there are

« ligand-centered (LC) excitations, e.g., of m-m* character

« metal-centered (MC) excitations, e.g., of d-d* character

« metal-to-ligand charge transfer (MLCT) excitations, e.g., of

d-m* character.

In these descriptions, the asterisk refers to an excited (i.e., a non-occupied)
MO.

However, it is not sufficient to restrict the discussion only to HOMO < LUMO
transitions. Energetically nearby lying orbitals can also dominate emission
properties. Thus, HOMO-1, HOMO-2, LUMO+1, LUMO+2, etc. have also to be
included in the set of frontier orbitals. In this section, we discuss properties of the
above-mentioned excitations and trends concerning the resulting electronic states,
such as singlet and triplet states. These are many-electron states and can be sig-
nificantly mixed by SOC. This presentation will initially be carried out using
rather simple models, although more detailed descriptions are also presented later
on to illustrate the nature of the set of low-lying states and the importance
of SOC.

1.31
Ligand-Centered (LC) Transitions: States and Splittings

In a series of compounds, the lowest excited states are determined dominantly by
MOs which can be well described by the T-HOMO and the n*-LUMO of the
organic ligands, since MOs of other than © and m* character lie at significantly
lower and higher energies, respectively. Thus, it is suitable to confine a first-order
approach only to the HOMO-LUMO excitation(s) of the ligand(s). Clearly, these
orbitals and their energies are somewhat altered by coordination of the ligand(s)
to the positively charged metal. Usually, this leads to a red shift (i.e., a shift to
lower energy) of the corresponding transitions of the order of 10°cm™ (=0.12€V).”
Of course, the metal induces further changes, and in particular changes which

8) For completeness, also ligand-to-metal- the corresponding excited states exhibit
charge-transfer (LMCT) excitations, e.g., of relatively high energies and therefore, are
n-d* character, are mentioned. However, for not discussed at this point.

the compounds of interest in this chapter 9) 1leVA8068cm™.

n



12

1 Triplet Emitters for Organic Light-Emitting Diodes: Basic Properties

A S,
* 1 L
LUMO = 1 I T 2K
T1(3Tm*) l
:> ZFS
phos.
HOMO © H : : T =% So
n nt it e nr K=
singlet singlet S~———— exchange
triplet integral
HOMO-LUMO diagram Energy state diagram
Fig. 1.4 Comparison of a HOMO-LUMO splitting is obtained. For ligands which are in

diagram to an energy state description. The  the focus of this contribution, AE(S,-T;) can
configuration * leads to the ground state Sp,  be as large as 10*cm™. The three triplet
while the configuration nt'n*' gives four substates of T, exhibit a splitting, the zero-
different excited states, one singlet S; and one field splitting (ZFS). The corresponding value
triplet T; which consists of three substates. By can be used to assess a triplet emitter

taking the change of electron—electron compound for its application in an OLED.
interaction for both configurations into (See Section 1.4 and Fig. 1.11.)

account, usually a significant AE(S,-T,)

result from SOC, such as changes of radiative and non-radiative rates as well as
of energy splittings. (These important effects will be discussed later in Sections
1.3.3.3 and 1.4.2.) For completeness, it should be mentioned that, for this class of
compounds, the lowest excited state (the triplet state) is largely localized on one
ligand (compare Refs. [72-74] and Section 1.4.2).

For most molecules, which are of interest here, the HOMO is occupied by two
electrons and the compound is diamagnetic. Thus, the two electrons carry opposite
spins (o and P spins). This situation is described by an electron configuration of
7> The resulting state, the ground state, is a spin singlet S, (‘%) (Fig. 1.4, left).
When, after a HOMO-LUMO excitation the spins are also taken into account, one
obtains for the excited state configuration n'n*' four different situations (Fig. 1.4,
middle). An excitation without a spin flip gives an excited singlet, while an excita-
tion with a spin flip gives a triplet due to three different possible spin orientations.
This description is similar to the one discussed in Section 1.2.2. Again, in a
quantum mechanical treatment, four different (antisymmetrized) wavefunctions
must be formulated to describe the resulting singlet and the three triplet states
(compare , for example, Ref. [75], p. 163).

