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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
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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-
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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 0.4eV) 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 601m 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
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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 kT, 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
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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

eZ

AE(e—h)=———=kgT 1
e=h) 4meyeRC ’ @)

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 singlet—triplet 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.
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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.



1.3 Electronic Excitations and Excited States

1.3
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)2(CO)(CL), Ir(btp), (acac), Pt(thpy)., [Pt(bpy).J*", Re(phen)(CO)s(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) 1eVA8068cm™.

n
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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 ©t'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
n>. The resulting state, the ground state, is a spin singlet S, (*n%) (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'm*' 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 <1t(r1)n7'~‘(r2)

T‘(VZ)W*(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 7 and * orbitals,
the exchange integral K becomes smaller. For example, in purely organic mole-
cules, the singlet-triplet splitting AE('nn* —*1un*) 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* —rn*) 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 T1(ISC)=8001{s 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 6, amounts to 27%
at ambient temperature in ethanol (Ar saturated) [88]. However, the emission
decay time of 7(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 < F7,

< (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

e, LUMO
dzz dxz-yz
A =10Dq
T T T 2
dxy dxz dyz

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, — 5,65 and 5, — 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 P(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 n*-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:

19



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

« 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,
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Fig. 1.7 Frontier orbitals, MLCT, and LC extension of the number of frontier orbitals by
excitations and resulting number of states. additional inclusion of four LC and four

Inner frame: In a simple model system for an  MLCT, transitions results in 108 states. About
organo-transition metal compound, such as 70 states are expected to be within 8000cm™'
Ir(ppy)s with a C; symmetry, the four MLCT;  (TeV), just above the lowest triplet state [124].
excitations lead to 36 states. Outer frame: An

two sets of d-orbitals — that is, a non-degenerate a4 and a doubly degenerate e
representation. Due to the 5d° configuration of Ir*, these orbitals are occupied by
two and four electrons, respectively, giving the HOMO and HOMO-1 (Fig. 1.7,
inner frame). The adequate, symmetry-adapted lowest unoccupied MOs result
from the 7} -orbitals of the three (ppy)-ligands. Combinations of these lead, simi-
larly, to one MO of a and two MOs of e representation, giving the LUMO and
LUMO+1. Tt should be noted that these group theoretical considerations do not
allow determination of the sequence of the respective MOs, as shown in Fig. 1.7.
The energy ordering of the MOs has been adopted from Ref. [116]. It should be

for Pt(thpy), and [Ru(bpy);]** with 83cm™ [115]. According to this large value —
AE(ZFS)=16cm™ [70] and 61cm™ [73, 74], and thus very large MLCT character — the
respectively, we have shown that the excited assumption of having a delocalized triplet is
state is delocalized, whereas for [Pt(bpy),]** well justified. Consequently, the C;

or [Rh(bpy)s]** with AE(ZFS) <lcm™, we symmetry is probably maintained for the
found ligand-centered localized situations lowest excited triplet.

[73, 74]. For Ir(ppy)s, AE(ZFS) amounts to
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further mentioned that a similar model was presented more than 20 years ago for
[Ru(bpy)s]** (compare Refs. [117, 118] and Ref. [74], p. 174).

According to the four different MOs shown in the inner frame of Fig. 1.7, four
MLCT; transitions are obtained." The effects of electron—electron interaction give
the excited states (see Sections 1.3.1 and 1.3.3.1). For example, the HOMO-LUMO
transition of type d(e)*d(a)’ — d(e)*d(a)'n¥(a)! leads to one singlet and one
triplet — that is, to four states including triplet substates. Similarly, the three
other MLCT, transitions d(e)*d(a)* — d(e)* d(a)' ¥ (e)!, d(e)*d(a)* — d(a)*d(e)’* i (a)',
and d(e)*d(a)’ — d(a)’d(e)’n (e)' result in an additional 32 states (including sub-
states and counting doubly degenerate states twice). The resulting states of same
symmetry will interact quantum mechanically due to CI, which is a consequence
of electron—electron interaction. Moreover, SOC between singlets and triplets, as
well as between different triplets, will lead to further energy shifts and splittings.
This quantum mechanical mixing strongly alters the photophysical properties of
the triplet substates, and is also the origin of the ZFS. As a consequence of these
mixings, assignments as singlets or triplets (e.g., as '"MLCT or *MLCT) might not
be fully adequate, especially if extensive mixings, such as in third period transition
metal compounds, occur. However, the triplet character of the very lowest substate
is usually almost maintained (see Section 1.3.3.3).

The total number of states, which result from the four MLCT; electron transi-
tions, is 36. For Ir(ppy)s, if having a C; symmetry, 12 states would be doubly
degenerate (representation E) and 12 would be non-degenerate (representation
A). (Compare the situation described for [Ru(bpy);]** in Ref. [74], p. 175.) If, on
the other hand, Ir(ppy); sits, for example, in a host cage which allows only a
lower symmetry than C; — as would be expected for a complex doped into an
amorphous matrix — the doubly degenerate E states will split. A splitting of E
states would also be expected, if the complex were to be distorted in the excited
state to a lower symmetry. This can occur due to polarization effects. Such dis-
tortions may be dissimilar for different excited states of the same complex. The
36 states are expected to lie within an energy range of about 4500cm™ (0.56eV)
(compare Ref. [116], Table 1.3). In this context, reference should also be made
to the valuable model calculation carried out by Kober and Meyer [118] for
[Ru(bpy)s]™

Clearly, chemical intuition tells us that the model presented above (the inner
frame of Fig. 1.7) will not lead to a successful description of organo-transition
metal compounds. Specifically, their properties are extensively influenced or even
dominated by ligand-centered contributions (compare , for example, Refs. [71-74,
82-88, 116-134]). These LC components are also very important for Ir(ppy); [116,
123, 124]. Hence, the lower-lying occupied n-MOs and the higher-lying unoccupied
n*-MOs must also be taken into account. Combinations of the respective ligand
orbitals lead to occupied n(a) and m(e) as well as to unoccupied 75 (¢) and 75 (a)
MOs (Fig. 1.7, outer frame). The inclusion of the @} -MOs is justified by estimates

15) These MLCT transitions can be described by the configuration d° — d*(n*)". Transitions of the
type of d® — d*(n*)* lie at much higher energy, and are not taken into account in this model.
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carried out for [Ru(bpy)s]**, for which the corresponding 7;-MOs lie only about
6000cm™ (0.74eV) above the Ti'-MOs (see Refs. [117, 118, 132] and [74], p. 175).
Consequently, a more realistic model is extended by several additional frontier
orbitals and the respective electron transitions. Beside the four MLCT, transitions,
shown in the inner frame of Fig. 1.7, the extended model additionally provides
four LC and four MLCT, transitions. Following the quantum mechanical proce-
dures outlined above, 3x36=108 states are obtained. For completeness, it should
be noted that 36 of these states are doubly degenerate E states, which split into 72
substates, if Ir(ppy); does not sit on a strict C; site. Interestingly, Nozaki’s [124]
theoretical approach can only achieve results which are comparable to experimen-
tal values, by taking as many as 50 singlets and 50 triplets (200 states) into account.
Thus, the large number of states within a relatively small energy range, giving a
high density of states, is a property that is characteristic of the systems under
consideration.

Obviously, the total number of states depends on the number of chromophoric
ligands. For example, for Ir(ppy),(LL) with only two chromophoric (ppy) ligands,
one obtains only 64 non-degenerate electronic states in an equivalent model and
energy range (2x24 MLCT and 16 LC states). In general, one electronic excitation
between two non-degenerate MOs gives one singlet and one triplet state with three
substates — that is, four states. Thus, the number of resulting states can easily be
determined, if the number of frontier orbitals is increased.

It should be emphasized that the resulting states are mostly quantum mechani-
cally mixed. For example, the lowest triplet substates contain triplet and singlet
admixtures of higher-lying states, of which the singlets carry the allowednesses of
the transitions to the electronic ground state. These admixtures determine ZFSs,
radiative rates, emission quantum yields, and spectral forms (see Sections 1.3.3.3
and 1.4.2).

Although the model presented has not been quantitatively applied to organo-
transition metal compounds, it has the advantage of fitting well to the intuition of
organo-metal chemistry. It offers good insight into the different MOs involved,
their spatial distributions, and the resulting states. Thus, trends may be identified
and can be used to predict changes in photophysical properties according to chemi-
cal variations, such as the effects of electron-donating or -withdrawing substitu-
tions, variations of conjugation lengths, influence of the ligand field strength,
variation of the oxidation and reduction potentials (compare, for example, Ref.
[133]). Even predictions of SOC routes are possible (compare Sections 1.3.3.3 and
1.4.2). However, for quantitative descriptions, the current research is mainly
based on ab-initio methods, such as time-dependent density functional theory
(TDDFT) [116, 120-128] or CASSCF/CASPT?2 [119]. Although the predictions of
transition energies, singlet—triplet oscillator strengths, number of low-lying triplet
states, and ZFS energies are mostly not very reliable, or may even not be deter-
mined at all, the calculated results are still helpful in understanding certain pho-
tophysical trends. However, the predictions become much more realistic when
SOC effects are taken into account, and this point forms the subject of the next
section.
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1.3.3.3 Spin—Orbit Coupling, Triplet Substates, Zero-Field Splitting, and Radiative
Decay Rates

The emission properties of an organo-transition metal complex are largely deter-
mined by the individual characteristics of the three substates of the lowest triplet
term T;. The substates do not represent “pure” states, but contain contributions
from singlets and triplets of other configurations due to CI and SOC. In particular,
the mixed-in singlet components provide the required radiative rates and
allowednesses of the optical transitions to the electronic singlet ground state.
Further, specific interactions with higher-lying states lead to individual, but differ-
ent, energy stabilizations of the substates. Thus, a splitting of the T, state, the
ZFS, results.’ It is subject of the subsequent considerations to develop some
insight into the quantum mechanical description of these effects [82, 122, 124,
134-136].

The energies of the triplet substates can be calculated — at least in principle — by
use of second order spin—orbit perturbation theory. The zero-order wavefunctions
0s,, Or, and energies Es,, Er, of singlet and triplet states are considered as known
before inclusion of spin—orbit interaction. They are, for example, determined by
DFT calculations [122, 127, 128, 134]. The energies E(i) of the resulting (perturbed)
triplet substates of Ty with i=1, II, III can be expressed by:'""'®

(9, HSO|¢H<1)>|Z 5y |<¢Tn(i)|ﬁ50|¢f1(i)>|2
ET1 _ESn Tn ET1 _ETn

E(i) = Eq, +Z| 4)

wherein Hgo is the SOC Hamiltonian. S, and T,(j) refer to those singlet states and
triplet substates j, which have the same symmetry representation as the individual
substate I, II, and III, respectively. Otherwise, the matrix elements of Eq. (4)
vanish."”

The energies E(I), E(II), and E(III) of the individual triplet substates I, II, and
III will energetically be stabilized, though differently, depending on the magni-
tudes of the respective matrix elements. Distinct shifts of E(I), E(II), and E(III) can
only occur, if SOC between the involved states is significant. This is only possible,
if MLCT (“’dn*) contributions are present in the respective wavefunctions. The
resulting differences of the energy shifts give AE(ZFS). In other words, an experi-
mentally determined value of a relatively large AE(ZFS) displays directly the impor-
tance of ’"MLCT (“*drn*) components in the wavefunction of the corresponding

16) The small effects of spin—spin coupling,
giving splittings of the order of 0.1cm™, are
neglected here.

17) Note that the DFT calculations do not yield
the exact states of the systems including full
configuration interaction (CI) before taking
SOC into account; hence, additional CI may
lead to further mixing and energy shifts.

18) We simplify the notation in view of the fact
that one has to use degenerate perturbation

theory. Also note that first-order
contributions are vanishing.

19) The matrix elements can only be non-zero, if

the grouptheoretical product of all
components contains the totally symmetric
representation. Since Hyo is totally
symmetric, the two interacting states have to
belong to the same representation. For
experts, it should be noted that we refer here
to representations of the double group.
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triplet state.”” Clearly, this is connected with all other photophysical implications,
which are induced by the involved MLCT character, such as an increase in the
radiative rate and the photoluminescence quantum efficiency, and/or changes of
the emission spectra (see below and Section 1.4.2). “Relatively large” in this context
means AE(ZFS) = 2cm™ — that is, the ZFS is more than one order of magnitude
larger than splittings induced by spin—spin interactions.

The radiative rate constant k'(i) of the transition from triplet substate i, with i=1,
IT, I11, to the electronic ground state represents a crucial quantity for the lumines-
cence of an organometallic compound. The rate can be expressed by use of per-
turbation theory as [77, 134].

2

X (s, ler|ds, ) (5)

(0s.[Fisor,»)

k'(i) = const x V> x
; ETI - ESn

where V is the transition energy in cm™ and er the electric dipole operator.
The zero-order wavefunctions s, and the zero-order energies Ey, Es, have been
defined above. Similarly as discussed before, the wavefunction ¢s, of a higher-lying
singlet state must have the same symmetry representation as the respective triplet
substate I, II, or IIL. Otherwise (¢s, [Hso|dr,) vanishes, and mixing between the
corresponding states does not occur.

The radiative rate k" (i) depends not only on the values of the matrix elements
(05, |Hso|0r,;)) — that is, the spin—orbit interactions of the respective triplet substate
with higher-lying singlets — but also on the allowednesses of the transitions from
So to the interacting singlet states S,.. The corresponding transition dipole moments
can be calculated by using DFT approaches [122, 123, 128|.

With an increase of the radiative decay rate k', usually also an increase of the
photoluminescence quantum yield ¢y, is found, according to

kr

(©)

wherein k' can be expressed for one specific triplet substate by use of Eq. (5). k™
is the non-radiative decay rate, which depends on the energy gap between the
emissive triplet state and the electronic ground state (the “energy gap law”), the
number of coupling and deactivating vibrational modes, and on the coupling
strength of the corresponding modes. For further information, see Refs. [78, 79].

In Section 1.3.3.2 it was shown that a very large number of excited states exists
in an adjacent small energy range. In principle, these can all contribute to the
lowest triplet substates via spin—orbit interaction, if the corresponding symmetries

20) It should be noted that small AE(ZFS) values singlet character, would, for example,
might, hypothetically, result also from large, directly be displayed in shortening of the
but near-equal energy shifts of all three emission decay times (at low temperature).
substates due to significant “*“MLCT However, such a situation has never been
components in each case. Corresponding found experimentally (5, 70, 73, 74].

mixings to the sublevels of T;, at least of
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fit. However, many of these SOC routes contribute little, and they can be neglected
compared to a few dominating spin—orbit interactions. Interestingly, in a series of
investigations, relatively simple rules for important SOC routes have been eluci-
dated [82, 122, 136] and recently summarized by K. Nozaki et al. [122]. These con-
siderations are based on estimating the magnitudes of matrix elements. In
particular, if they do not involve one-center integrals on the transition metal center,
the magnitudes are small.”" [137] For example, SOC between ’LC(’rr*) and
'MLCT('dn*) states involves only two-center integrals on the metal. Consequently,
SOC between these states is small and therefore, cannot be responsible for the
relatively large effects of SOC found in organo-transition metal compounds [82,
136] (Fig. 1.8a). On the other hand, one-center SOC integrals can induce effective
SOC between "MLCT('dr*) and *MLCT(*dn*) states [82, 136], as is symbolized in
Fig. 1.8b. (Note that additional requirements have to be taken into account, see
Fig. 1.9.)

From experimental investigations it is known, however, that many organo-tran-
sition metal complexes have (perturbed) *LC(*rtn*) states as lowest triplets which
exhibit relatively high radiative transition rates to the electronic ground state. Obvi-
ously, these triplets involve significant '"MLCT('d*) components (compare, for
example, Refs. [5, 70, 73, 74]). Therefore, another mechanism must be effective.
Indeed, according to Miki et al. [82, 122, 136], an important indirect SOC mixing
route is efficient. It is proposed that the '"MLCT('drt*) state interacts by SOC with
the *MLCT(*dr*) state which on its part interacts by CI with the *LC(*rr*) state
(CI results from electron—electron interaction). According to Nozaki’s investiga-
tions [122, 124], this indirect coupling route is the dominant mechanism for the
intense photoluminescence of many complexes. The corresponding SOC route is
shown in Fig. 1.8c, and was depicted earlier in Fig. 1.6b.

To summarize, an effective SOC between triplet substates and higher-lying
states can lead to significant magnitudes of the matrix elements (¢s, Hso|q>r1 o)
for example, and thus lead to appreciable AE(ZFS) values [Eq. (4)] and radiative
rates k' (i) to the ground state [Eq. (5)], in contrast to zero-order *LC(*mm*) states.

With regards to the discussed SOC route between *MLCT (*dr*) and "MLCT('dr*)
(Fig. 1.8D), a restriction must be accounted for. Again, based on the arguments of
the dominance of one-center integrals, a *MLCT state only couples effectively with
a '"MLCT state, if the configurations of both states involve the same 1*- orbital, but
different d-orbitals [137]. For quasi-octahedral d°® complexes, these d-orbitals belong
to the t,, manifold. This additional requirement for an effective SOC is illustrated

21) From the usual rules for evaluating matrix hand, for d — n* and © — 7* excitations to
elements of one-electron operators between the same m* orbital, matrix elements of the
Slater determinants (see Ref. [137], Table form <d‘Hso‘1t> are obtained, while for d;
2.3), one may conclude that single — n* and d, — T* excitations, integrals of
excitations W; — W3 and W3 — W¥ can only the form <d1 ‘Hso d2> occur. The former is
lead to non-vanishing contributions of SOC at least a two-center integral and, hence,
(approximated as a one-electron operator), small, while the latter is a one-center integral
when y; = y; or W5 = y¥. Thus, for and can be large. Note, that diagonal matrix
example, SOC between states resulting from elements of the type <d1 ‘I:ISO(metal)‘d] >

d — n* and © — d* vanishes. On the other involving the same d, orbital, vanish.
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Fig. 1.8 Spin—orbit coupling (SOC) routes. (a) specific conditions, which are discussed in
SOC between *LC(*rtm*) and "MLCT('dr*) Fig. 1.9. (c) Indirect SOC mixing routes can
does not involve one-center integrals on the  be efficient, if the "MLCT('dr*) state interacts
transition metal center, and is therefore weak. with the *MLCT(*dr*) state, which couples
(b) SOC between *MLCT(*dw*) and with ’LC(*nm*) by configuration interaction
'MLCT('dr*) states can be strong under (Cl). Compare also the Refs. [82, 122, 136].

in Fig. 1.9. For complexes with a distorted O, symmetry, the three t,,-orbitals can
split and three MLCT transitions are obtained, if we consider in this simplifying
illustration only one m*-orbital, for example of a compound with just one chromo-
phoric ligand (Fig. 1.9a) These transitions lead to three '"MLCT and three *MLCT
states (12 substates; compare Section 1.3.3.1). In Fig. 1.9b, the states are depicted
in separate diagrams to illustrate the required coupling routes. According to
footnote 21 and to Ref. [122], SOC between states of the same configuration is
weak, while it can be significant between singlets and triplets of different
configurations.”

Theoretical studies of phosphorescence properties of organo-transition metal
compounds require a thorough inclusion of effects of SOC, in particular with
respect to the lowest triplet states. A recent investigation by Nozaki [124] approaches
this challenge by using — as an example — a strongly simplified model system for

22) It should be noted again that SOC between point group symmetry of a complex is only
the corresponding states is only possible, if slightly distorted to C;. In this case, however,
they belong to the same irreducible symmetry restrictions of the parent group

representation (same symmetry). Often, the might still be valid.
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Fig. 1.9 Spin—orbit coupling (SOC) between  Refs. [82, 122, 136] and Footnote 21). Note
*MLCT(dn*) and '"MLCT('dn*) states. SOC that, in addition to the depicted coupling
can be effective under specific conditions; that routes, strong SOC can also occur between
is, it can be strong, if the same m*-orbital but *d;m* and 'd,w* states. This illustration is
different d-orbitals are involved, otherwise greatly simplified, as only one m*-orbital is
SOC is weak. These considerations are based taken into account in this model.

on estimates of SOC matrix elements (see

Ir(ppy)s. In these studies, zero-order wavefunctions and energies were obtained
from TDDFT calculations. Subsequently, spin—orbit interactions were included as
perturbation. The evaluation of the SOC matrix elements was carried out by con-
sidering only one-center spin—orbit integrals in the scope of the arguments pre-
sented above and depicted in Figs. 1.8 and 1.9. The resulting description of
properties of the three lowest-lying triplet substates fits in several respects to
experimental observations. From the very long emission decay time of substate I
of 1,=145 ps, this state can be assigned to be an almost pure triplet [115]. Indeed,
according to Ref. [124], substate I consists of about 92% of the T, contribution
(which carries very high MLCT character) and of components of higher-lying
triplets (T4 =5% and Tg =2%) but — in the scope of this approximation — of no
singlet character.

It seems to be a more general property of organo-transition metal compounds
that the lowest triplet substate I represents an almost pure triplet. This has been
observed experimentally for many compounds (compare the reviews in Refs. [5,
70, 73, 74]), and also found by ab-initio calculation for [Ru(bpy);]**, [Os(bpy)s]**,
and Ir(ppy); [124]. Presumably, this behavior is indicative of an energetically proxi-
mate higher-lying triplet, which is responsible for stabilizing substate I, obviously
without providing singlet character.

The situation concerning singlet admixtures is different for the two higher-lying
substates IT and III of Ir(ppy); [124]. These represent also mainly T, substates (II:
~92% and III: =94%), and have different contributions of admixed higher-lying
triplet components (II: =5% T, III: =2% T,). However, the substates II and III
contain in addition small admixtures of higher-lying singlets. Specifically, these
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admixtures provide the required allowednesses for efficient emission (II =2% S,,
III: =1% Ss). The calculated prediction of the sequence of radiative rates k'(I) <
k*(II) < k*(ILI) is also in accordance with the experimentally determined emission
decay rates. We found k(I)=6.9x10’s™, k(I)=91x10’s™", and k(I11)=1330x10*s™
(compare Section 1.6 and Ref. [115]). The fact that k'(III) > k*(II) in spite of a
somewhat larger singlet admixture in substate II can be explained by a larger
oscillator strength (allowedness) of the transition Sy — Ss in comparison to Sy —
S, (see Fig. 1.3 of Ref. [124]).

Calculations as carried out in Ref. [124] led also to interesting conclusions con-
cerning the number of states, which was the subject of discussion in Section
1.3.3.2. For example, according to Ref. [124], an “accurate” calculation requires the
inclusion of up to 200 states (50 singlets and 50 triplets). Further, for the example
of Ir(ppy)s, it has been found [124] that about 70 states lie within a range of
8000cm™ (1eV) above the emitting triplet. This corresponds to a range from
~20000cm™ (500nm) to 28000cm™ (357 nm).

For the application of an organo-transition metal compound in an OLED, it is
required that the radiative rate of the transition from the lowest triplet state to the
singlet ground state is large. This is connected with a short emission decay time
and — if non-radiative deactivation is not dominating — with a high photolumines-
cence quantum yield. From this requirement, it can be concluded that SOC routes
to the lowest triplet state — i.e. to the specific triplet substates — have to be as effec-
tive as attainable. Presumably, when paying attention to the relatively simple rules
for efficient SOC routes (Figs. 1.8 and 1.9), and when applying adequate chemical
engineering, it might be possible to obtain compounds with distinctly improved
efficiencies. This subject is re-addressed in Section 1.4.2.

1.4
Zero-Field Splitting (ZFS) of the Emitting Triplet, Photophysical Trends, and
Ordering Scheme for Organo-Transition Metal Compounds

The emission of organo-transition metal compounds discussed in the scope of this
chapter occurs from the lowest excited triplet state T; to the electronic ground state
So. Without including spin—orbit coupling, this transition is strictly forbidden.
However, for third row transition metal compounds, SOC to the lowest triplet can
be very important and can induce drastic effects, such as substantial splittings of
the triplet into substates and an increase of radiative decay rates. Due to this latter
effect, the phosphorescence quantum yields may reach almost 100%. Several other
photophysical properties of the compounds will also be altered distinctly (see
below). In Section 1.3.3.3, we have already illustrated SOC routes which are
responsible for these effects. In particular, changes of the radiative rates of transi-
tions from the three T, substates I, II, and III to the electronic ground state S, (0)
can be calculated using Eq. (5), whilst splitting of the T; state (ZFS) can be deter-
mined using Eq. (4). However, sufficiently accurate quantum mechanical calcula-
tions, which include SOC, remain difficult to perform. Thus, an empirical ordering
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scheme can be helpful for assessing the materials’ properties. We have shown that
especially the size of the total ZFS [AE(ZFS)] represents a valuable parameter to
assess or even predict the important photophysical properties of organometallic
compounds [5, 70, 74, 114]. According to Eq. (4) and the subsequent discussions,
AE(ZFS) displays directly the importance of "*"MLCT (*dn*) components in the
corresponding triplet state. In other words, a value of AE(ZFS) of more than 1-
2cm™ is connected with ’dn* components in the wavefunctions of the triplet
substates. In particular, significant AE(ZFS) values are representative of significant
MLCT components in the corresponding triplet state. Usually, states with very
large MLCT character (very large AE(ZFS) values) are termed as MLCT states,
although it is generally known that substantial © and ©* character of the ligand(s)
is also involved. These considerations are summarized schematically in
Fig. 1.10.

higher lying
states

emission

So A A A 0

Fig. 1.10 Schematic diagram showing that 'MLCT character to the corresponding
spin—orbit coupling (SOC) and configuration  substate according to Eq. (5). Consequently,
interaction (Cl) of the three triplet substates I, the magnitudes of the radiative rates are

11, and 11l with higher-lying states result in determined by the significance of the "MLCT
energy shifts, splittings AE(ZFS) of the lowest admixtures and by the involved (admixed)
triplet T state — also at zero magnetic field —  singlet state — that is, its transition probability
and changes of the Ty <> S, transition to the electronic ground state. Frequently, the
probabilities. Rules for the required mixings  very lowest triplet substate does not contain
are discussed in Sections 1.3.3.3 and 1.4.2. distinct singlet components and therefore is
Specifically, the allowedness of a transition usually an almost pure triplet and hence long-

between a triplet substate and the electronic  lived (compare Refs. [5, 70, 73, 74, 124]).
ground state is governed by an admixture of
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1.4.1
Ordering Scheme

Figure 1.11 summarizes a series of compounds which are arranged according to
an increasing AE(ZFS) of the emissive triplet state; the corresponding chemical

211 [Os(bpy),]** [156]
186 J P r— [Os(phen)3] 2+ [159]
em”'
2]
o 67 e Ir4,6-dFppy)y(pic) [143]
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©
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5 32 Ir(piq)s [154]
'i 32 Pt(ppy), [148]
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Fig. 1.11 The compounds are arranged
according to an increasing splitting of the

emitting triplet state into substates (zero-field

splitting, ZFS). The splitting reflects the
"*MLCT character in the corresponding

wavefunctions. The related structure formulae

are shown in Fig. 1.12. The listed references

refer to reports in which the corresponding
AE(ZFS) values have been provided. Note that
the size of ZFS can also depend on the
individual environment of the emitter
compound (compare Section 1.10). For most
emitters the positions of compounds with
AE(ZFS) < 1cm™ are only roughly estimated.
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Fig. 1.12 Structure formulae of emitter compounds shown in Fig. 1.11 and discussed in this
chapter.

structures are illustrated in Fig. 1.12. The AE(ZFS) values have been determined
mostly by use of optical high-resolution spectroscopic methods. A representative
example, of how this procedure is carried out, is discussed in Section 1.5 for
Pt(thpy), with an intermediate magnitude of ZFS. On the other hand, compounds
with very small AE(ZFS) values of much less than 1cm™, such as [Rh(bpy);]* [83,
84, 138], Pd(qol); [85], and Pd(thpy), [139] have been investigated by using double-
resonance methods, in particular optically detected magnetic resonance (ODMR).
Details of the procedure are provided elsewhere (e.g., [83] and references therein.)
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In several cases, however, it is not possible to obtain highly resolved spectra,
despite the ZFS being large. This behavior is connected to a relatively large inho-
mogeneity of the emitter compound in the applied host and/or to a large elec-
tron—phonon coupling of the singlet—triplet transition (compare Section 1.11). In
these cases, an indirect method of determining the temperature dependence of
the emission decay time was applied, and from a fit of these data valuable informa-
tion concerning the triplet state can be obtained. A corresponding example is pre-
sented in Section 1.6, illustrating the properties of Ir(ppy)s.

33



34

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

According to the discussions presented above, an increasing ZFS of the emitting
triplet state, as shown in the ordering scheme of Fig. 1.11, is connected with an
increasing MLCT component in this triplet state. Compounds with AE(ZFS) values
of less than =1 cm™ exhibit largely ligand-centered *LC(*nm*) emitting states. The
triplets of complexes in the intermediate range cannot be regarded as pure ’LC
states. The *LC(’n*) character is significantly perturbed by “*dm* admixtures.
Those emitters with larger AE(ZFS) values 50 cm™ than about are normally termed
and assigned as *MLCT emitters. Extensive literature concerning MLCT assign-
ments is available, for example for [Ru(bpy);]** [117, 118, 124, 132, 157, 158],
Ir(ppy); [115, 116, 123, 124], and [Os(bpy)s]* [70, 74, 124, 125, 159].

1.4.2
Photophysical Properties and ZFS

The magnitude of the ZFS parameter increases in the range shown in Fig. 1.11
by more than a factor of 2000. This is a result of essential changes of the wavefunc-
tions of the lowest triplet substates due to increasing SOC of *nn* states with *dm*
states. The effectiveness of this coupling is given by specific SOC routes which
are discussed in Section 1.3.3.3.

An interesting trend is found, when inspecting the ordering scheme of Fig. 1.11,
which shows that large AE(ZFS) values (e.g., >40cm™) have not yet been found
for quasi-square planar organometallic Pt(II) compounds, whereas for quasi-octa-
hedral Re(I), Os(II), Ir(III) — and even for second row transition metal compounds,
such as Ru(II) complexes — much larger AE(ZFS) values are not unusual. This
behavior can be explained on the basis of the SOC considerations carried out in
Section 1.3.3.3. For quasi-octahedral complexes, it follows from Fig. 1.9 (middle) that
the lowest *MLCT (*dn*) state can experience strong SOCs with "MLCT('dn*) states
(and other *MLCT(*dr*) states, not depicted in Fig. 1.9) which involve different d-
orbitals of the t,, manifold. For compounds with distorted O, symmetry, the
resulting orbital energies are still rather proximate. On the other hand, for quasi-
square planar Pt(11) complexes, the lowest 'MLCT and *MLCT states result from
the same d, — m* excitation. Therefore, SOC between these states can be
neglected, since for an effective SOC, the involvement of different d-orbitals is
required (see Section 1.3.3.3). For square-planar complexes, the corresponding
candidates would be the d,, d;, orbitals; however, these are energetically signifi-
cantly separated from the d, orbitals. Estimates of the orbital energies lead to
differences of about 4000cm™ (0.5eV) or more for ligands with high D, values
[160, 161]. Accordingly, the energy denominator, which also governs the effective-
ness of SOC [see Egs. (4) and (5)], is significantly larger than for octahedral com-
pounds. These considerations are summarized schematically in the upper part of
Fig. 1.13, specified as MLCT range, for "’ MLCT states of octahedral and square
planar complexes, respectively.

For many compounds, however, the lowest triplet is largely of LC(nn*) parent-
age. This is found, for example, for Pt(thpy), (see Refs. [70, 119] and Section 1.5)
and for Ir(btp),(acac) (see Ref. [147] and Section 1.8). Again schematically, this



1.4 Zero-Field Splitting of the Emitting Triplet, Photophysical Trends, and Ordering Scheme | 35

13
(dxz ’dyz) n*

o
= SOC only to
o higher lying states
-
. 1
sl - dzm*
*d,.m*
Ty nn*
short AE(ZFS) long AE(ZFS)
decay large decay small
time time
4 1,22 Y 1,22
So— (rd) Sp— (r'd)
a b
octahedral square-planar
coordination coordination
Fig. 1.13 Schematic and simplified *MLCT (dr*) states (higher-lying states
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square planar triplet emitter compounds. The 3LC(*nr*) states. The *LC(*ntn*) states mix
spin—orbit coupling (SOC) routes are different with *MLCT (*drc*) states by configuration

and thus can result in distinctly different zero- interaction (Cl), and thus are indirectly altered
field splittings AE(ZFS) and radiative emission by changes of SOC routes.

decay rates. These considerations apply to

situation is taken into account in Fig. 1.13 by introducing a low-lying *LC(*rr*)
state. Although, for this state, SOC to ?MLCT states is negligible (no one-center
integrals on the metal; Section 1.3.3.3), CI — representing an electron—electron
interaction — can induce mixing of *"MLCT(*dr*) and *LC(*rtr*) states. Hence, this
mixing modifies the lowest states of *nn* parentage and induces a 'dr* admixture
indirectly.

Thus, the differences of the SOC routes of quasi-octahedral compared to quasi-
square planar complexes refer not only to the *MLCT(*dn*) manifolds but also to
the *LC(’rm*) states. From these considerations it follows that the magnitudes of
AE(ZES) and of the radiative decay rates can be larger for quasi-octahedral than
for quasi-square planar complexes. These specific coupling routes often lead to
relatively short emission decay times of quasi-octahedral emitters. Therefore,
quasi-octahedral complexes might, in several cases, be better suited as OLED
emitters than quasi-square planar compounds. In particular, this can be important
if the OLEDs are operated at high current densities. These considerations explain
— in part — the attractiveness of Ir(III) complexes for application in OLED
devices.
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The effectiveness of SOC is — as outlined above — very important for the photo-
physical properties of the emitting compounds. At this point it becomes instructive
to discuss the further consequences of an increasing perturbation by comparing
two structurally similar compounds, Pd(thpy), and Pt(thpy),, which exhibit strongly
different MLCT character of the T; states. This is, in part, due to the different
values of SOC constants of the involved 4dn* and 5dn* perturbations of the Pd(II)
and the Pt(II) compound, respectively. The properties of these compounds are
further compared to those of a typical small purely organic molecule with low-lying
> and 'tn* states. For these states, SOC is of minor importance. Such mole-
cules have already been investigated in great detail (e.g., see Refs. [77-79]).

In the subsequent comparison, trends are illustrated which are connected
with an increasing perturbation of the rm* states by “’dm* states (compare
Fig. 1.14).

1.4.2.1 Singlet-Triplet Splitting

Organic molecules of the type of ligands which are of interest in this investigation
usually exhibit singlet-triplet splittings AE(S; — T) of the order of typically 10*cm™
(1.24eV). This splitting is mainly given by the exchange interaction, which is

Increasing MLCT pertubation

S17) - : induced by SOC

AE(S,T,) 1
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Fig. 1.14 Photophysical properties of two in the ordering scheme and the molecular
organo-transition metal emitters compared to  structures are found in Figs. 1.11 and 1.12.
those of a representative purely organic The properties of Pd(thpy), and Pt(thpy), are
molecule. The emissive triplets of Pd(thpy),  discussed and compared in detail in Ref. [70].
and Pt(thpy), exhibit small and significant lig. vibr.=ligand vibrations; M-L vibr.=metal-
MLCT admixtures to the LC(nn*) states, ligand vibrations.

respectively. The positions of the compounds
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essentially determined by the extensions and overlap of the involved wavefunctions
(see Section 1.3.1). For the organometallic Pd(thpy),, a value of 5418 cm™ is found
[70].) The emissive triplet of this compound has been classified — based on experi-
mental investigations [70, 139, 162, 163] and later also by CASPT2 ab-initio calcula-
tions [119] — as being mainly of LC(nn*) character with small MLCT(4dn¥)
admixtures. Therefore, the compound is found in the lower range of the ordering
scheme of Fig. 1.11. On the other hand, for Pt(thpy), with significant MLCT(5dm*)
admixtures to the *LC(n*) state [70, 144], the amount of AE(S, - T)) is reduced to
3278cm™ (Fig. 1.14) [70].” Obviously, enhancing the metal character in the cor-
responding wavefunctions increasingly reduces the AE(S,—T) value. Due to the
higher MLCT character, the electronic wavefunctions extend over a larger spatial
region of the complex involving, in the case of Pt(thpy),, both ligands and the metal
[114]. This is connected to an on average larger spatial separation between the
interacting electrons. Thus, electron—electron interactions — and especially the
exchange interaction — are reduced. This explains both the reduction of AE(S,—T))
and the lowering of the S, state for compounds with higher metal character
(Fig. 1.14).