In the simple HOMO-LUMO model, all four states, which result from the 'n*!
configuration, still have the same energy and are degenerate. However, from
spectroscopic investigations it is known that the splitting between the excited
singlet state and the excited triplet state is usually significant. For example, for the
ligands discussed in this chapter, it can be as large as 10*cm™ (=1.24€V). There-
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fore, the HOMO-LUMO model must be improved, specifically, by taking changes
of the electron—electron interaction into account which are connected with the
HOMO-LUMO excitation. This results in the energy state diagram (or the many
electron state diagram) as depicted in Fig. 1.4 (right-hand side). A quantum
mechanical consideration shows that the triplet state T; (or *&n*), consisting of
three substates, is stabilized by an energy given by a difference of Coulomb inte-
grals, while the singlet state S; (or 'nn*) is destabilized relative to the triplet state
by twice the exchange integral

K = const x <7t(r1)n7'~‘(r2)

T‘(VZ)“*(Y1)> 3)

ny

wherein © and ©* are the HOMO and LUMO wavefunctions, r; and r, represent
the electron coordinates, and ry, the separation between the two electrons (compare,
for example, Ref. [75], p. 174). The exchange interaction is a quantum mechanical
effect which takes the spin correlation into account. This means that two electrons
with opposite spin orientations (in the singlet state) have a larger probability of
being found near to each other than two electrons with the same spin orientation
(the triplet state). In the latter situation, the two electrons have the tendency to
avoid each other. Hence, the average electron—electron repulsion is smaller and
thus the triplet has a lower energy than the singlet state (Fig. 1.4).

The exchange integral — as displayed in Eq. (3) in a shortened notation (compare,
for example Ref. [76]) — is given in this elementary chapter, since it permits impor-
tant qualitative conclusions to be reached by considering the overlap of the involved
wavefunctions. The following conclusions fit to the spin correlation model dis-
cussed above. First, with an increasing conjugation length of the w and n* orbitals,
the exchange integral K becomes smaller. For example, in purely organic mole-
cules, the singlet-triplet splitting AE('nn* —*run*) decreases in the series of benzene,
naphthalene, anthracene from =18000cm™ (=2.2¢eV) [77], to 12300cm™ (=1.5€V)
[78], and to 10500cm ™ (=1.3eV) [78]. Second, when the MOs are mainly confined
to different spatial regions of the molecule, the MO overlap can become very small,
and consequently so also can the integrals. For example, for -HOMO to n*-LUMO
excitations, which are relevant for organic molecules with heteroatoms, such as
benzophenone, the singlet-triplet splitting AE('nm*—’nn*) amounts to only
1750cm™ (=0.22€V) [79]. Equivalent considerations apply also to states of organo-
transition metal complexes. Small admixtures of metal d-orbital or MLCT charac-
ter to the ligand-centered states will increase the spatial extension of the
wavefunctions and thus reduce the exchange integral — that is, the singlet-triplet
splitting between the perturbed 'LC(*nr*) and ’LC(*mm*) states. For example,
AE('nm* —>rin*) of the free ligand H(2-thpy) is of the order of 10*cm™ (1.24eV),
as can be estimated from the data given in Ref. [80], whereas for Pd(thpy),
(doped into n-octane) AE('LC-*LC) is significantly smaller and amounts only to
5418cm™ [70]. This tendency becomes even more obvious for "MLCT-*MLCT
splittings.
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The triplet state is always split into three substates, at least, if the symmetry of
the molecule is sufficiently low.'” This is valid for most organo-transition metal
compounds that are of interest for OLED applications. The splitting occurs also at
zero magnetic field, and is therefore referred to as zero-field splitting (ZFS) (Fig.
1.4). For *rm* states of organic molecules, the ZFS is mainly induced by spin-spin
interactions of the two unpaired electrons in the triplet state (compare, for example,
Refs. [77, 81, 82]). This interaction leads to ZFS-values of the order of 0.1cm™
(=1.2x107°eV). For largely ligand-centered *LC states of organo-transition metal
complexes, the value of ZFS lies in the same order of magnitude. For example,
for [Rh(bpy)s]*", the total ZFS has been determined as 0.125cm™ (=1.55x107eV)
[83, 84], and for Pd(qol), to about 0.25cm™ (=3.1x10°eV) [85]. However, SOC
carried by metal d-orbitals can drastically increase the magnitude of ZFS, as found
for *MLCT states. (Compare especially Sections 1.3.3, 1.4, and Refs. [5, 70, 72-74].)
In this situation, the small contribution from spin—spin interactions can be
neglected.