1.4.2.2 Intersystem Crossing Rates

After excitation of the singlet state S, either optically or by electron-hole recombi-
nation, an organic molecule can exhibit an efficient fluorescence (S; — S, emis-
sion) with a time constant of the order of 1ns. In competition to this process, ISC
can at least principally depopulate the S; state. However, the time constant of
7(ISC) is often much larger (order of 100ns or even more) than the radiative decay
time of the S, state, and hence ISC does not effectively quench the fluorescence
(Fig. 1.14). On the other hand, in organo-transition metal complexes, the ISC time
is drastically reduced due to singlet-triplet mixing induced by SOC, and due to
the reduction of the energy separation AE(S,—T;). According to this latter effect,
the number of vibrational quanta, which are needed for the relaxation process, is
reduced and thus the ISC probability becomes higher. For example, already for a
compound, such as Pd(thpy),, with a relatively small MLCT perturbation in the
wavefunction of the T, state and a halved AE(S;—T;) value, ISC is by five orders
of magnitude faster (800fs [70]) than in typical organic compounds with 'mr* and
i states. For Pt(thpy), with a higher metal purturbation, the process is again
much faster (t(ISC) at =50fs [70]) (Fig. 1.14). It should be noted that the term
“intersystem crossing” loses its specific meaning, if SOC is large and effectively
mixes singlet and triplet states. In this situation, IC and ISC cannot be
discriminated.

In conclusion, the process of ISC in organometallic compounds with transition
metal ions is fast and efficient for all compounds shown in Fig. 1.11. The quantum
efficiency for this process is usually almost one (e.g., see Ref. [164]). Therefore, an
emission from the S, state is not observable — a property which is the basis of the
triplet harvesting effect, as discussed in Section 1.2.2.

23) This value refers to the specific site of M(thpy), investigated in n-octane.
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1.4.2.3 Emission Decay Time and Photoluminescence Quantum Yield
In purely organic molecules, the So(n?) <> T, (nr*) transition is strongly forbidden,
and the radiative decay time can be of the order of 10s [78]. On the other hand,
non-radiative processes are in general much faster, and consequently phosphores-
cence from the T; state is totally quenched at ambient temperature. With increas-
ing SOC, the radiative decay time of the T; — S, transition is reduced and thus
the radiative path can compete with the non-radiative one [compare Eq. (5)]. Inter-
estingly, already a relatively small singlet admixture to the *LC(*frt*) state — or,
more exactly, to the respective triplet substate — increases the radiative transition
probability drastically (see Section 1.3.3.3). For example, for Pd(thpy), the emission
decay time may be as short as Tpen=2351S (Tmean 1S the mean decay time for the
three triplet substates with 1,=1200us, t;=235ps, and T;=130ps [163]). For
Pt(thpy),, with a significant MLCT admixture to the lowest *LC state, the decay
time is even reduced by six to seven orders of magnitude as compared to a purely
organic emitter, and an emission decay time of the order of 1ps is found (Fig.
1.14) [70].%9

In summary, for organometallic compounds the radiative decay rates between
the states T; and S, can be tuned by several orders of magnitude as compared to
organic emitters. This is induced by an increase of SOC of the triplet substates to
higher-lying singlets. Particularly short decay times are found, if effective SOC
occurs to singlets S, which exhibit high transition probabilities of the transitions
So = Su [Eq. (5)]- Thus, for such compounds, the radiative processes can well
compete with or even exceed the non-radiative ones [compare Eq. (6)]. Conse-
quently, organo-transition metal compounds can exhibit efficient emission (phos-
phorescence) with high ¢p; values. Therefore, these compounds are well suited as
emitter materials for OLEDs.

1.4.2.4 Zero-Field Splitting — Summarizing Remarks

Triplet states split generally into substates, and this is also valid for purely organic
molecules. However, for these one finds only small values of ZFS of the order of
0.1cm™ (1.2x107eV) which result from spin-spin couplings between the elec-
trons in the m and m* orbitals, respectively (e.g., see Refs. [77, 82-84]). On the other
hand, in organo-transition metal compounds SOC will modify the properties of
the emitting triplet state by mixing in higher-lying states of singlet and triplet
character. Yet, small admixtures may have drastic consequences: For example,
increase of the ISC rate and of the phosphorescence decay rate (see the previous
subsections) by orders of magnitude are found, whereas the ZFS is not drastically
altered by small MLCT perturbations. Well-studied examples of this behavior are
[Rh(bpy)s]** and Pd(qol), [72, 83, 85]. However, larger MLCT perturbations due
to stronger SOCs lead to appreciable ZFSs, as was discussed in Section 1.3.3.3
[Eq. (4)] and depicted in Fig. 1.11. For the example of Pt(thpy),, we find
AE(ZFS)=16cm™, which lies in the intermediate range.

24) The emission decay behavior of emitter Therefore, decay properties will be discussed
compounds is of crucial importance for an later in detail (see Sections 1.6, 1.7, 1.8,
understanding of the triplet state properties 1.9.2.3, and 1.10.3).

and the compounds’ applicability in OLEDs.
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Importantly, the individual triplet substates I, I, and III can have very different
photophysical properties with regard to radiative decay rates, vibronic coupling,
coupling to the environment, emission quantum yields, population and relaxation
dynamics due to spin-lattice relaxation (SLR), and sensitivity with respect to sym-
metry changes (see also the following sections). At ambient temperature, the
individual properties are largely smeared out, and in general only an averaged
behavior is identified. Nevertheless, the individual triplet substates still determine
the overall emission properties (compare Section 1.11). It should be noted that the
magnitude of AE(ZFS) and the properties of the substates are not independent of
the environment or the matrix cage in which the emitter complex is situated. This
behavior is discussed in more detail in Section 1.10.

1.4.2.5 Emission Band Structures and Vibrational Satellites
At ambient temperature, the phosphorescence of organo-transition metal com-
pounds usually consists of superimposed spectra, which stem from the different
triplet substates (see Section 1.9). An individual spectrum which results from only
one specific substate is normally composed of a transition at the electronic origin
(0-0 transition), a large number of vibrational satellites, and of in part overlapping
low-energy satellites which — due to electron—phonon coupling — involve low-
energy vibrations of the complex in its environment (lattice cage). Moreover, all
of these individual transitions are masked by homogeneous broadening effects,
and consequently at ambient temperature only a broadband emission normally
results (compare Section 1.11). On occasion, residual, moderately resolved struc-
tures occur, which stem from overlapping vibrational satellites (not necessarily
from progressions). Interestingly, at low temperature and under suitable condi-
tions, these structures can often be well resolved and characterized (compare
Section 1.9). Based on this type of investigation, it follows that the vibrational satel-
lite structure is also influenced by the MLCT component in the electronic states
[165]. Specifically, the spectra of compounds with electronic transitions of mainly
LC(nm*) character (small MLCT perturbation) are largely determined by satellites
corresponding to ligand vibrations (fundamentals, combinations, progressions).
However, with increasing MLCT character, low-energy vibrational satellites of
metal-ligand character become more important (up to about 600cm™ from the
electronic origin) [165] (Fig. 1.14). Thus, the emission spectrum (at ambient tem-
perature) becomes less resolved and the maximum of the emission shifts away
from the electronic 0-0 transition towards the metal-ligand vibrational satellites.
To summarize, metal participation (i.e. MLCT purturbation) in the emitting
state leads to a slight shift of the unresolved emission maximum as compared to
an LC-based spectrum with the same 0-0 transition energy. This is due to the
occurrence of additional low-energy metal-ligand vibrational satellites which
causes also a further smearing out of the spectrum.

1.4.2.6 Localization/Delocalization and Geometry Changes in the Excited

Triplet State

The singlet-triplet transitions of compounds with small MLCT character (as
shown in the lower part of Fig. 1.11) are usually confined to one of the ligands,
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even if the formal symmetry of the complex would allow a delocalization over all
of the ligands. This has been proven for [Rh(bpy)s]** [72] and [Pt(bpy),]** [74] by
use of the method of deuteration labeling [74, 114]. In contrast, for compounds
with emissive *MLCT states such as [Ru(bpy);]** [166] and [Os(bpy)s]** [167], it has
been shown that the excited state is delocalized over the three ligands and the
metal. This is even valid for Pt(thpy),, in which the triplet state is largely of LC(rrt*)
character, but for which the metal orbital admixture induces sufficient coupling
between the ligands to result in a delocalization of the lowest excited state [70,
114]. It should be noted that these results were obtained at low temperature for
compounds doped into rigid matrices. (For a detailed discussion of this subject,
see Ref. [74].)

Moreover, since the metal character or MLCT component in the triplet state — if
sufficiently large — can induce a ligand-ligand coupling which delocalizes the
excited state wavefunction, the metal contribution will also affect the geometry
change that follows an excitation. This is indicated by the values of the Huang—
Rhys parameters. For the localized situation in the above-mentioned compounds,
a maximum Huang-Rhys parameter [70] of S=0.3 is found, whilst for compounds
with delocalized triplets with larger (I) MLCT components this characteristic
parameter is smaller by a factor of three to four [70, 74]. The description of S and
the corresponding background information are presented in Section 1.9 [Eq. (21),
see below]. Interestingly, geometry changes or reorganization effects which occur
upon excitation of the emissive triplet states are small for almost all investigated
complexes (in rigid matrices).

In conclusion, we point to an interesting observation. The organo-transition
metal emitters, which have been applied in efficient OLEDs, exhibit AE(ZFS) values
greater than =10cm™ (1.2x107eV). It is indicated that for splittings above this
magnitude, components of higher-lying singlet states in the emitting triplet sub-
states can be large enough to induce the required radiative allowednesses, short
emission decay times, and sufficiently high photoluminescence quantum yields.

1.5
Characterization of the Lowest Triplet State Based on High-Resolution Spectroscopy:
Application to Pt(thpy),

Pt(thpy), has been used as emitter dopant in OLEDs [168-170] and for generation
of chemiluminescence [171], albeit less frequently than Ir(ppy); (Section 1.6) or
Ir(btp),(acac) (Section 1.8). Nevertheless, Pt(thpy), represents a highly illustrative
example to demonstrate, how the triplet T; substates can be characterized by high-
resolution spectroscopy. At this point, initially a survey is provided. Figure 1.15a
shows the absorption spectrum below =50000cm™ (6.2eV) and the emission
spectrum, both measured at ambient temperature (compare Refs. [172-174]). The
features in absorption are typical structures which are related to strongly mixed
MLCT/LC states (compare the CASPT2 treatment of Ref. [119]). The low-energy
weak absorption peak near =580nm, which overlaps with the emission, corre-



1.5 Characterization of the Lowest Triplet State Based on High-Resolution Spectroscopy | 41

582.0 582.5 A 583.0 nm
| | |
17177.9 17163.5 17150.2 cm”
excitation :
T=15
B=12 g
excitation
T=15K
B=6T , f
" 115(0-0)
excitation Ill5(0-0) :
T=15K H 1.(0-0
B=2T 2(0-0) e
+14 cm '/} E i d
; c
o N
o = b
[ I I

[
7160 v cm' 17140

-
~
- ]
(0]
o
-

\"4
|
50000 30000 20000 I 15000 v cm
L | L | | L

= LC-MLCT {
G 30 = = a
5 SN AS
£ ] P
s she
S 20+ X 2
= . Pt(thpy),
S -
© _
£
E‘; 107 emission
o absorption x 100 .
3 1 T=300K T=300K
E 4

0 I T I I T I I T I T T

200 300 400 500 600 XA 700 nm 800

Fig. 1.15 Emission, excitation, and absorption of Pt(thpy), at
various temperatures and magnetic fields. (a) Compound
dissolved in n-octane, Ae,=457.9nm. (b—g) Pt(thpy),
dissolved in n-octane, ca. =10° molL™". For experimental
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sponds to the lowest triplet state T;. Already from this investigation, carried out
at ambient temperature and showing the “allowedness” of the S, — T transition,
it is expected that the T, state contains MLCT admixtures and is distinctly split
into substates. Accordingly, it is within the focus of this section to illustrate, how
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the ZFS can be determined and the substates as well as the corresponding elec-
tronic transitions to the ground state can be characterized. Clearly, the total emis-
sion spectrum from a triplet term consists almost generally not only of electronic
0-0 transitions, but additionally of vibrational and lattice mode satellites. In this
section, attention is focused on the purely electronic 0-0 transitions, whereas in
Section 1.9 the vibrational satellite structures will be discussed.

1.5.1
Highly Resolved Electronic Transitions

The transitions corresponding to the triplet substates I, II, and III can be well
resolved by applying the methods of high-resolution and site-selective Shpol’skii®®
spectroscopy at low temperatures. However, for Pt(thpy),, the three electronic tran-
sitions 0 <> I (1(0-0)), 0 <> II (11(0-0)), and 0 <> III (I11(0-0)) cannot be observed in
the same spectrum (Fig. 1.15b—g). At T=1.3K, the emission from substate III is
frozen out and the transition I <> 0 at the electronic origin (0-0) is largely forbid-
den. Thus, only the electronic origin 11(0-0) at 17163cm™ is found (Fig. 1.15b).
Interestingly, this emission cannot be frozen out due to the relatively slow thermal-
ization between the substates I and II. This behavior is a consequence of a long
spin-lattice relaxation (SLR) time of 5,z =720ns at T=1.3K (see Section 1.7). With
a temperature increase, for example to T=20K, substate III is populated and the
I11(0-0) emission grows in (Fig. 1.15¢). On the other hand, an excitation spectrum
measured at low temperature shows the two electronic transitions 0 <> Il and 0 <>
III, but again, 0 <> I is too weak to be detectable (Fig. 1.15d). However, the position
of substate I can be located indirectly by a comparison of energies of infrared-active
vibrations with energies of the vibrational satellites which are well resolved in the
T=1.3K emission spectrum (see Section 1.9). It is shown that the vibrational satel-
lites fit well, if the position of the electronic origin of substate I is set to 17 156cm™.
Indeed, a careful inspection of the 1.3 K emission spectrum shows that a very weak
transition occurs at exactly this energy. The forbiddenness of this transition is dis-
played also in the long emission decay time of 1,=110us [70].

An independent confirmation of the position of this origin 1(0-0) is obtained,
when a high magnetic field is applied. With increasing field strength, the elec-
tronic origin line I3(0-0) grows in due to a B-field-induced Zeeman interaction of
substate I with higher-lying triplet substates (Fig. 1.15e—g). Distinct Zeeman shifts
of the lines I5(0-0) and I1I(0-0) are also observed. The interpretation of this behav-
ior is straightforward, as a similar behavior has been observed for [Os(bpy)s]** and
has been thoroughly discussed in Refs. [74] (p. 223) and [177]. In particular, an
extrapolation from high magnetic fields to zero field clearly allows one to confirm
the position of 17156cm™ for the energy of the 1(0-0) transition.

25) Alkanes, such as hexane, heptane, and 10~ to 10° mol L', substitute host
octane, crystallize at low temperature as so- molecules. In suitable situations, one obtains
called Shpol’skii matrices [175, 176]. For highly resolved spectra also of organo-
many neutral molecules, these matrices transition metal compounds [70-72, 85, 86,
represent relatively inert hosts. The guest 139-144, 162, 163].

molecules, doped at low concentrations of
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Fig. 1.16 Energy level diagram and decay times of the T,
substates of Pt(thpy), dissolved in n-octane. The energy
values and splittings result from highly resolved spectra, as
discussed in Section 1.5. The decay properties are discussed
in Section 1.7. SLR = spin-lattice relaxation.

In summary, using the methods of high-resolution emission and excitation
spectroscopy at various temperatures and under the application of high magnetic
fields, allows identification of the three triplet substates of the T, term. In particu-
lar, an observation of the Zeeman effects confirms that the observed origins do
not belong to different sites of the emitter in the host, but represent substates of
the same T, parent term. The magnetic field effects will be discussed in more
detail in a case study applied to Ir(btp),(acac) in Section 1.8.

Figure 1.16 displays the resulting energy level diagram for Pt(thpy), several
specific decay times taken from Ref. [70] are also given (compare Section 1.7). In
particular, it is found that the total AE(ZFS) amounts to 16cm™. Thus, according
to Section 1.4 and Fig. 1.11, it can be concluded that Pt(thpy), belongs to the group
of compounds with an emitting *LC state which, however, is significantly per-
turbed by MLCT admixtures.

1.5.2
Symmetry and Grouptheoretical Considerations

The crystal structure determination [178] has shown that the point group symme-
try of Pt(thpy), deviates from a C,, symmetry, because the molecule is not planar.
Also, a geometry optimization based on a density functional theory (DFT) calcula-
tion resulted in a structure which deviates from the C,, symmetry. However, the
calculations showed also that the corresponding energy minimum is shallow and
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that the C,, structure has only a slightly higher energy (1.7 kcalmol™, =600cm™
or 0.074€V) [119]. This energy is so small, however, that intermolecular forces
between the matrix cage and the Pt(thpy), compound can easily have an effect on
the geometry of the doped molecule. In particular, Pt(thpy), might also become
planar. This hypothesis is indicated due to the following considerations:
- Matrix cages consisting of n-octane or other n-alkanes host
planar molecules with preference [175, 176, 179].
« The electronic forbiddenness of the transition 0 <> I is
unusually pronounced (Fig. 1.15b), if compared to other
compounds; this indicates that the transition is spin and
symmetry forbidden.
« After a relatively fast cooling rate of Pt(thpy), dissolved in n-
octane, the corresponding transition is found to be more
allowed and thus well observable at T=1.3 K; this indicates
that the forbiddenness of the transition 0 <> I depends on
the specific cage geometry.
« Unsymmetric vibrations induce distinct radiative
deactivation paths (appearance of strong “false origins”;
compare Section 1.9.2.1).

Hence, it is assumed that Pt(thpy), is flattened under the experimental situa-
tion, at which the spectrum of Fig. 1.15b has been measured, and that Pt(thpy),
adopts a C,, symmetry. Under this assumption, an illustrative grouptheoretical
consideration can be carried out. It is a specific property of the C,, symmetry
group® that only one representation exists — the A, representation — for which
the transition to the electronic ground state of A; symmetry is electric dipole
forbidden [180] and therefore is very sensitive to symmetry-breaking processes.
Accordingly, we assign the triplet substate I to an A, representation. Thus, with
the additional spin—flip-forbiddenness of the triplet-singlet transition, one can
understand, why the transition I <> 0 is so weak and almost non-observable at
zero magnetic field.

Ab-initio calculations of Ref. [119] lead to an assignment of the lowest triplet
(with a calculated transition energy of =18200cm™) to *A, (in C,,). From this rep-
resentation it follows under SOC (not included in Ref. [119]) that in the C,, double
group the triplet splits into the three substates A,, B, and B, (compare Ref. [180]).
Thus, if the assignment of Ref. [119] holds, one obtains just one sublevel with the
symmetry A, for state I, while the two other triplet substates II and III have B,
and B, representations, respectively. An individual assignment of these two other
states is not yet possible. Both transitions between the ground state A, and these
triplet substates B, and B, are formally dipole-allowed [180].”")

26) The subsequent classification is carried out in the C,, double group which takes into account
orbital and spin symmetries [108, 180].
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Indeed, the experiment shows that both substates IT and III can directly be
excited from the ground state (Fig. 1.15d). Moreover, the ambient temperature
absorption spectrum (Fig. 1.15a) indicates that the corresponding electronic 0-0
transitions together exhibit an absorption coefficient of =90 Lmol™-cm. Thus, the
transitions to the two triplet substates II and III are considerably allowed.

The model presented above can be discussed further with respect to the radiative
rates k'(i) (with i=I, II, III) as expressed by Eq. (5). Specifically, the T, substates
IT and III of Pt(thpy), — exhibiting B, and B, symmetry, respectively — couple with
higher-lying singlets also of B,('B,) and B,('B,) representation. Thus, these two
transitions between the substates II and III and the electronic ground state 0
borrow their allowednesses from the 'B; <> 'A; and 'B, <> 'A, transition, respec-
tively ((ds, ler|¢s,) term of Eq. (5)). On the other hand, the transition between the
electronic ground state and a higher-lying 'A, state is dipole-forbidden and thus
cannot provide transition probability to the transition I <> 0.

It is expected that the considerations discussed in relation to a planar C,, sym-
metry remain at least approximately valid for a slightly distorted geometry.

In conclusion, for most of the organo-transition metal compounds it has been
found that the lowest triplet substate I represents an almost pure triplet — that is,
SOC to higher-lying singlets is unimportant (compare Section 1.3.3.3). Hence, the
SOC matrix elements (¢s, |Hso|¢r1(1)> representing the first term of Eq. (5), are very
small. This is also valid for substate I of Pt(thpy),. In addition, the second term of
Eq. (5) vanishes in a strict C,, symmetry (or is very small in a slightly distorted
symmetry) due to the dipole forbiddenness of the intensity-providing transition
between the singlets. Consequently, the model proposed above allows an under-
standing of why the transition between the T, substate I and the electronic ground
state 0 is difficult to detect.

1.6
Characterization of the Lowest Triplet State Based on Decay Time Measurements:
Application to Ir(ppy);

Ir(ppy); represents a well-known and efficient OLED emitter; therefore, it is of
great interest to characterize the emitting triplet state of this and related com-
pounds in detail. Until now, however, it has not been possible to obtain highly
resolved and thus highly informative emission or excitation spectra, even when

27) Due to the restricted accuracy of the also assign substate I to the A, symmetry.
CASPT2 calculations [119], it is not excluded The corresponding transition between the
that the substates of a different triplet term, ground state A, and the sublevel of
namely of *B,, can become the lowest ones symmetry A, would again be forbidden,
under inclusion of spin-orbit coupling. *B, while transitions to the substates II and III
would lead to A;, A,, and B, substate of A, and B, representations, respectively,

symmetries in C,,. In this case, we would would formally be dipole allowed.
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Fig. 1.17 Emission spectrum of Ir(ppy); in tetrahydrofuran
(=10°molL™) at T=2K, A.=363.8nm (compare Ref. [115]).

investigating the compound at low temperature. This may be due to the fact that,
until now, a suitable host material for Ir(ppy); has not been found.

Figure 1.17 shows an emission spectrum of Ir(ppy); doped into tetrahydrofuran
(THF). Although the temperature is as low as T=2K, the spectrum is still very
broad (compare also Section 1.11). Therefore, indirect methods must be applied
to gain sufficient information for a successful characterization of the emitting
states. A determination of the ZFS values and the individual decay times of the T,
substates is possible, if the thermalized emission decay times are available for a
larger temperature range. This method will be explained by applying it to Ir(ppy)s,
although it has also been successfully used to characterize many other compounds
[150, 153, 181-184].

The emission at T=1.2 K stems from the lowest triplet substate I. From the rela-
tively long decay time of 1,=145ps (Fig. 1.18), it follows that the corresponding
transition to the ground state is largely forbidden. Therefore — and according to
the spectral features as discussed for Ir(ppy); in Ref. [115] — the radiative processes
stemming from substate I have been assigned to be vibronically induced. From
this behavior, it is indicated again that substate I represents a relatively pure triplet
and that the transition to the ground state is symmetry forbidden. With tempera-
ture increase to T=4K, the emission decay time is drastically reduced, whereby
the emission quantum yield remains high. This behavior shows clearly that higher-
lying emitting states are thermally populated.

The temperature dependence of the emission decay time, as displayed in Fig.
1.18, allows the evaluation of an energy level diagram for the spectroscopically
active states involved in the emission processes. Under assumption of a fast ther-
malization — as given for Ir(ppy); — the occupation dynamics of excited states is
governed by the expression (e.g., compare Ref. [181]):
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Fig. 1.18 Emission decay time of Ir(ppy);
dissolved in tetrahydrofuran (10° molL™)
versus temperature measured after excitation
at 337.1nm. The decay curves are
monoexponential over the whole temperature
range, at least after the experimental limit of

the equipment of =300ns. From a fit of Eq.
(8), one obtains the zero-field splitting
energies and the decay times, which are also
given. AE,;, and AE,, are the energy
differences between the respective triplet
substates (compare Fig. 1.19).

dN
- = _k ennN == k i i
dt " 2 e

)
wherein n; denotes the Boltzmann occupation number of state i, and k(i) is the
total rate constant for depopulation of state i. N is the total number of occupied
excited states and ke =1/Tmem the rate constant for depopulation of the equili-
brated (thermalized) system of excited states or the inverse of the measured decay
time. The introduction of Boltzmann factors and the assumption of three emitting
states with i=1, II, and III lead to the expression (e.g., compare Refs. [181-185]):

k(1) + k(1) Fn/BT 4 fo(I1T)e /st
1 + e ABwI/kBT | o=AEmLi/kpT

(®)

ktherm =

All constants and symbols have been explained above, and this equation can be
applied for a fit to the measured lifetime data in dependence of the sample tem-
perature, as shown in Fig. 1.18. The fitting procedure leads to AE;;=13.5cm™,
AE=83cm™, 1=11ps, T;,=750ns. The fit was carried out with the fixed value
of 1,=145ps, which is the emission decay time at 1.2K, when only state I emits.
The accuracy of the fit parameters is better than 10% if the model of just three
emitting substates holds.” These data are summarized in the energy level diagram
shown in Fig. 1.19.

It should be noted that a fit based on a simplified Eq. (8) involving only two
excited states cannot describe the observed temperature behavior. On the other
hand, it cannot be ruled out definitely that more than three states are involved in

28) It should be noted that the value AEy;;; depends critically on the decay time data in the
temperature range of (30+10) K. Thus, the error of the AEj;;; value presumably exceeds 10% [186].
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Fig. 1.19 Energy level diagram and decay times of Ir(ppy)s
dissolved in tetrahydrofuran. The data are determined from
broadband emission spectra by use of the temperature
dependence of the emission decay time (compare Fig. 1.18
and Ref. [115]). The dashed lines represent vibrational energy
levels.

the emission process, for example proximate higher-lying triplets. Further, the
data obtained do not provide any reliable information about degeneracies or near
degeneracies which might occur in the case that Ir(ppy); maintains (nearly) the C;
symmetry, as the fitting procedure does not allow the deduction of any grouptheo-
retical assignment. Therefore, Eq. (8) is given for the simplest model of three
non-degenerate substates.

Further, determination of the emission decay time for T=300K is also possible
by use of Eq. (8). If the parameters obtained from the fitting procedure are used,
a value of Tyem=2.6ps is found, which corresponds well to the measured decay
time at higher temperatures. The value measured for Ir(ppy); in THF at 130K is
2ps, in degassed acetonitrile at 300K it is 1.9ps [187], and in degassed toluene
2ps [188].

In conclusion, the emission decay behavior of Ir(ppy); can be well modeled by
three triplet substates with a total ZFS of AE(ZFS)=83cm™. This value is much
larger than that found for Pt(thpy), with AE(ZFS)=16cm™, or even for [Ru(bpy),]**
(AE(ZFS)=61cm™), which is regarded as a typical "MLCT emitter. Therefore, and
especially according to Section 1.4 (Fig. 1.11), we assign the lowest triplet T; of
Ir(ppy)s as being largely of MLCT parentage (compare also Ref. [189].) A corre-
sponding interpretation results also from ab-initio calculations [116, 123, 124]. For
completeness, the reader is referred to Section 1.3.3.3, where the magnitudes of
singlet admixtures to the three triplet substates according to the calculations by
Nozaki [124] are discussed. The two short-lived triplet substates IT and III have
singlet admixtures of the order of 1%, whilst substate I is largely a pure triplet, as
predicted from the long emission decay time of 7,=145 ps.
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1.7
Phosphorescence Dynamics and Spin—Lattice Relaxation: Background and Case
Study Applied to Pt(thpy),

1.7.1
Processes of Spin—Lattice Relaxation

The population dynamics of the different triplet substates, emission decay proper-
ties, and even emission spectra are, at low temperature, usually essentially deter-
mined by the times of relaxation between the substates. These times can be very
long (e.g., the order of many ps), if the energy separations between the substates
are of the order of several wavenumbers. This behavior is connected to the property
that the excess energy of a higher-lying triplet substate is not easily transferred to
the lattice due to the small density of states of lattice vibrations (phonons) in this
energy range, and due to the requirement of spin-flips for transitions between the
substates. This type of relaxation is known as spin-lattice relaxation (SLR).
Although, it has been known for decades that such slow processes are of signifi-
cant importance for the emission behavior (e.g., see Refs. [98, 190-198]), the
almost general importance for organometallic compounds also has not yet been
fully recognized. Within the literature, different mechanisms have been discussed
which may induce a spin-flip due to an interaction of phonons with the triplet
substates of a molecule. The phonon modes can cause fluctuations of molecular
properties, such as intramolecular distances, and thus can modulate electronic
charge distributions, SOC, and mixing coefficients between different states. It is
beyond the scope of this chapter, however, to discuss these mechanisms in greater
detail (see Refs. [98, 190-200]).

Usually, SLR is described by considering three different processes, namely the
direct, the Orbach, and the Raman process [98, 193-198]. These are illustrated in
Fig. 1.20 (compare also Refs. [70, 74, 182, 185, 201]). The three electronic states I,
II, and III represent, for example, the three triplet substates of an organometallic
compound with energy separations of several cm™. It is assumed that one of the
higher-lying states — for example state II — is populated by a relaxation from a still
higher-lying state or by a resonant excitation of just this electronic state.

These three SLR processes and the temperature dependences of the correspond-
ing rates are briefly introduced in the following sections.

1.7.1.1  The Direct Process

A relaxation from state II to state I may occur by emission of one phonon
with the energy AE;; which is transmitted to the lattice (Fig. 1.20a). This
process is called the direct process of SLR. The corresponding rate kiift (direct)
dominates the rates of other processes of SLR at low temperature T. For higher
temperatures, the absorption of a phonon can also take place, and thus represents
a back process from state I to state II. Both up and down processes give rise to
the direct process. For the net rate, one obtains (e.g., compare Refs. [74, 98, 182,

193, 195, 201)):
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Fig. 1.20 Schematic diagram to illustrate the different
processes of spin-lattice relaxation (SLR). The states I, I,
and Il represent, for example, triplet substates of organo-
transition metal compounds. The energy separations are
given by the zero-field splittings (ZFS) (compare also
Table 1.1).

kiR (direct) = %-Klllvmf (AEy,)*-coth(AE; 1/2ksT) (9)
2nh*pv

where p is the mass density of the matrix material, v the (average) velocity of sound
in the matrix, and kp the Boltzmann constant. V represents the perturbation
caused by lattice modes (phonons) which couple the electronic states I and II. The
direct process exhibits only a weak temperature dependence.

1.7.1.2 The Orbach Process

At higher temperatures, the relaxation may also proceed indirectly by the two-
phonon Orbach process (Fig. 1.20b). Schematically, in this process one phonon of
the energy AEpy is absorbed, while a second phonon of the energy AEy; is
emitted. The inverse process can also occur. The rate of this process has been
determined only recently also for a general pattern of ZFS states, which are often
found for the compounds being of interest here. The corresponding approxima-
tion, representing an extended Orbach process, was derived in Refs. [182, 201]. A
slightly simplified expression is given by the following equation [182, 185]:

CuuuCun I(eAEIII,II/kBT + eAEIII,I/kBT)

kit (Orbach) = Cirp e Pl (@ARLT 1) C, - eABIIT (ARLIT 1) (10)
with the abbreviations
Cu = ;-Kuuvu)ﬁ (AEq, )
2mhtpv®
Cun = 3 [(IIT VI TT)P -(A By )’ (11)

v’
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The used parameters and matrix elements correspond directly to the definitions
given above. The energy separations are specified in Fig. 1.20. From the more
general equation [Eq. (10)], the original Orbach expression can be obtained. It is
derived under the assumption of specific energy differences, namely of AEy;; =
AEjn=AE (compare Refs. [98, 194, 195, 198]:

2CunCus ] 1
(Cui+ Cunn) |

i (Orbach) = (12)

This expression can further be simplified for exp(AE/kzT) >> 1 or for AE >> kgT.
Thus, one obtains the famous and simple approximation for the Orbach process

SR (Orbach) = const-(AE)? -e~*/*sT (13)

This approximation has — together with the expression for the direct process
according to Eq. (9) — been used successfully to fit the temperature dependence of
the SLR rate of [Ru(bpy);]** doped into [Zn(bpy);](ClO,), up to T=10K [74].
However, application of the approximations given in Eqs. (12) and (13) to the
experimental data obtained for Pt(thpy), does not lead to a successful fit, as the
condition described above — assuming AE;; = AEy;; does not hold for the specific
ZFS pattern of this complex (see Fig. 1.16.). In contrast, a good fit is obtained, if
Eq. (10) is used (see Ref. [201] and below). For completeness, it should be noted
that the rate according to the Orbach process vanishes for T — 0K, and also for AE
— 0cm™.

1.7.1.3 The Raman Process

A relaxation between the states II and I can also proceed by a two-phonon Raman
scattering process, according to Fig. 1.20c. The temperature dependence of the
corresponding rate is usually approximated by

i (Raman)=R-T" (14)

with a constant R and with n equal to 5 or 7 (for non-Kramers compounds [196]).
For the organo-transition metal complexes hitherto studied, the T° dependence fits
to the experimental observations much better than the T’ dependence. [185, 202]. It
should be noted that the Raman process is usually less effective than the Orbach
process, if a higher-lying electronic state is present, such as state III in Fig. 1.20b.
If not, however, the Raman process becomes important. For example, for
Pt(thpy)(CO)(Cl) with an energy level diagram similar to that shown in Fig. 1.20c, it
has been found that the Raman process with a T°> dependence must be taken into
account for T = 5 K. Its rate exceeds the one of the direct process above T =9 K [185].

1.7.2
Population and Decay Dynamics of the Triplet Substates of Pt(thpy),

The emission rise and decay properties of the three triplet substates have been
well studied for Pt(thpy),. Therefore, this complex represents a good example to
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Fig. 1.21 Triplet substates of Pt(thpy), and at the 531cm™ satellite at 16625cm™. (c)

dynamic processes of spin-lattice relaxation
at T=1.3K. Pt(thpy), is dissolved in n-octane
at a concentration of =10° molL™. (a)
Resonant excitation at the electronic origin Il
(0-0) (17163 cm™) and detection of the
emission of state Il at the 653 cm™ vibrational
satellite at 16510cm™". (b) Same excitation as

Excitation into a higher-lying singlet (e.g.,
Aexe=337.1nm), detection at 16444cm™ with
a bandwidth of =5cm™. Thus, the emissions
from substate | on the 713cm™ vibrational
satellite and from substate Il on the 718cm™
satellite, are monitored (compare Section 1.9
and Refs. [182, 185]).

in (a), but detection of the emission of state |

illustrate the importance of SLR between the triplet substates of organo-transition
metal compounds. Figure 1.21 reproduces the energy level diagram of Pt(thpy),
(as already presented in Fig. 1.16), and summarizes the dynamical emission prop-
erties observed at T=1.3K. Interestingly, at low temperature they depend on the
excitation as well as on the detection energy. Such behavior is rather typical for
organo-transition metal compounds if they exhibit similar splitting patterns and
magnitudes of AE(ZFS). The properties will be explained by use of the insets
shown in Fig. 1.21 [182, 185].
- After an excitation with a laser pulse of triplet substate III at

17172cm™, one finds a fast SLR to the two lower-lying

substates I and I. At T=1.3K, the Orbach and the Raman

processes are negligible, and the SLR is governed by the direct

process. Due to the relatively large energy separation of

AEy=16cm™ and the (AEy;,)’ dependence [Eq. (9)], the SLR
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rate according to this process will be large, as depicted in
Fig. 1.21.