For completeness it is mentioned that, although the ZFS values of only slightly
perturbed *LC(*nn*) states of organo-transition metal compounds are of similar
size, as found for purely organic molecules, the metal can manifest itself already
drastically by increasing radiative and/or non-radiative rates. This is a consequence
of a relatively small but still very effective SOC. For instance, the population of the
triplet from an excited singlet state by ISC becomes orders of magnitude faster.
Thus, the quantum efficiency of ISC reaches 100%. For example, for Pd(thpy),
[70] and Pt(qol), [86], which both emit from ’LC states, we determined ISC relax-
ation times of T(ISC)=8001s and 500fs, respectively. Moreover, the radiative T; —
S, rate also becomes orders of magnitude larger than are found for purely organic
molecules. Thus, mostly the triplet substates can easily be excited resonantly [87,
88]."" This implies that the increased radiative rate can dominate over the non-
radiative deactivation. As a consequence, even high-emission quantum yields can
occur. For example, for Re(phbt)(CO), — a *LC(*mm*) emitter with a ZFS much
smaller than 1cm™ - the photoluminescence quantum yield ¢, amounts to 27%
at ambient temperature in ethanol (Ar saturated) [88]. However, the emission
decay time of (300 K)=21ps is still relatively long, and therefore the compound
is probably not well suited for OLED applications [88] but probably well suited as
an oxygen sensor molecule. It will be shown below that the size of ZFS represents
a good measure of the importance of MLCT character in the lowest triplet state
and that, for the most efficient OLEDs, emitter compounds are used which exhibit

10) Molecules which belong to a point group can be excited directly from the ground state,
symmetry lower than C; do not exhibit any while the transition to the third substate is
state degeneracies (apart from Kramer’s still largely forbidden. This has, for example,
degeneracies of molecules with uneven been shown for Pd(thpy), [70], Pt(qol), [71],
numbers of electrons). Ir(ppy),(CO)(Cl) [87], and Re(phbt)(CO),

11) For several compounds only two of the three [88].

triplet substates of dominant *LC character
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ZFS-values of about 10cm™ or larger (1.2x107eV). (Compare Sections 1.3.3, 1.4,
and Refs. [5, 70, 72-74].)

1.3.2
Metal-Centered Transitions and States

A large number of compounds is known, for which the absorption and lumines-
cence properties are determined by metal-centered (MC) excitations. For example,
complexes or doped materials of main-group metal ions with s? ground state and
sp excited state configurations have low-lying MC excitations (e.g., [PbCL]*) [89—
91]. Lanthanide compounds with f-f excitations also exhibit MC transitions (e.g.,
Eu*, Tb* compounds; see e.g., Refs. [92-96]). A short summary of compounds
which exhibit different types of MC transitions is found in Ref. [91]. However,
within the scope of the present chapter, we are interested in properties of d-d*
excitations and related states. Well-known compounds with optical properties
dominated by such MC excitations include ruby (Cr’** in Al,0;) [97, 98]) and
[Cr(urea)e** [99-101], both with 3d® configurations. The latter compound is among
the first synthesized transition metal complexes with organic ligands. Further
examples include [MnCl,J* [102], [Co(CN)¢]* [103, 104], and [PtCl,]* [104, 105], in
which the metal centers have 3d°, 3d°, and 5d® configurations, respectively.

The d-orbitals and d-d* transitions are indirectly of importance for OLED mate-
rials. This is due to two different effects. On the one hand, the quantum mechani-
cal mixing of d-orbitals of open-shell transition metal ions, such as Pt*, Ir**, or
Os*, can induce the required SOC to make the formally forbidden triplet-singlet
transitions sufficiently allowed (see next section). On the other hand, states which
result from d-d* excitations often quench the emission efficiently, and therefore
should not lie in a thermally accessible energy range of the emitting states (see
below).

Usually, a description of dd* states is carried out by use of group theory and the
symmetry of the complex. An introduction to ligand field or crystal field theory is
found in most inorganic chemistry textbooks (e.g., see Refs. [106, 107]), whilst more
detailed descriptions are found in Refs. [108, 109]. At this point, we present only a
briefillustration of excitations (in particular of HOMO-LUMO excitations), provide
some comments regarding the resulting states, and highlight the relevance of these
states for triplet emitters in OLEDs. In this section, only those compounds having
central metal ions with a d° configuration, such as Ir*, Ru*, Os*, Re*, and W°, will
be discussed as examples. These metals/ions tend to prefer a sixfold coordination
which includes, for example, three bidentate chelates. In a first-order approach, the
complexes can be described in an octahedral symmetry (symbol: Oy) of the first
coordination-sphere around the central metal. In this symmetry, the d-orbitals split
into two sets of orbitals (Fig. 1.5). The magnitude of splitting is given by the ligand
field strength, and amounts to A which is — for historic reasons — often named 10
Dq. The Dq parameter varies with the ligand according to the spectrochemical
series (compare , for example Refs. [107], p. 221, and [108], p. 84):
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J <Br <S*<Cl"=SCN < N5< (CHs0),PS; < NOs < F,

< (C;Hs),NCS; < (NH,),CO (urea) < OH < C,03 < H,0 < NCS~ <
NH, < CsHsN < NH, — CH, — CH, - NH, = SO} < NH,0H < bpy <
phen < NO; < PPh; < CHj = C¢H; < ppy~ < carbene™ < CN™ < CO

€ LUMO
dzz dxz_yZ
A = 10Dq
41 4] 4 6
T T | tog HOMO
dyy d, dy,

Fig. 1.5 Splitting of d-orbitals in an octahedral ligand field
with O, symmetry. For a high ligand field (large A or Dq
value), the ground state configuration is t3,.

This series gives the approximate ordering of the Dq parameter.'” In particular,
ligands found on the left-hand side induce a small ligand field splitting (they are
called “weak” ligands), while those on the right-hand side of the series are “strong”
ligands with large ligand field splittings. These splittings depend also on the
central metal ion. For OLED applications, one is usually interested in compounds
with large ligand field splittings to avoid emission quenching processes at ambient
temperature (see below). Consequently, it is useful to have some rules of thumb
for the development of efficient triplet emitters. Such rules should help to estimate
changes of Dq values with chemical variations. Indeed, if a reference compound
is available, then specific trends can be given (Ref. [108], p. 83):

1. Compounds with the same ligands and the same central
metal ion exhibit a 40-80% Dq increase, when the metal
oxidation changes from 2+ to 3+.

2. Compounds with the same ligands experience an increase
of Dq by 30-40%, when the metal of the first row of transi-
tion metal ions in the Periodic Table is replaced by one of
the second row, and similarly if a second-row metal ion is
replaced by one of the third row.

3. For compounds with mixed ligands (heteroleptic com-
pounds), the Dq value can be estimated from the average
ligand field strength.

12) According to different binding properties in different complexes, the sequence of the ligands
in the spectrochemical series may slightly vary. In particular, the positions of (ppy)” and
carbenes™ are given only tentatively.
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From Fig. 1.5 it is clear that compounds with a d° electron configuration and a
large ligand field splitting have a 5, ground state configuration (in an Oy, parent
group approach). Thus, the t,, sub-shell is filled. This leads to a low-spin com-
pound with a (totally symmetric) diamagnetic ground state (‘A in Oy). From the
excitations 15, — 5,5 and 15, — t,e; etc., the excited states can be determined by
taking electron—electron interaction into account (e.g., see Refs. [108, 109]). Usually,
this is carried out by use of group theoretical methods. For example, for the t;,¢;
configuration, two triplets and two singlets are obtained. In a group theoretical
notation (in the Oy, group), the terms ordered according to increasing energy are
*Tig *Thg 'Tig, and 'T,,. Further excitations such as 5, — t,e; lead to a number
of additional energy states. All of the resulting states are summarized in the well-
known Tanabe-Sugano diagrams, which are found in many inorganic textbooks
(e.g., see Ref. [106], p. 1189, and Ref. [107], p. 683).

It is an important property that all of these excited states have distinctly larger
metal-ligand bond lengths than the ground state. This can simply be deduced by
visualizing the effects of the HOMO-LUMO excitation of t5,— t;,e;. It corre-
sponds to a population of an anti-bonding e, orbital from a non-bonding t,, orbital.
Therefore, the metal-ligand bond lengths increase, and additionally the potential
surfaces become less stiff (smaller force constants). Consequently, the potential
surfaces of the ground and of the excited states can cross at relatively low energies.
These changes can have significant effects on non-radiative deactivation processes.
This is due to a resulting distinct overlap of lower-lying vibrational wavefunctions
of the excited electronic state with high-energy vibrational wavefunctions of the
electronic ground state. Accordingly, the corresponding Franck—Condon factors
which govern the rate of the radiationless deactivation from the excited state to
the ground state, increase (compare , for example, Refs. [78], p. 71 and [110], p.
129). As consequence, the radiationless deactivation rate can become significantly
larger than the radiative rates, and an emission is prevented (“quenched”).