The emission decay behavior of substate II is of specific
interest. After a pulsed and resonant excitation of the 0 — II
transition at 17163 cm™, a strictly monoexponential decay
with a decay constant of 600+ 10ns is observed (for more
than five lifetimes), if the emission is detected selectively on
a vibrational satellite that corresponds to the emission of
substate II (Fig. 1.21a). For example, the 653 cm™ satellite is
well suited (compare Fig. 1.32, below). The corresponding
decay rate is ke, =1/600ns=1.67x10°s™". This decay is
mainly determined by the direct process of SLR from state II
to state I (for a slight correction see Eq. (15) below). Again at
T'=1.3K, the other two SLR processes are inefficient. Later
in this section, we will discuss the temperature dependence
of the rate of SLR between these two substates IT and I. An
increasing importance of the Orbach and the Raman
processes at higher temperatures will be demonstrated below.
After substate II is excited selectively, substate I will be
populated indirectly by the SLR process. Indeed, a
corresponding rise is observed (Fig. 1.21b). For this
experiment, the excitation is maintained as before, but the
emission is detected on a vibrational satellite which belongs
selectively to the state I emission. The 531 cm™ satellite
represents such a specific satellite (compare Fig. 1.31,
below). After the emission rise, the population of substate I
decays with the usual emission decay time of substate I of
1,=110ps [185].

It is also instructive to discuss the decay behavior, in case
Pt(thpy), is excited non-selectively by exciting a singlet (Sy —
Snm), for example, and by applying a non-selective detection.
These conditions correspond to a usual experimental
situation. In this case, the two decay components of 600ns
and 110ps are found, since by the relaxation both substates I
and II are initially populated and both states exhibit their
individual relaxation and emission decay behavior (compare
Fig. 1.21c and Refs. [182, 185]).

The experimentally determined decay time of the higher-lying triplet substate II
of Ty, =600ns (=1/ke,) does not directly represent the SLR time, since the decay
of substate II is given by two processes — that is, by the usual decay from this
substate II to the ground state 0, kyo=1/Ty, and by the SLR rate from substate II
to substate I, k{. Thus, the SLR rate is obtained by [182, 185]:

ISLLIR = kexp - kn,o (15)
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Although the emission decay time t;,=1/kj;, of substate II cannot be measured
directly, it can be determined from the temperature dependence of the emission
decay time of the thermally equilibrated system of the triplet substates. This pro-
cedure, as described in Section 1.6, has been carried out for Pt(thpy), in Ref.
[182], where k;;o=2.78x10°s™ (T;;=3.6 ps) is obtained. (Compare Fig. 1.16.) By use
of Eq. (15) with ke,=1.67x10°s™ (T, =600ns), the values kfif=1.39x10°s™" or
Tsr=720ns are found (compare Fig. 1.21).

The SLR observed at T=1.3K is given by the direct process. However, with tem-
perature increase, the other processes also become important and will dominate
at higher temperature; this behavior is illustrated in Fig. 1.22. The SLR rate is
determined from the measured decay times Tex,(T)=1/key,(T), according to the
inset in Fig. 1.22, and by applying the correction expressed by Eq. (15). The result-
ing data of kj}(T) can be fitted well (Fig. 1.22), when the three processes, illus-
trated in Fig. 1.20, are taken into account. Thus, application of the expressions for
the direct process ki (direct) [Eq. (9)], the extended Orbach process ki (Orbach)
[Eq. (10)], and the Raman process ki (Raman) [Eq. (14)], leads to

i = kST (direct) + ki (Orbach) + kit (Raman) (16)

This expression describes the temperature dependence of the SLR rate from
state II to state I of Pt(thpy),, and is used for the fitting procedure (compare
Refs. [182, 185, 201]). Equation (16) contains six parameters after insertion
of Egs. (9), (10), and (14). However, these are reduced to only two free fit
parameters, as all energy separations are known from highly resolved spectra
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Fig. 1.22 Temperature dependence of the rate represents a fit according to Eq. (16), while
i (= k°® as displayed in the figure) and the broken and dotted lines give the
time Tz of spin-lattice relaxation of state Il contributions of the respective processes. The
of Pt(thpy), dissolved in n-octane. The inset shows the triplet substates and depicts
experimental data (points) result from the schematically the three different processes of
emission decay times of state I, corrected spin-lattice relaxation (compare Ref. [185]).

according to Eq. (15). The solid line
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(Fig. 1.21), the ratio Cyy;/Ciyy is determined as =1.2 [182] from time-resolved
excitation spectra, Cy; is equal to the low-temperature limit of the SLR with
i (direct, T =1.3K) =1/T52 = 1.39x10°s™ (see above), and the exponent of Eq.
(14) can be set to n=5. Thus, the fitting procedure leads to the two unknown
parameters and produces the solid line in Fig. 1.22 (for further details, see Ref.
[182)).

The results obtained are also used to illustrate graphically the relative magni-
tudes of the three different processes that give the total rate of SLR ki*(T) . For
the temperature range between 1.3 K< T<3K, the total rate ki is nearly exclu-
sively determined by the direct process. Above T=3K and above =6K, the Orbach
and the T° Raman process, respectively, become important. Although, the Raman
process is less significant than the two other processes, its inclusion with
R=(10+3)K?®s™ improves the fit.

In conclusion, the times of relaxation between different triplet substates can be
relatively long, such as 720ns for Pt(thpy), at T=1.3K. As a consequence, the
emission of higher-lying states cannot be frozen out. Therefore, the usually moni-
tored time-integrated, low-temperature emission spectra often represent superim-
posed spectra which stem from different excited states. (Compare also the results
discussed for Ir(btp),(acac), Fig. 1.34, below.) Moreover, in this situation, the emis-
sion decay behavior depends on the excitation and the detection energy. At very
low temperature, the direct process of SLR dominates for compounds with ZFSs of
the triplet state of a few cm™, while with temperature increase the SLR becomes
distinctly faster due to growing in of the Orbach and/or the Raman processes. The
specific temperature dependence of the SLR rate and the importance of an indi-
vidual process is essentially determined by the magnitude and pattern of ZFS of
the lowest triplet. In particular, when a real electronic state (such as substate III)
is present (see Fig. 1.20b), the Orbach process will dominate the Raman process. On
the other hand, the latter process will govern the temperature dependence of SLR,
when the third state is absent [182, 185]. For completeness, it should be noted that
the processes of SLR are very fast at ambient temperature, and a thermalized decay
time of the three substates is observed.

The pattern and magnitude of ZFS is chemically tunable, as is depicted sche-
matically in Fig. 1.11. Thus, the effective SLR can also be varied chemically. Several
emitter/matrix combinations, for which highly resolved spectra as well as SLR
properties have been investigated, are summarized in Table 1.1. The Tty values
given in the table refer to the low temperature (T =1.3K) at which the Orbach and
Raman processes can be neglected. Only the direct process of SLR is important. The
data in the table show that the effects of SLR are quite general, with the SLR times
mostly in the range of several 100ns to some ps, when the energy separation
between the two involved states is of the order of 10cm™, or less. The value found
for site H of Ir(btp),(acac) in CH,Cl, with T5x=22ps is, at first sight, remarkably
long. However, the energy separation of AE;;=2.9cm™ is, compared to the one
of Pt(thpy), in n-octane, relatively small. Thus, if one takes the (AE;;,)* dependence
of the corresponding rate kT into account [Eq. (9)] and calculates formally the
expected time of Tg for an assumed AE;, value of 7cm™, a hypothetical SLR time
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Table 1.1 Photophysical data of several organo-transition
metal compounds arranged according to an increasing spin—
lattice relaxation time due to the direct process of SLR.

Compound, Matrix Lowest ZFS Decay times Remarks,
triplet References
substate I" AE," AE," 12 Tag (11 = )2
(cm”) (em?) (em?)  (us) (us)
[Ru(bpy)s] in 17684 87 61 230 0.22 74
[Zn(bpy)s](ClO.),
Pt(ppy), in n-octane 19571 6.5 32 70 0.39 70, 148
Pt(thpy), in n-octane 17156 7 16 110  0.72 182, 185
Pt(thpy)(CO)(Cl) in 180125  0.055 3.8 120 3 182, 141, SLR
n-octane between the
substates III
and I/II
Pt(4,6-dFppy), in 20629 4 31 55 3.7 204
n-octane
Ir(btp)z(acac) in 16268 2.9 25 150 22 147, 203

CH,Cl, (site H)

1) Determined from highly resolved spectra.
2) Measured at T=1.3K.

of =1.5pus would be obtained. This value is only by a factor of about two longer
than that found for Pt(thpy),. Such a deviation might easily result from different
values of the prefactors, the velocity of sound, and/or the matrix element, in Eq.
(9) (compare also Section 1.10.3 and Ref. [203)).

Finally, an interesting implication of the occurrence of a slow SLR should be
noted which opens the possibility of investigating the emission properties of the
higher-lying substate IT also at T=1.3K, as the corresponding emission cannot be
frozen out. Therefore, access is obtained to the highly informative low-temperature
emission spectrum of this higher lying state. This favorable situation is applied in
Section 1.9.2.3 to study the highly resolved vibrational satellite structure of the
emission of substate II of Pt(thpy),.

1.8
The Triplet State Under Application of High Magnetic Fields:
Properties of Ir(btp),(acac)

The triplet substates and the related transitions of a specific organometallic com-
pound exhibit distinct differences with respect to photophysical properties, such
as radiative rates, energy separations, SLR dynamics, vibronic coupling (see below,
Section 1.9), and emission and excitation spectra. Many studies have shown that
these properties can distinctly be altered under the application of large external
magnetic fields (compare Fig. 1.15 and Refs. [74, 85, 115, 147, 163, 177, 185, 202,
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204-215]). In this section, we will illustrate how the application of magnetic fields
alters the properties of the three triplet substates and of the corresponding
electronic 0-0 transitions. For this, we have chosen Ir(btp),(acac) [147, 203], as
it represents a very efficient red-emitting OLED material. Consequently, many
photophysical and OLED related investigations were carried out with this complex
[215-236], although the influence of magnetic field application has (apart from
Ref. [147]) not yet been discussed.

Ir(btp),(acac) was first synthesized and studied spectroscopically by Thompson
et al. [227]. The emitter exhibits a high photoluminescence quantum yield of
$p=21% in solution, and a decay time of 5.8ps. [227] In a 4,4’-bis(carbazol-9-
yl)biphenyl (CBP) film, a ¢p; value as high as 50% has been reported [216].

Figure 1.23 shows emission spectra of Ir(btp),(acac) dissolved in CH,Cl,, and
the spectral changes upon cooling. The host material crystallizes as a Shpol’skii-
like matrix, and therefore, at T=4.2 K line spectra are observable. The lines repre-
sent electronic 0-0 transitions of a large number of different sites, which are
characterized by dissimilar interactions of the dopants with their respective envi-
ronments or matrix cages (compare Section 1.10). It will be shown below that these
electronic transitions occur between the respective triplet substate II and the elec-
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Fig. 1.23 Emission spectra of Ir(btp),(acac) inhomogeneous background. In this section,
in CH,Cl, (ca. =107 mol L™) at different properties of the site at 16271cm™ (specified
temperatures. The emission structure at as site H in Section 1.10) are investigated in
T=4.2K consists mainly of 0-0 lines (triplet detail. Other sites are discussed in Section

substate Il to the electronic ground state 0) of 1.10.
a large number of discrete sites and a broad
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tronic ground state S, (0). In the 4.2 K spectrum of Fig. 1.23, the II <> 0 transition
at 16271 cm™ of one specific site is marked (in Section 1.10 and Ref. [147] this site
is specified as site H). This site can be selectively excited with a tunable laser and
studied individually.

Within the scope of this section, we want to focus on the electronic transitions
between the T, substates and the ground state S,. The emission line spectra of the
corresponding energy range are reproduced in Fig. 1.24. One can clearly identify
the three 0-0 transitions from the three triplet substates I, II, and III, though only
at different temperatures. At T = 1.35K, a very weak peak at 16268 cm™ is detected,
and is assigned to the purely electronic I — 0 transition (I(0-0)). At T=4.2K, the
II — 0 emission (I1(0-0)) at 16271 cm ™ dominates and represents almost the only
0-0 emission line. With temperature increase, the triplet substate III is also popu-
lated according to a Boltzmann distribution, and the corresponding 0-0 transition
(I11(0-0)) at 16293 cm™ grows in [147]. These data reveal that the substates I and
II are separated by (2.9+0.2)cm™, whereas the splitting of substates I and III,
representing the total ZFS, amounts to (25.0+0.5)cm™. From the intensity distri-
bution and its temperature dependence, it can be concluded that the radiative
transition from the lowest substate I to the ground state 0 is largely forbidden,
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Fig. 1.24 Emission spectra at different transition at 16293 cm™). The intensities of
temperatures of a selected site of the different spectra are comparable. The
Ir(btp),(acac) dissolved in CH,Cl, at a spectrum at T=1.35K was measured with a

concentration of =10°mol L. In Section 1.10, higher resolution to obtain the energy
this site is specified as site H. Only the region difference of AE,,=2.9cm™ sufficiently
of the electronic origins is reproduced. The accurate (compare Section 1.9.3 and Ref.
specific site was excited at 16742cm”™ [147)).

(449 cm™ vibrational satellite of the 0 — 111
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while the transitions from the two higher-lying substates II and III to the ground
state are significantly more allowed. This can also be verified by decay time mea-
surements, which reveal individual decay times of the T; substates of 1, =150ps,
T;=58ps, and T;;=2ps [203]. The ZFS and decay time values are summarized in
an energy level diagram given in Fig. 1.27 (see below). Mainly due to the magni-
tude of AE(ZFS)=25cm™, it can be concluded from Sections 1.3.3.3 and 1.4 that
the triplet T, parent term has to be assigned as a *’LC(*r*) term which, however,
is significantly perturbed by an MLCT admixture according to the coupling
routes presented in Fig. 1.13a.

The forbiddenness of the transition from substate I to the singlet ground state
0 and the long emission decay time allows one to conclude that the lowest triplet
substate I represents an almost pure triplet. A similar conclusion holds also
for the lowest triplet substates of Ir(ppy)s, Pt(thpy),, [Ru(bpy)s]**, [Os(bpy)s]**, and
many other organo-transition metal compounds.

For completeness, it should be noted that the data given above refer only to
the specific site investigated. Other sites exhibit different ZFSs, decay times
of the substates, SLR times, etc. [147, 203]; these properties are discussed in
Section 1.10.

The application of external magnetic fields significantly alters the splitting
pattern and the intensity distribution of the three electronic origin lines. Figure
1.25 reproduces the corresponding trends for the field range of B=0T to B=8T.
Figure 1.25a shows the spectra measured at T=8K for the complete spectral range
of the three electronic origins. The relatively high temperature was chosen to
provide sufficient population of the higher-lying substate III. Figure 1.25b repro-
duces only the region of the electronic origins I — 0 and II — 0. The spectra are
monitored at T=2.8K in order to obtain a better resolution; the population of
substate III is frozen out at this temperature.

With an increase of the magnetic field strength, distinct Zeeman shifts of the
transition energies are observed. Transition II1(0-0) is shifted to higher energy
from 16293cm™ (B=0T) to =16295cm™ (B=8T), while transition 1(0-0) is shifted
to lower energy from 16268cm™ (B=0T) to =16265.5cm™ (B=8T). The energy
of 11(0-0) at 16271 cm™ (B=0T) is only slightly increased by =0.5cm™ up to B=8T.
Figure 1.26 summarizes the magnetic field-induced energy shifts of the three
electronic origins. Clearly, the Zeeman shifts are asymmetric. This is qualitatively
understood, since the B-field induced mixings between the corresponding states
depend on their energy separations at zero field (energy denominators) which are
strongly asymmetric for Ir(btp),(acac).

It should further be noted that the Zeeman shifts are usually different for mol-
ecules with different orientations relative to the magnetic field vector. This applies
also to polycrystalline samples, as the molecules have different orientations in
different micro-crystals. Therefore, the observed Zeeman pattern corresponds to
an averaged orientational distribution of molecules.

A further important magnetic field-induced effect becomes apparent in the
spectra of Fig. 1.25b. At B=0T, the transition from substate I to the ground state
0 is very weak, even at lowest temperature applied. With an increase of the field
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Fig. 1.25 Emission spectra of Ir(btp),(acac) sufficient thermal population of substate Il
in CH,Cl, at =10°mol L™ in the energy range (Ve =26810cm™, non-selective excitation).
of the electronic 0-0 transitions at different (b) Selectively excited emission spectra for the
magnetic fields. The spectra refer to the energy range of the two lowest transitions | —
specific site which is investigated in this 0and Il =0, T=2.8K, P =16293cm™ (0 —
section (site H in Section 1.10). (a) The 11). For further experimental details, see
spectra were monitored at T=8K to obtain Ref. [147].

strength, this transition gains intensity. This effect becomes obvious already for
B<1 T (not shown). At B=2T and T=2.8K, the intensity stemming from the per-
turbed state Ip is almost equal to the intensity resulting from substate IIp. At
B=6T, for example, the intensity of transition Iy — 0 dominates clearly. For an
explanation of this effect, three factors are important [147] (compare Fig. 1.27).
First, the magnetic field-induced mixing of the wavefunction of substate I with the
wavefunctions of the two higher states renders transition Iy — 0 more allowed.
Second, due to the increased splitting between substates I and II under the mag-
netic field, the Boltzmann factor for population of state II (relative to state I)
is significantly smaller. Third, SLR between the triplet substates becomes con-
siderably faster with increasing field-induced energy separation between the
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Fig. 1.26 Magnetic field-induced shifts of the T, substates I,
I, and NI of Ir(btp),(acac) in CH,Cl,. For experimental details,
see Fig. 1.25 and Ref. [147].