In summary, a population of the excited *dd* states of transition metal com-
pounds with a d° configuration often leads to emission quenching at ambient
temperature. Although, for OLED applications, the *dd* states do not have to be
characterized in detail, it is still required to take care of these quenching states.
Energetically, they should not lie too close to the emitting states of, for example,
’LC/?MLCT character (compare next section). An energy difference of 3000 to
4000cm™ (0.37 to 0.50€V) is required to obtain a sufficiently small Boltzmann
factor, and thus a sufficiently small population of the quenching state, at ambient
temperature. Note that arguments similar to those developed for central metal
ions with a d® configuration also hold for compounds with a d® configuration, such
as Pt(II) or Ir(I) complexes.

However, a strategy which aims to maximize the ligand field strength in order
to shift the *dd* states to an energy as high as possible will fail. For a very high
Dq value, the occupied d-orbitals may be stabilized too much. This can have the
consequence that a necessary MLCT admixture to the emitting triplet becomes too
small and that the resulting compound turns into a less effective *LC emitter.
Exactly this behavior is observed for Re(I) complexes. Re(phen)(CO);(Cl) shows a
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relatively good OLED performance [111, 112] which is related to a large ZFS of
50cm™ and thus to a large MLCT perturbation of the emitting triplet. For
Re(phbt)(CO),, on the other hand, with ligands of an on-average much higher Dq
value, the emitting state turns out to be a *LC state (ZFS << 1 cm™) [88]. For this
latter material, only a very weak OLED performance was observed [88]. Obviously,
a good balance between MLCT character of the emitting state and a high energy
separation of the quenching state must be found.

133
Metal-to-Ligand Charge Transfer/Ligand-Centered Transitions: States in
Organo-Transition Metal Triplet Emitters

In the two previous sections, we have discussed well-seizable models with respect
to the frontier orbitals and the resulting energy states. The situation becomes a
little more complicated, when additionally MLCT transitions are taken into account.
In particular, the interplay — that is, the quantum mechanical mixing between *LC,
'LC, *MLCT, and "MLCT states — determines the properties of the lowest triplet
state and thus also the applicability of an emitter material in an OLED. For
example, a compound with an almost “pure” ’LC emitting state would presumably
not be well suited as an OLED emitter, whereas a complex with a mixed emitting
*LC/?MLCT state might be a very good candidate. Such mixtures can occur, for
instance, for a d-orbital admixture to the HOMO of mainly & character, that is, for
nd — m* transitions. (Compare the examples given at the end of Section 1.3.2 with
those later in this section.) The inherent reason is SOC which, for the compounds
under consideration in this contribution, is carried by the metal 5d-orbitals.

It is the subject of this section, to illustrate how many-electron states result from
frontier orbitals, such as HOMO-1, HOMO, LUMO, LUMO+1, etc., and to discuss
the properties of electronic states, the MLCT character, SOC routes, triplet state
splittings, and radiative rates. In a first step (see Section 1.3.3.1.), a very simple
model is presented with a strongly restricted number of MOs. Yet, this model is
well suited for describing some trends. In a second step (see Section 1.3.3.2.), it
will be shown that a more realistic model requires the inclusion of a larger number
of active frontier orbitals, and a very large number of states in the optical energy
range is obtained. Finally, in Section 1.3.3.3, the important effects induced by SOC
are discussed.

1.3.3.1 Introductory MO Model and Energy States

Figure 1.6 illustrates a strongly simplified MO diagram for an organo-transition
metal compound, and how the MOs relate to the energy states. In this model, one
single ligand m-orbital (HOMO-1) and one d-orbital (HOMO) are considered as
the occupied frontier orbitals. Both of these are occupied with two electrons. The
lowest unoccupied orbital is given by a single n*-MO. An additional unoccupied
d*-orbital, also displayed in the figure, is not further discussed, as it is assumed
that its energy and those of the resulting states are sufficiently high and thus have
no importance for this introduction (but compare Section 1.3.2). In summary, this
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Fig. 1.6 (a) Introductory MO model for a coupling (SOC). SOC induces the zero-field

compound with single w, d, and ©* orbitals splitting (ZFS). After these quantum

and the respective MLCT and LC transitions.  mechanical mixings, the terms singlet, triplet,
It is assumed that the d*-orbital lies at a LC, MLCT can no longer be regarded as
significantly higher energy and that it does not “pure” classifications. For details, see Section
lead to low-lying energy states. (b) From the  1.3.3.3. Here, we illustrate a situation in which

two MLCT and LC transitions eight energy the order of the d- and m-orbital does not
states are obtained: two singlets 'LC and necessarily lead to the same sequence of the
'MLCT, three ’LC, and three *MLCT substates. corresponding triplets. It is remarked that the
The states can experience substantial SOC path is only symbolized in (b), realistic
quantum mechanical mixings due to requirements are discussed later (compare

configuration interaction (Cl) and spin-orbit  Fig. 1.9).