___________ I O .

25 '’ ~30cm’
! I,

""" %22618_ — I, 68

[150 s [20 ps]

' .
v —y-- \ ——y—— vibr.

0
B=0T B=10T

Fig. 1.27 Energy level diagram and H in Ref. [147] and in Section 1.10). Other
photophysical data for the lowest triplet state sites exhibit different spectroscopic properties
T, of Ir(btp),(acac) without and with an (compare Section 1.10). The decay times of
external magnetic field, respectively. The state the T, substates and the spin—lattice
is classified as ’LC (*mm*), which is relaxation time of 22 s (at T=1.5K) referring
significantly MLCT perturbed. The values to zero magnetic field have been determined
given apply to the individual site under in Ref. [203], while the data at B=10T

investigation in this section (specified as site  (T=1.7K) are taken from Ref. [147].
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Fig. 1.28 Emission decay time of Ir(btp),(acac) in CH,Cl, for
different magnetic flux densities B at T=1.7K and under
selective excitation of Ty substate Ill. The decay is
monoexponential over the whole range 0 < B < 10T; detection
at the transition Iz — 0.

corresponding states (compare Section 1.7). Accordingly, the Boltzmann distri-
bution is established faster and thus the non-equilibrated fraction of the emission
resulting from the higher-lying substate Il is strongly reduced.

The increased allowedness of transition Iy — 0 under the application of a mag-
netic field is also reflected in the emission decay time of the perturbed substate
Ig. In particular, the almost pure and long-lived triplet substate I is expected to
experience a distinct reduction of the emission decay time, when mixing with
shorter-lived substates. Indeed, Fig. 1.28 shows that a drastic effect is observed.
At T=1.7K, the decay time decreases from 1, (B=0T)=133ps to 7, (B=10T)=20wps.
The measurements were carried out with detection at the respective Zeeman
shifted electronic origin (for B=0T at 16268 cm™ and for B=10T at 16264.7cm™).
Comparable measurements are often interpreted by the use of a simple first-order
perturbation model which takes into account only mixing of the two lowest strongly
interacting substates. Such a model is valid, if the energy separation between the
substates I and IT and the corresponding Zeeman shifts are small compared to
the energy separation to substate III. This situation has been found, for example,
for Ir(ppy)s [115], [Ru(bpy)s]** [205], and [Os(bpy)s] [177, 206, 207]. For Ir(btp),(acac),
however, the data show clearly that this simple approach is not successful, as the
decay time of Iy at B=10T is, with 13=20ps, much shorter than the decay time of
IT at B=0T (t; =58 ps). Therefore, it must be concluded that the Zeeman mixing
occurs between all three substates. In particular, the singlet component of substate
IIT is responsible for the drastic shortening of the emission decay time of the
lowest substate by the applied magnetic field.

29) Magnetic-field induced changes of SLR times have been investigated with Pt(thpy), [185]. These
studies support the assignment given above.
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In conclusion, the magnetic field experiments are very helpful for the charac-
terization of an organo-transition metal complex, as they allow a more thorough
interpretation of obtained data. For Ir(btp),(acac), the Zeeman behavior as described
demonstrates that the three states involved represent indeed substates of one
triplet parent term. An assignment of the three electronic origins to different sites
can thus be excluded.

1.9
Vibrational Satellite Structures: Case Studies Applied to Pt(thpy), and Ir(btp),(acac)

Usually, the emission from an electronic state takes place as purely electronic
transition, for example, from a substate of the lowest triplet state T; to the elec-
tronic ground state S, with involvement of vibrational modes. At low temperature,
these latter transitions occur at the low-energy side of the purely electronic transi-
tion. Generally, many different vibrations — having different energies — are active
in the radiative processes from the emitting state of an organo-transition metal
compound. Thus, an energetically widespread distribution of vibrational satellites
is obtained. In suitable cases, the corresponding lines can be well resolved. With
temperature increase, these vibrational satellites are smeared out and result in
broad vibrational side bands (compare Section 1.11). The sidebands can comprise
a substantial part of the total emission intensity, and this can have significant
consequences, for example, on the color purity of an emitter applied in an OLED.
In particular, a compound, of which the purely electronic 0-0 transition lies in the
deep blue region of the visible spectrum, can still be a blue-green or turquoise
emitter, if the vibrational satellite bands extend with significant intensity into the
green region of the spectrum. This is due to the wavelength dependence of the
human eye sensitivity, being highest for green. On the other hand, vibrational
sidebands of red emitters frequently extend into the near-infrared region. This
part is lost for the visual efficiency of an OLED.

Clearly, it is very important to study the mechanisms which lead to the occur-
rence of vibrational satellites, and to understand the corresponding spectral
features. This will be addressed in the next sections, while broadening
mechanisms including effects induced by temperature increase are discussed in
Section 1.11.

1.9.1
Vibrational Satellites: Background

An electronic transition is usually accompanied by vibrational satellites which are
found in absorption or excitation spectra, and also in emission spectra. Within
this chapter, attention is focused on emission properties. The satellite lines result
from different vibrational activities, namely from the well-known Franck-Condon
activity and the less frequently discussed Herzberg-Teller (HT) activity. Here, we
introduce details of both mechanisms.
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1.9.1.1 Franck—-Condon Activity

Vibrational satellites according to Franck—Condon activity can only occur, if the
involved purely electronic transition between the ground state 0 and an electroni-
cally excited state 1 carries allowedness. In this situation, progressions can result.
The occurrence of a progression is always connected with a geometry change
between the two electronic states with respect to the vibrational coordinate of the
progression forming mode. A useful measure for the extent of such a geometry
variation is the Huang—Rhys parameter, S. In the following sections an introduc-
tion to these properties and to the spectroscopic implications is given (compare
Refs. [98] (p. 200),and [70, 237, 238)).

Figure 1.29a depicts the harmonic potentials for a model system with only one
vibrational coordinate Q in the electronic ground state 0 and the excited state 1. It
is assumed that the potentials are (nearly) equal, but are shifted by AQ with respect
to each other — that is, the vibrational frequencies of both states are also (nearly)
equal. Generally, the wavefunctions of electronic-vibrational states depend on
both, the coordinates of the electrons and nuclei, and thus the wavefunctions are

lectron S=0
excited grtiaci;omc
electronic Iing
state 1
S$=0.3
S=1
electronic | .
ground
state 0 \
v=2 S=4
\ Y v=1
v’lv =0 | I
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AQ [S) © 0o oo o
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Fig. 1.29 Franck-Condon progressions. depicted for a low-temperature emission.

(a) The equilibrium positions of the potential ~ (b) The intensity distribution of a progression
surfaces of the excited state 1 and the ground of vibrational satellites depends on the

state 0 are shifted by AQ. This leads to a Huang—Rhys parameter, S, which is
progression in the emission spectrum, if the  proportional to (AQ)? [see Eq. (21)]. The
dipole moment of the transition between the  examples given in (b) are calculated according
states 1 and 0 is non-zero. The progression is to Eq. (22). The peaks of highest intensity are
characterized by vertical transitions that are normalized for the different diagrams.
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very difficult to handle. However, taking into account that the electronic motion
is much faster than the vibrational motion, one can factorize the vibrational and
the electronic part of the wavefunction. This leads to the Born-Oppenheimer
approximation with the

ground state 0: Y (V) = §o- Xo(V) (17)
and the excited state 1: y; (V) = ;- )1 (V')

wherein ¢, and ¢, are the electronic wavefunctions and y,(v) and y,(v') are har-
monic oscillator functions with vibrational quantum numbers v and v’ for the
electronic ground state 0 and the excited state 1, respectively. The harmonic oscil-
lator functions are similar sets of wavefunctions, but they are defined with respect
to different zero-positions of the variable Q.

The desire is to apply this model to study low-temperature emission spectra.
The corresponding intensity distribution is proportional to the square of the elec-
tronic transition dipole moment involving the two states. When applying the
approximation [Eq. (17)], the intensity of a transition from the zero-point vibra-
tional level (v'=0) of the excited state 1 to a level v of the electronic ground state
0 can be expressed by (Fig. 1.29a):

Lo(v" = 0,v) ~ [{duler| Qo) -1 (v/ = 0) 1o (V) (18)

where er is the usual electric dipole operator. The first term of the right-hand side
of Eq. (18) represents the squared electronic dipole matrix element, and specifies
the intensity of the purely electronic transition. The second term is the Franck—
Condon factor, which is discussed in more detail below. This leads to the well-
known Franck-Condon progression of vibrational satellites that progress in the
spectrum by the energy ¥, of the vibrational mode under consideration.

The total emission intensity, I, of all transitions with the different vibrational
quantum numbers v can be summed up, and one obtains

Tioe~ (0n[ex| o))" (19)

This result means that the total emission intensity — that is, the intensity of the
electronic 0-0 transition and the complete Franck—Condon progression — depends
only on the purely electronic transition dipole moment. Thus, the electronic
allowedness represents the source of intensity which is distributed according
to the Franck—-Condon factor to the different vibrational satellites of the
progression.

The Franck—Condon factor is given by the squared overlap integral of displaced
harmonic oscillator functions.*® It can be related ([109], p. 113) to the so-called
Huang—Rhys parameter, S, according to

30) The Franck-Condon factor can only be non-zero for totally symmetric modes, as the vibrational
ground state y;(v'=0) is totally symmetric.
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K6 (v = 0)lxo(V)* = efva (20)

This parameter S is directly connected with the shift AQ of the equilibrium
positions of the involved electronic states (Fig. 1.29a). According to Ref. [109] (p.
112), one obtains

_ TCCMVQ
/]

S

(AQy (21)

wherein c is the velocity of light and M is the effective mass (=reduced mass) of
the vibration Q. The value of M is usually not known, unless a normal coordinate
analysis is available.

From Eq. (20), and by use of Egs. (18) and (19), an expression can be derived,
which is very useful for the characterization of geometry shifts of an excited state
as compared to the ground state. For the intensity ratio of successive vibrational
satellites of a Franck—Condon progression one finds, using the abbreviation I,=1,,
(v'=0, v) for v#0:

(22)

The intensity at the electronic origin (0-0 transition), I,, can be expressed by
Iy=Il-e™® (23)

From the above equations it is seen that for S=0 the total intensity is contained
in the purely electronic origin line [Eq. (23)] and the displacement between the
two electronic states 1 and 0 is zero [Eq. (21)]; that is, there is no geometry
change connected with the electronic transition. With an increase of the displace-
ment AQ (Fig. 1.29a), and thus an increase of the Huang—Rhys parameter S,
the intensity of the electronic 0-0 line decreases and the vibrational satellites of
the Franck—Condon progression gain intensity [Eq. (22)]. This behavior is illus-
trated in Fig. 1.29b for several different values of S. Thus, the satellites gain
intensity only by borrowing it from the electronic origin line. If the electronic
transition is forbidden, Franck—-Condon satellites also do not occur. This situation
is found, for example, for the 0 < I transition of Pt(thpy), (see Fig. 1.15b). The
consequences of the vibrational satellite structure being connected with such a
forbiddenness will be discussed in the next section, and also in Sections 1.9.2
and 1.9.3.

The S-value represents a characteristic parameter, in particular, when different
compounds are compared [70]. Hence, it is possible to characterize changes of the
binding situation that occur between excited electronic states and ground states
for different types of electronic transitions. For example, for the T; — S, transitions
of a large number of organo-transition metal compounds, the maximum S-values
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lie between 0.3 and 0.08 (compare Ref. [70] and Sections 1.9.2 and 1.9.3). From
this it follows that the geometry changes between the ground and excited triplet
state are small. Moreover, the S parameters are found to be significantly smaller
for compounds with large (!) MLCT admixtures to the excited triplet states than
for compounds with emitting *LC states. This behavior is ascribed to the enlarged
spatial extensions of the electronic wavefunctions with an increasing MLCT admix-
ture. In this situation, an electronic transition results in a smaller charge density
change per ligand, and thus has less influence on the specific binding separation
(small AQ values) [70, 165].

1.9.1.2 Herzberg-Teller Activity

In the preceding section, it was shown that Franck—-Condon-induced satellites or
progressions can only occur if the electronic transition carries allowedness, which
may then be distributed to the vibrational satellites. However, in many cases, the
electronic transition is largely forbidden. Nevertheless, a rich vibrational satellite
structure is observed. This situation is frequently found for organo-transition
metal compounds, for which the transition probability from the lowest triplet
substate I to the singlet ground state 0 is very small due to the almost pure triplet
character of substate I (compare Sections 1.5, 1.6, and 1.8). Clearly, a different
process — the vibronic or Herzberg-Teller coupling — must be taken into account.
In particular, this mechanism must provide singlet character to the triplet substate
via spin-orbit coupling in order to induce radiative allowedness to the vibronic
transition.

As the corresponding vibronic mechanisms are discussed comprehensively else-
where in the literature [206, 239-243], only a brief discussion of a specific mecha-
nism — the spin-vibronic coupling — is given here. It has been shown that such a
mechanism can indeed provide the required transition probability [70, 206]. This
coupling route is illustrated schematically in Fig. 1.30.

For purely organic compounds the mechanism of spin-vibronic coupling is
usually neglected due to the small value of the SOC constant. In contrast, for
compounds of the platinum metal group, this mechanism can be very important.
Specifically, vibrations of the central-metal ion — that are connected with variations
of electron density of d-character in the spatial region of the organic ligands — can
induce significant changes in the effective SOC. Good candidates for such vibra-
tions are metal-ligand vibrations. Such a coupling route is shown schematically
in Fig. 1.30. Hy, is the SOC Hamiltonian, I represents the unperturbed lowest
triplet substate, and S,, is a higher lying singlet. The matrix element given in Fig.
1.30 signifies that the vibration with the (normal) coordinate Q modulates the SOC
operator. This mechanism induces intensity to the specific vibrational satellite
with the energy Vv, relative to the forbidden electronic origin, but it does not
provide any intensity to the purely electronic 0-0 transition. Clearly, this vibronic
mechanism can be effective for a large number of different vibrational modes Q.
In this case, usually different intensity-providing higher-lying singlets S,, are
involved. The corresponding vibrational satellites are frequently called “false
origins”.
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Fig. 1.30 Schematic illustration of the spin- an admixture of a higher-lying singlet state S,,
vibronic coupling route (Herzberg—Teller to the triplet substate 1. This mechanism can
coupling). This mechanism can become provide intensity to a vibrational satellite, but
important, when the purely electronic 1 < 0 not to the electronic 0-0 transition. Note that
transition is forbidden. The matrix element HT coupling usually occurs with many HT
expresses schematically that a vibration, active modes to different higher-lying singlets.
specified by a coordinate Q, changes the Hence, a rich vibrational satellite structure

spin—orbit coupling (SOC) and thus induces  results. For further explanation, see the text.

In Sections 1.9.2.1 and 1.9.3, we will demonstrate that HT coupling is indeed
important for the low-temperature emission of Pt(thpy), and Ir(btp),(acac). The
importance of the HT coupling has also been shown for many other organo-transi-
tion metal compounds [70, 71, 73, 74, 115, 163, 177, 206].

1.9.2
Pt(thpy), Emission: Temperature- and Time-Dependence of the Vibrational
Satellite Structure

The vibrational satellite structures in the emission of Pt(thpy), display triplet
substate properties in a characteristic manner. In particular, the emission from
substate I features a completely different vibrational satellite structure than the
emission from the substates II and III. This behavior will be illustrated by present-
ing spectra, which are measured at different temperatures and at different delay
times after an exciting laser pulse, respectively.
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1.9.2.1 Herzberg-Teller-Induced Emission from Substate I: The 1.3 K Spectrum
Figure 1.31 shows the emission spectrum of Pt(thpy), measured at T=1.3K. The
rich vibrational satellite structure seems to belong to the electronic 0-0 transition
at 17163 cm™, which represents the II — 0 transition (see Figs. 1.15 and 1.16).
However, all vibrational energies as determined relative to this 0-0 transition do
not match the vibrational energies available from IR measurements [70], and they
cannot be related to vibrational energies found for Pd(thpy), [70, 163]. On the other
hand, by setting the electronic origin for these satellites to the position of the
transition I <> 0 at 17156cm™ which, however, does not carry any intensity, an
excellent correspondence of the satellite energies to those of known vibrational
modes is obtained. This procedure allows us to determine the position of a missing
electronic origin line. Indeed, as discussed in Section 1.5.1, the I(0-0) line can be
observed directly under application of a magnetic field of B= 1T (see Fig. 1.15¢).
Interestingly, none of the satellites that is clearly identified in the 1.3K time-
integrated emission spectrum belongs to the electronic origin I1(0-0) at 17163 cm™,
apart from a 15cm™ phonon satellite (Fig. 1.15b) and some spectral
background.

The vibrational satellites observed in Fig. 1.31 correspond in most cases to fun-
damentals. Modes which occur up to =100cm™ relative to the electronic origin
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Fig. 1.31 Emission spectrum of Pt(thpy), dissolved in n-

octane and monitored at T=1.3 K. Concentration =10~ mol L";

Aexe=457.9nm. The vibrational satellites are characterized by

their energy separations from the electronic origin 1(0-0) at

17156cm™. The asterisk denotes an electronic origin of a

different site. The region of the electronic origins is shown in

Fig. 1.15, on an enlarged scale.
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have significant lattice or chromophore-cage mode character. It should even be
taken into account that a mixing of complex vibrations with cage modes is still
obvious up to =150cm™ [244]. Overlapping with this energy range up to
500/600cm™, one finds metal-ligand (M-L) vibrations, which can, for example, be
identified by a comparison of vibrational energies of Pt(thpy), to those of Pd(thpy),
[70].>" Fundamentals with energies higher than =600cm™ represent internal
ligand vibrations. It should be noted that many vibrational satellite lines are accom-
panied by weak phonon satellites at their low-energy side.

The structure of the 1.3K emission of Pt(thpy), (Fig. 1.31) is characterized by
the absence of the electronic I(0-0) transition, but by an occurrence of intense
vibrational satellites. Since: (i) the satellites do not show any distinct progression;
and (ii) the electronic origin does not show any intensity, it can be concluded that
the satellites do not result from Franck-Condon activity (compare Section 1.9.1.1).
All satellites that correspond to fundamentals are vibronically (Herzberg—Teller)
induced, and hence represent so-called “false origins”.

In Section 1.9.1.2 and Fig. 1.30, a mechanism has been proposed, which can
provide intensity to the vibrational satellites (false origins), even when the elec-
tronic transition is spin-forbidden. In particular, for low-energy vibrations below
~600cm™, which exhibit pronounced metal-ligand character, such as the 266, 295,
376, 531cm™ modes (Fig. 1.31), it is very probable that the vibrating platinum ion
can induce spin-vibronic coupling.

Presumably, this specific mechanism should be extended to describe also the
occurrence of satellites of high-energy fundamentals, such as the 1023, 1138, 1293,
1393, and 1462 cm™ vibrations (Fig. 1.31).*? A corresponding mechanism has been
treated theoretically with respect to organic molecules [239-243], and proposed to
be of importance also for organo-transition metal compounds, such as Pt(thpy),
[70] and [Os(bpy)s]** [206]. It is based on a two-step coupling route, which involves
the usual vibronic coupling of state I to a higher-lying triplet substate that experi-
ences on its part effective SOC.

1.9.2.2 Franck-Condon Activity in the Emissions from Substates Il and I11:

The 20K Spectrum

With a temperature increase, for example to T=20K (Fig. 1.32), the electronic 0-0
transitions 11(0-0) and I11(0-0) at 17163 cm™ and 17172 cm™ grow in strongly. This
is attributed to the thermal population of the two higher-lying states. Also, the
vibrational satellite structure changes and satellites that correspond to fundamen-

31) Due to the largely ligand-centered transition combination represents a vibrational mode
in Pd(thpy),, its emission spectrum exhibits which is not Herzberg-Teller active, but
only very weak vibrational satellites of M-L shows Franck—Condon activity and
mode character. corresponds to a totally symmetric mode

32) It should also be pointed out that for most of (see next section). It is remarked that the
the intense false origins combinations are 1484 cm™ mode seems to be HT and FC
also observed, such as (531+1484), active, presumably, two vibrational modes of
(713+1400), (1462+718)cm™, etc. (not all different symmetry have nearly the same
are shown in Fig. 1.31, but see Refs. [70, energy.

144]). The second member of the
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Fig. 1.32 Emission spectrum of Pt(thpy), the electronic origin 11(0-0) at 17163 cm™,
dissolved in n-octane and monitored at apart from the weak 531 cm™ satellite which
T=20K. Concentration =10°molL™; belongs to the emission of substate I. The
Aexe=457.9nm. The vibrational satellites are region of the electronic origins is reproduced

characterized by their energy separations from in Fig. 1.15, on an enlarged scale.

tals different from those found in the 1.3 K emission spectrum, grow in; thus, the
emission spectrum changes drastically (compare Figs. 1.31 to 1.32). Moreover,
those satellites which dominate at T=1.3K, such as the 531cm™ satellite, become
weak at higher temperature. Further, in the 20 K emission spectrum, the electronic
origin lines I1(0-0) and II1(0-0) are the dominating peaks. In contrast to the situa-
tion of the electronic 0-0 transition I <> 0, they carry significant allowedness. This
is evidenced, for example, by the possibility of exciting the substates II and III
directly (see Fig. 1.15a and 1.15d)

The vibrational satellites in the 20K emission spectrum are observed as vibra-
tional doublets. These all exhibit the same energy separation of 9cm™, like the
two electronic origins 11(0-0) and I11(0-0). Thus, the same vibrational modes are
active in the radiative processes of both electronic states II and IIL In Fig. 1.32,
only satellites of origin 11(0-0) (at 17163 cm™) are specified by marking the vibra-
tional energies.

The 20K emission spectrum exhibits vibrational satellites due to the activity
of fundamentals (e.g., 190, 383, 458, 718, 1400, 1484cm™, etc.; see Fig. 1.32), of
combinations of these fundamentals [e.g., (190+1484), (383 +1400), (458 +1484),
(718 +1400), (718+1484)cm™, etc.), and for the most intense satellites, also the
second members of progressions (e.g., 1x718cm™, 2x718cm™, 1x1484cm™,
2x1484cm™) are also observed. Some of these satellites are not displayed in Fig.
1.32 (but see Refs. [70, 144]). These results can be rationalized, when all vibrational
satellites with significant intensity are assigned to correspond to totally symmetric
fundamentals. This assignment is also in accordance with the observation that the
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same fundamentals are built upon the false origins occurring in the 1.3 K emission
spectrum. An assignment to an alternative symmetry would not allow us to explain
the very distinct differences of vibrational activities found in the emission from
the states I and II, respectively.

Moreover, these totally symmetric fundamentals are assigned to be Franck-
Condon active (compare Section 1.9.1.1) and indeed, for the most intense satellites
weak overtone satellites are also found. By use of Eq. (22), the corresponding
Huang—Rhys parameters S can be estimated. For the most “pronounced” progres-
sions of the 718 and the 1484cm™ modes, a value of S = 0.08 is obtained. The
occurrence of other progressions, namely of the fundamentals of 383, 458, and
653 cm™ is also indicated (Fig. 1.32). However, progressions are not observed for
each totally symmetric fundamental. These might exhibit still smaller S parame-
ters, although even for a similar Huang—Rhys parameter of S = 0.08, most of the
corresponding overtone satellites would be hidden in the noise of the spectrum.

The occurrence of only small Huang—Rhys parameters means that the shifts of
the equilibrium positions for all vibrational coordinates is small — that is, the triplet
geometry of Pt(thpy), is only slightly perturbed with respect to the electronic
ground state, at least for the applied rigid low-temperature matrix. An equivalent
conclusion can be drawn for almost all triplet emitters hitherto studied by our
group [70]. This result implies, indirectly, that the coupling of the excited state(s)
of the emitter molecule to its host environment is small. It should be noted that
this property may depend on the applied host material; hence, care must be taken
when selecting adequate matrix—emitter combinations.

1.9.2.3 Time-Resolved Emission and Franck—-Condon/Herzberg-Teller Activities

In Section 1.7.2 and Fig. 1.21 it was shown that the emission of Pt(thpy), decays
at T=1.3K biexponentially, with time constants of 600ns and 110ps, when the
compound is excited non-selectively, for example in the ultraviolet. This behavior
is a consequence of a population of substate II by very fast ISC processes and of
the depletion of this state II with a time constant of 600ns. This decay is mainly
determined by the SLR from substate II to substate I. State I is also populated
directly by the fast ISC routes and emits with its intrinsic decay time of 110ps.
Thus, during the first about two microseconds after the laser pulse, substate II is
still populated, and superimposed emissions stemming from both states I and II
with strongly different decay times are obtained. According to the large difference
of these time constants, discrimination of the two emission spectra will be possible
by applying time-resolved spectroscopy.

Indeed, this is successful, and has been demonstrated in Ref. [245]; the results
are illustrated in Fig. 1.33. Figure 1.33a reproduces the emission spectrum detected
immediately after the exciting laser pulse (Ae=337.1nm, pulse width 0.5ns) with
no time delay (t=0ns) and integrated during a time window of At=500ns. Hence,
the fast and non-delayed emission spectrum which predominantly results from
substate II is obtained. A totally different spectrum results, when the emission is
monitored after a time being long compared to the decay time of 600ns. For
example, with a delay of t=10ps after the laser pulse and an integration time of
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Fig. 1.33 Time-resolved emission of Pt(thpy), At=500ns. (b) Detection of the emission after
dissolved in n-octane (ca. =10°molL™) and a delay of t=10ps and integrated over

monitored at T=1.3 K. Excitation: At=60ps. The energies of the vibrational
Aexe=337.1nm,; pulse width =0.5 ns; repetition  satellites are given in cm™ relative to the
rate 100Hz. (a) The emission is detected electronic origin 11(0-0) (a) and origin 1(0-0)
without any delay and integrated over (b), respectively (compare Ref. [245]).

At=60ps (time window), the emission spectrum as reproduced in Fig. 1.33b, is
obtained. This spectrum represents the emission of substate I.

The delayed emission spectrum is very similar to the time-integrated emission
spectrum measured at T=1.3 K (compare Fig. 1.33b and Fig. 1.31.) Therefore, this
delayed spectrum is similarly assignable, as described in Section 1.9.2.1. In par-
ticular, all vibrational satellites that are marked in Fig. 1.33b represent false
origins, and their intensities are vibronically (Herzberg-Teller) induced. Also, this
delayed emission spectrum does not reveal any intensity at the position of the
electronic 0-0 transition from I — 0.*?

33) The occurrence of the electronic origin II(0- Boltzmann distribution which applies after a
0) in the time-delayed spectrum (Fig. 1.33b) sufficiently long delay time and according to
is not expected at first sight. However, its the relatively large transition probability of
appearance is a consequence of a thermal the IT — 0 transition.

repopulation of substate II, according to a
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The fast and non-delayed emission spectrum (Fig. 1.33a) shows nearly the same
structure as the time-integrated spectrum measured at T=20K (Fig. 1.32). However,
the satellites that result from substate III (9 cm™ higher-lying peaks of the “doublet”
structure in the 20 K emission spectrum) do not occur in the fast spectrum. Obvi-
ously, at T=1.3K, an emission of substate III is not observed. This is due to very
fast SLR processes from substate III to the lower lying substates IT and I (compare
also Section 1.7). Thus, the fast spectrum represents the non-thermalized emis-
sion spectrum of state II. The Boltzmann distribution does not apply immediately
after the excitation pulse, as the thermal equilibration is relatively slow. (This
behavior has been studied in detail also for [Ru(bpy)s]*"; compare Refs. [74, 185].)
The emission spectrum displayed in Fig. 1.33a (fast spectrum) is assigned simi-
larly as discussed in Section 1.9.2.2. In particular, the electronic 0-0 transition II
— 0 (origin I1(0-0)) strongly dominates the spectrum (note the factor of 8 in Fig.
1.33a), and very probably almost all vibrational satellites are induced by Franck—
Condon active vibrations.

In conclusion, it is possible for Pt(thpy),, to separate the emission spectra which
are superimposed in time-integrated spectra by time-resolved emission spectros-
copy. It is important that a low-temperature (1.3K) emission spectrum from a
higher-lying state with the corresponding high spectral resolution can be obtained.
This possibility is a consequence of the relatively slow SLR. Vice versa, as the
monitored time-resolved emission spectra are clearly assignable to different
triplet substates, these results nicely support the concept of a slow SLR, as devel-
oped above. Moreover, the results presented clearly reveal the triplet substate
selectivity with respect to Franck-Condon and Herzberg-Teller vibrational
activity.

To summarize, the vibronic properties are related to the different allowednesses
of the purely electronic transitions. The 0-0 transitions from substates III, II to
the ground state 0 are (sufficiently) allowed. Thus, Franck-Condon activity becomes
possible. On the other hand, substate I represents an almost pure triplet, and
therefore, the 0-0 transition to the singlet ground state is forbidden. Moreover, the
specific symmetry of substate I of Pt(thpy), probably leads additionally to a sym-
metry forbiddenness (see Section 1.5.2). Nevertheless, radiative deactivation can
occur due to the action of molecular vibrations (i.e., due to vibronic coupling).
Such a coupling route can provide the adequate symmetry and SOC, and thus can
open the vibrational satellite channels. It should be noted that the 0-0 transition
still remains forbidden. This model is strongly supported by investigations
under the application of high magnetic fields. Due to the field-induced mixing
of the wavefunctions of the three triplet substates, the B-field-perturbed lowest
triplet substate I gains relatively high radiative allowedness of the 0-0 transition
to the electronic ground state (see Fig. 1.15g). Accordingly, Franck—Condon
activity should become possible. Indeed, this behavior of tuning in Franck—Condon
activity has been demonstrated in particular for [Os(bpy)s]** [74, 177, 206, 207],
for Pt(thpy), [149], Ir(btp),(acac) [246], and indirectly for several other
compounds, such as Ir(ppy)s; [115] and [Ru(bpy);** [205] (compare also Refs.
[247-249)).
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1.9.3
Ir(btp),(acac) Emission: Low-Temperature Vibrational Satellite Structure

In this section, the aim is to discuss the low-temperature vibrational satellite
structure of the Ir(btp),(acac) emission. Figure 1.34 shows the 1.5K spectrum of
the selectively excited site, which is in the focus of Section 1.8 (site H in Section
1.10). The frame on the left-hand side displays the two electronic 0-0 transitions
1(0-0) and 11(0-0) separated by AE;;;=2.9cm™. The 11(0-0) transition strongly domi-
nates, due to the much higher transition probability of II <> 0 as compared to I
<> 0 and due to the very slow SLR time of T5;z=22pus between the two substates
(see Section 1.7.2 and Table 1.1). As consequence of this property, the emission
from substate II cannot be frozen out (compare Fig. 1.24 and Ref. [203]). Accord-
ingly, both substates emit, and thus the usual (time-integrated) emission spectrum
is superimposed of two spectra. However, as depicted in Fig. 1.34, the different
vibrational satellites can still be specified with respect to the corresponding elec-
tronic origins. This is possible by use of three independent methods:
« Substate IT and I, respectively, exhibit different decay times

at low temperature due to the effect of SLR. Thus, time-

resolved spectroscopy allows separation of the different

spectra in the regions of the electronic origins and the

vibrational satellites, in a similar manner as described for

Pt(thpy), in Section 1.9.2.3 [240].

« With a temperature increase to T=4.2K, the emission
results dominantly from substate II, and vibrational
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Fig. 1.34 Emission spectrum of site H of 1l with an energy of 16293 cm™. The

Ir(btp),(acac) doped into CH,Cl, (ca. vibrational satellite lines are labeled according
=107 mol L™"). The frame on the left-hand side to the electronic origins 1(0-0) and 11(0-0), and
shows the region of the two lowest electronic  are assigned with respect to the Herzberg—
0-0 transitions on an enlarged scale (compare Teller (HT) or Franck—Condon (FC) activity of
Fig. 1.24). The spectra were monitored at the corresponding vibrational mode.

T=1.5K under selective excitation of substate
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satellites from substate I become less important (compare
the 4.2K spectrum in Fig. 1.24).

« Under the application of high magnetic fields, and according
to the field-induced admixtures of wavefunctions of the
substates IT and III to substate I, the resulting perturbed
substate Iy changes its properties significantly. In particular,
it gains allowedness for the I5(0-0) transition. The resulting
emission spectrum at a high magnetic field, for example at
B=10T, corresponds largely to the spectrum of the
perturbing states IT and III. Consequently those vibrational
satellites, which grow in with B-field increase, correspond to
vibrational modes which are active in the radiative
deactivation of substate II at zero magnetic field [147, 246).

Interestingly, also for Ir(btp),(acac) the different vibrational modes exhibit dif-
ferent activities with respect to the vibronic mechanisms. All vibrational satellites,
which belong to the substate I emission, are induced by Herzberg-Teller activity.
This conclusion is possible, as the electronic origin transition [(0-0) carries only
very little oscillator strength and since no progression is found in the emission
spectrum of substate I. On the other hand, for several vibrational satellites, which
belong to the substate II emission, also the second members of Franck-Condon
progressions are observed, for example for the 288, 1398, 1461, and 1474cm™
modes. The largest Huang—Rhys parameter for these progressions is estimated by
use of Eq. (22) to S=0.08. Presumably, almost all other vibrational satellites found
in the emission spectrum of substate II are also FC induced, though with smaller
Huang—Rhys parameters. In many cases, the second members of vibrational pro-
gressions may be hidden in the noise of the spectrum.

In conclusion, the vibrational satellite structure of the Ir(btp),(acac) emission
can be described in accordance to the behavior of Pt(thpy),. In particular, it is
found also for Ir(btp),(acac) (in a rigid low-temperature matrix) that the geometry
of the lowest triplet state T, is only very slightly perturbed with respect to the
geometry of the electronic ground state S,.

1.10
Environmental Effects on Triplet State Properties: Case Studies Applied
to Ir(btp),(acac)

In the preceding sections, we have introduced to photophysical properties of
organo-transition metal compounds without addressing specifically the differ-
ences of the individual sites — that is, the influence of the specific matrix cage on
the electronic behavior of the emitter molecule. Studies show that important
properties can be dissimilar, such as transition energies, ZFSs, emission decay
times, SLR times, and vibrational satellite structures. These properties vary over
specific ranges, which depend on the individual energy state of the emitter and its
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host environment. In the following sections, the aim is to outline these dissimilari-
ties on the example of different sites of Ir(btp),(acac) doped into a low-temperature
CH,Cl, matrix.

1.10.1
Energy Distribution of Sites

Figure 1.35 shows the low-temperature emission spectrum of Ir(btp),(acac) in
CH,Cl, in the region of the electronic 0-0 transitions. This spectrum, which cor-
responds to the 4.2K spectrum shown in Fig. 1.23, is characterized by several
narrow lines of halfwidths of a few cm™ and a broad background. Both the narrow
lines as well as the background can be explained by taking into account that the
Ir(btp),(acac) dopants experience dissimilar interactions with their respective envi-
ronments in the host. Different orientations of the dopants within the host cage
and/or a different number of host molecules that are replaced cause dissimilar
shifts of the electronic states, splittings, and couplings to the matrix. Since specific
energy minima exist for the dopants, discrete sites result and narrow lines occur.
Almost each of the narrow lines is related to one specific site. On the other hand,
a large number of dopants is inhomogeneously distributed. This leads to the broad
background in the emission spectrum (compare also Section 1.11.1).