three-orbital model is characterized by just two excitations: one MLCT and one LC
transition between the corresponding MOs (Fig. 1.6a).

In Section 1.3.1, it has been shown that each of these excitations results in one
singlet and one triplet state. The electronic ground state is a singlet (Fig. 1.6b).
Furthermore, according to the distinct spatial differences of the respective electron
distributions in the involved orbitals, the exchange interactions — and thus the
singlet—triplet splittings — differ strongly [see Eq. (3)]. For the n- and m*-orbitals of
the ligands which are in the focus of this chapter, AE('nn* —*nn*) is of the order
of 10*cm™ (1.24€V). On the other hand, AE("MLCT -*MLCT) is much smaller, as
the electron—electron interaction of the two electrons being distributed over the
d-orbital and the spatially separated n*-orbital, respectively, is weaker. According
to Ref. [70], AE("MLCT->MLCT) is about 3000cm™ (0.37eV), or even smaller.
With this information, an energy level diagram is obtained as depicted in Fig.
1.6D.

Although the model for organo-transition metal compounds as presented in Fig.
1.6 is greatly simplified, it may still be used for an orientation and some general
conclusions or helpful rules of thumb:
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« In general, a HOMO/LUMO model does not contain singlet
or triplet states.

« The relative positions of HOMO-1 and HOMO do not allow
to predict the energy sequence of the corresponding triplet
states directly. Figure 1.6 shows that ’LC can be the lowest
state, although the HOMO-HOMO-1 sequence may suggest
that *MLCT might be the lowest state. This behavior is
related to the difference in energy between HOMO and
HOMO-1, which may be small in comparison to the energy
difference between the exchange integrals.

« The number of states is quite large, even for this simple
model. Eight states are obtained, two singlets ('LC, '"MLCT)
and 2x3=6 triplet substates (*LC, *MLCT) (neglecting
double excitations, for example, to d*(n*)* configurations).

« The eight states can mix quantum mechanically induced by
electron—electron interaction between the different
configurations (configuration interaction, CI) and by SOC.")
Especially, SOC between "MLCT and *MLCT and CI between

*MLCT and *LC will alter the properties of the lowest triplet
state (see Section 1.3.3.3). A splitting of the zero-order ’LC
state into substates (ZFS) will result, the transitions between
these and the ground state will become more allowed, the
emission decay time will decrease, the photoluminescence

quantum yield is mostly increased, and the spectra change,
etc. (see Section 1.4.2. and Refs. [5, 70, 73, 74]).

1.3.3.2 Extended MO Model and Energy States
The simple model as discussed in Section 1.3.3.1 will certainly not be applicable
for describing experimental results with sufficient quantitative precision. In par-

ticular, the number of electronic states is far from being realistic. This message
is illustrated in Fig. 1.7 on the basis of two approaches, applied to discuss the
example of Ir(ppy)s. In a first introductory step, the discussion is restricted only
to MLCT transitions; this approach is displayed in the inner frame of Fig. 1.7.
Some group theory will help to find the number of d- and n*-orbitals and, subse-
quently, the number of resulting energy states. In the electronic ground state,
Ir(ppy)s has C; point group symmetry [113] and probably also in the lowest triplet
state [114, 115]." In C; symmetry, the 5d-orbitals of t,, representation split into

13) SOC is particularly important for third row
transition metal complexes with open 5d
shells. It increases approximately with Z*, Z
being the atomic number.

14) In Refs. [70, 73, 74, 114] it has been shown
by low-temperature investigations that in
homoleptic organo-transition metal
compounds the lowest triplet state is

delocalized over the three ligands and the
metal. However, this result is only valid for a
sufficiently large metal-induced ligand—
ligand coupling. This coupling increases
with a growing MLCT character of the lowest
triplet state. A measure for this property
represents the amount of ZFS (see also
Sections 1.3.3.3 and 1.4). For example,