The different discrete sites of Ir(btp),(acac) are labeled with capital letters in
Fig. 1.35. The distribution of sites spans over a width of about 450cm™, the most
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Fig. 1.35 Emission of Ir(btp),(acac) in CH,Cl, in the region of
the electronic origins, monitored under UV excitation at
T=4.2K. The spectrum consists of resolved electronic 0-0
lines (I - 0) of the different sites and of an inhomogeneous
background. The different sites are labeled with capital letters.
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Table 1.2 Transition energies and zero-field splittings (ZFS)
for various sites of Ir(btp),(acac) doped into CH,Cl, and n-

octane, respectively, and for single crystals of Ir(btp),(acac).
Properties of the sites E and H are discussed in detail

(see text).
Matrix Site Relative Spectral position (cm™) ZFS (cm™)
intensity
| 1l ] AE,, AEy,
CH,CH, A 0.03 - 16664 - - -
B 0.09 - 16548 16566 - =21
C 0.08 16470 16473 16488 3205 1751
D 0.14 16422 16424 16445 22+05 23.0+0.5
E 1 16396 16399 16411 29+0.2 14.8 £ 0.5
F 0.12 - 16375 =16395 - =23
G 0.12 16314 16317 16333 371 19+3
H 0.49 16268 16271 16293 29+0.2 25.0 £ 0.5
I 0.19 16221 16225 16247 36+03 2651
n-Octane A 0.89 16198 16201 16224 25+0.2 253+ 0.5
Single - - 16293 16296 16312 34+04 19+1
crystal

dominant site being located at 16399cm™ (site E). Sites with weaker intensities
are found at higher energies than the main site at least up to 16664cm™, and
lower energies at least down to 16225cm™, respectively (Table 1.2).

Most of the lines represent electronic 0-0 transitions from substate II of the
lowest triplet state T, to the ground state O(S,). This has been confirmed by
detailed investigations under selective excitation, variation of temperature, and the
application of high magnetic fields (compare Fig. 1.24 and Refs. [147, 203]).

It should be noted that the distribution of transition energies of the different
sites due to dissimilar dopant-matrix interactions is a well-known phenomenon
in the spectroscopy of organic molecules doped into Shpol’skii or Shpol’skii-like
matrices [175, 176, 179]. Organo-transition metal compounds have also been
investigated in this respect, though less frequently. For example, different sites
were studied of Pt(thpy), [144], Pd(thpy), [244], Pt(II)-phthalocyanines [250, 251],
and of the related compounds [Ru(bpy)s]** [74, 252] and [Os(bpy)s]** [74, 177,
253].

1.10.2
Zero-Field Splittings at Different Sites

The investigation of an individual site can be achieved by site-selective spectros-
copy. For Ir(btp),(acac) in CH,Cl,, emission and excitation spectra have been
monitored under selective excitation and detection, respectively. Additionally,
variation of temperature and high magnetic field have been applied to ensure a
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Fig. 1.36 Region of the electronic origins (0-0 excitation spectrum of site H was measured
transitions) of two major sites E and H of by detection at the electronic origin 11(0-0) at
Ir(btp),(acac) in CH,Cl,, as specified in Fig. 16271 cm’. Note that the intensity ratio of
1.35. The emission spectra of site E and H the lines 11(0-0) to 1(0-0) is significantly

were obtained by exciting into the vibrational  different for the two sites (compare Ref.

satellite of substate Il at 16775cm™ [203]). This is mainly a consequence of
(16411cm™ + 364cm™) and at 16742cm™ different spin—lattice relaxation times between
(16293 cm™ + 449cm™), respectively. The substates Il and | (see Section 1.10.3).

reliable interpretation of the observed data. Figure 1.36 shows site-selective spectra
of the regions of electronic origins for the two specific sites E and H (Table 1.2).
These sites are especially suited for detailed studies due to the high intensities of
the corresponding lines compared to the broad background.

The obtained data clearly show that the two sites exhibit distinctly different total
zero-field splittings of the T, substates. The total ZFS AEy; amounts to 14.8cm™
for site E and to 25.0cm™ for site H. The splitting AE;;; between the two lower
substates of 2.9cm™ is identical for these specific sites, but — as shown in Table
1.2 — this is not the general case. A study of the ZFSs of sites A to I of Ir(btp),(acac)
in CH,Cl, reveals that the total ZES AE,;,, is distributed from 14.8 cm™ to 26.5cm™.
Additional investigations of Ir(btp),(acac) in n-octane and as a single crystal result
in AEy, values of 25.3cm™ and 19cm™, respectively. The splitting AE;; varies
from 2.2cm™ to 3.7cm™ for the different sites and matrices. A correlation to the
AE;;; variation does not exist. The ZFS values are summarized in Table 1.2,
together with the relative intensities of the lines corresponding to the different
sites.

The variation of AE(ZFS) by almost 100% indicates a strong influence of the
host on the T, state. In Section 1.4, it was shown that the ZFS may be regarded
as a measure of the MLCT character of the emitting T, state. Presumably, the
amount of MLCT admixture to the T, state is susceptible to the environment of
the complex.
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1.10.3
Emission Decay and Spin-Lattice Relaxation Times

Investigations of the decay dynamics between the three substates of T; and from
the substates to the ground state S, show again distinct differences for the different
sites of Ir(btp),(acac) doped into CH,Cl,. By using site-selective spectroscopy and
varying the temperature, it is possible to determine the emission decay times of
the transitions from the substates I, II, and III to the ground state. This procedure
is carried out similarly as described in Section 1.6. Whilst for site H the values
amount to T=150ps, T;;=58 ps, and Ty;;=2 ps, one finds for site E 1,=62 ps, ;=19 pis,
and T=3ps [203]. These dissimilarities can result from different radiative
allowednesses of the respective transitions and/or from different radiationless
deactivation rates to the ground state. The radiative rate might be altered due to
different singlet admixtures to the T, substates, while the non-radiative deactiva-
tion might vary according to different coupling strengths of the electronic states
to the lattice. Further studies in this respect are necessary.

The times of SLR between the substates I and II are, at T=1.5K, T5;g=4ps and
22ps for sites E and H, respectively (compare Section 1.7 and Ref. [203]). This
different relaxation behavior manifests itself also in the emission spectra at
T=1.5K. As seen in Fig. 1.36, the emission of site E is dominated by the transition
from the lowest triplet substate I to the ground state, while the emission of site H
stems mainly from substate II. For site H, substate II is only depopulated slowly
into substate I and therefore, a more intense emission stems from II [203].

Furthermore, the temperature dependence of the SLR rate is different for the
two sites. For site E, the SLR rate increases significantly faster with temperature,
than for site H (not depicted). This is due to the fact that the energy separation
AEyy is distinctly smaller for site E (12cm™) than for site H (22cm™). Therefore,
the Orbach process of SLR, which depends on this energy separation, has its onset
at lower temperature for site E (see Section 1.7 and Ref. [203]).

The data in Table 1.3 summarize the decay times of the T; substates and
the SLR times at 1.5 K for the two major sites E and H of Ir(btp),(acac) in CH,Cl,,

Table 1.3 Decay times of the T, substates I, Il, and Il and
spin-lattice-relaxation times determined for Ir(btp),(acac) at
different sites in CH,Cl,, in n-octane, and in a neat single

crystal.
Matrix Site T (ps) T (bs) T (k) T (1)
CH,Cl, E 62 19 3 4

H 150 58 2 22
n-Octane A 105 51 - 57
Single crystal - 140 - - _

1) T=15K.
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and also provides decay times for the complex in n-octane and in a single
crystal.

In conclusion, photophysical properties of organo-transition metal complexes
can distinctly depend on the individual environment or matrix cage which hosts
the emitter complex. The specific interactions between the complex and the envi-
ronment lead to a variation of the transition energy, the emission decay times, and
the ZFSs. It is the subject of further investigations to study the importance of the
environmental influence on triplet emitters doped into amorphous polymeric
matrices by use of the spectroscopic method of hole burning [254]. It is also
intended to analyze to what extent the spread of photophysical properties, as
studied at low temperature, survives when the material is used as emitter at
ambient temperature and applied in an OLED.

1.1
Emission Linewidths and Spectral Broadening Effects

Detailed information about photophysical properties of the lowest excited states
of organo-transition metal compounds can usually only be obtained at cryogenic
temperatures, when highly resolved spectra can be recorded. However, in all
OLED applications, the compounds are used at ambient temperature. In this
situation, the spectral information is smeared out and only broad absorption or
emission spectra can be measured. Nevertheless, the photophysical properties
determined at low temperature from highly resolved spectra also often govern the
emission behavior under ambient conditions. In this section, the aim is to discuss
spectral broadening effects which are already present at low temperature, and
those broadening effects which occur with temperature increase. Further, it will
be shown that emitters with large MLCT character of the triplet state experience
specific emission broadening effects.

1.11.1
Inhomogeneous Linewidths

Molecules doped into a solid matrix are always influenced by inhomogeneous
interactions with their environments. This occurs also at low temperature in both
crystalline and amorphous hosts though usually to a different extent. The elec-
tronic and vibrational states of the dopants experience dissimilar shifts, which
depend on the individual matrix cage, i.e. — for a given matrix — on the position
and orientation of the dopant and the number of matrix molecules in the environ-
ment. Consequently, the spectra are shifted with respect to each other, and this
results in superimposed spectra. Especially in amorphous matrices such as glasses,
the resulting inhomogeneous distribution (which is usually Gaussian-like) is
very broad and can reach hundreds of wavenumbers. The width of such a distribu-
tion is not easily predictable, as several mechanisms of host—guest interaction can
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take effect [255]. On the other hand, the inhomogeneous Gaussian-like width can
become relatively small for dopants in crystalline or polycrystalline matrices, such
as Shpol’skii matrices. In these hosts, inhomogeneous linewidths may be as small
as only 1 or 2cm™ (compare Sections 1.5, 1.8, and 1.9). In many cases, specific
minima exist for dopants in the crystalline hosts, and these give rise to the forma-
tion of discrete sites. This leads to the specific lines with the small halfwidths.
Often, many different discrete sites are present, as found for Ir(btp),(acac) doped
into CH,Cl, (see Table 1.2). Additionally, for the example of the Ir(btp),(acac)/
CH,Cl, combination, many dopants are quasi-continuously distributed over a large
number of only slightly different minima. This results in a broad background with
a halfwidth of about 400cm™ (Fig. 1.25). In other dopant/matrix combinations,
one specific site can dominate clearly. For example, for Pt(thpy), doped into an n-
octane Shpol’skii matrix, one site carries 98% of the line emission (see Section
1.5.1 and Ref. [144)).

Importantly, for the situations discussed above it is often possible to measure
highly resolved spectra of individual sites by applying the well-established
methods of site-selective spectroscopy (e.g., see Sections 1.5 and 1.7-1.10), of
luminescence line-narrowing (e.g., see Refs. [256, 257]), and of spectral hole
burning (e.g., see Ref. [258]), respectively. The application of these methods will,
however, only be successful, if the homogeneous line broadening effects do not
dominate.

1.11.2
Homogeneous Linewidths

The Heisenberg uncertainty principle correlates an energy uncertainty to the
lifetime of a state. This energy uncertainty is identified by the so-called homoge-
neous linewidth AVy,, (often referred as I'm). It can be expressed by [259,
260]:

_ 1
AVpomn = — (24)
27T,

wherein c is the velocity of light, and 1, is the full dephasing time

1 1 1
=4
T, 2T1 T‘é’\‘

(25)

where 1, is the excited state lifetime, which for an emission process, is determined
by all radiative and non-radiative depopulation processes. Therefore, T, is often
called population or energy relaxation time. 15 represents the pure dephasing time;
this is strongly temperature-dependent and can become very large when zero
temperature is approached (see below). In this situation, pure dephasing can be
neglected and the homogeneous halfwidth AVy,, can easily be estimated. (For a
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further discussion of 15, see below.) For example, for an emission decay time of
T,=1ps, a homogeneous linewidth of AVye,=2.6x10°cm™ is obtained. This
value is about six orders of magnitude smaller than the inhomogeneous widths
found for highly resolved spectra discussed in this contribution.

It should be noted that Eq. (24) is derived under the assumption of an infinite
lifetime of one of the involved states. Thus, the presented estimate is well appli-
cable to purely electronic 0-0 transitions. On the other hand, a transition which
involves a vibrationally excited state as final state (e.g., a vibrational or phonon
satellite line) usually exhibits homogeneous linewidths which are several orders
of magnitude larger than those of purely electronic transitions of triplet emitters.
This is due to the fast depopulation of the vibrational state, being of the order of
1ps; consequently, it results an additional uncertainty of the transition energy.
Indeed, the vibrational satellite lines of highly resolved emission or excitation
spectra exhibit, at low temperature, homogeneous halfwidths of typically 3 to
S5cm™ and even up to 10cm™ for vibrational combinations and higher members
of progressions. Thus, these linewidths are substantially broader than the inho-
mogeneously broadened purely electronic origin lines of triplet emitters in suitable
hosts or at suitable sites.

With temperature increase, the homogeneous linewidth of a purely electronic
transition broadens significantly due to the involvement of phonons. In particular,
processes of pure dephasing become important [compare T5 in Eq. (25)]. These
processes induce phase shifts of the wavefunction of an involved (populated) state,
and result in a so-called dephasing of the originally excited situation [98, 261].
Thus, 15 becomes shorter and Ay, increases. If, for example, a Raman scatter-
ing process of phonons is taken into account, it can be derived that t5 increases
with a T’ temperature dependence [98, 262]. Further, for triplet substates with
thermally accessible higher-lying substates, the Orbach process is also expected to
be of importance. (In this context, it is referred to elastic up-and-down processes
that involve the same two energy substates.) In general, such processes can occur
not only by scattering of phonons, but also by interactions of any other kind of
elementary excitations with the dopant [259].

The above discussion refers only to the homogeneous broadening of a purely
electronic 0-0 line — that is, the electronic zero-phonon line (ZPL). However, impor-
tant homogeneous broadening effects result additionally from the involvement of
specific phonons, for example, of low-energy vibrations or librations*! of the dopant
in its lattice cage (local phonons) in the optical transition. This leads to the occur-
rence of phonon satellites, which lie in a range of less than about 100 cm™ from the
electronic origin [compare Fig. 1.15b,c (Section 1.5.1) and Fig. 1.31 (Section 1.9.2.1)].
In several cases, some of these local phonon satellites, with phonon energies of
15 or 18cm™, for example, are resolvable for organo-transition metal complexes
dissolved in crystalline matrices. However, mostly only unresolved phonon wings
or phonon sidebands are found [98]. At low temperature, the phonon sidebands are

34) Librations are hindered rotational motions of the dopant molecule in the cage of the
surrounding matrix.
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situated at the low energy side of the electronic ZPL. The structure and width of a
phonon sideband depend on the local situation — that is, on the number of coupling
(local) phonons and on the coupling strength of the electronic transition to the
phonons, the so-called electron-phonon coupling.

These latter properties are directly related to the effects of the Franck-Condon
activity of a specific mode (see Section 1.9.1.1). For example, a large geometry
change with respect to a local phonon coordinate according to an electronic transi-
tion (large electron—phonon coupling) leads to a large AQ(phonon) value and thus
to a large Huang—Rhys parameter S(phonon) for the specific local phonon mode
[Eq. (21)]. This results in a distinct phonon progression and a shift of the emission
intensity from the purely electronic line (ZPL) to the local phonon satellites
(compare Fig. 1.29). As discussed above, the phonon satellites have homogeneous
linewidths, which are orders of magnitude broader than those of the electronic
ZPL. Furthermore, usually different local phonon modes of different energies
couple to the electronic transition. All of the resulting phonon satellites overlap
and lead to the broad phonon sidebands.

With temperature increase, an emission can also occur from a thermally popu-
lated higher-lying phonon state, and this leads to an energetically higher lying
sideband (anti-Stokes phonon sideband). As consequence, the intensity of an emis-
sion spectrum is redistributed. It is moved from the ZPL to its phonon sideband
mainly at the anti-Stokes side (Fig. 1.37). If the temperature dependence of non-
radiative relaxation processes can be neglected, the total intensity of ZPL and
sideband is constant. At higher temperatures — mostly already below 77K (but see
the exception of Pt(thpy),; Section 1.11.3) — the emission intensity is found only
in the phonon sideband and no longer in the ZPL (the spectrum at the right-hand
side of Fig. 1.37).

For completeness, it should be noted that the considerations presented above
for the purely electronic transitions and their coupling properties to local phonon
modes, apply similarly to all vibrational satellites of metal-ligand or ligand vibra-
tional character (compare Section 1.9). In this sense, the vibrational satellite lines
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B

v -V -V -— v -V

temperature —»

Fig. 1.37 Temperature dependence of a zero-phonon line
(ZPL) and the accompanying phonon sideband in emission
(compare Ref. [259]).
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represent ZPL. The intensity of the phonon side-band is given by the individual
coupling of the respective vibrational satellite transition to the local phonons.

1.11.3
Line Broadening Effects on the Example of Pt(thpy),

Here, the aim is to illustrate the temperature-broadening effects of the purely elec-
tronic origin (electronic ZPL) of Pt(thpy), doped into n-octane. At T=10K, the
dominating emission line at 17163 cm ™' represents the purely electronic transition
from triplet substate II to the electronic ground state 0 (Fig. 1.38a). Weak lines cor-
responding to a local phonon satellite of 15cm™ and the purely electronic I11(0-0)
line are also observed in this spectral range (compare also Fig. 1.15). The line 11(0-0)
is inhomogeneously broadened to about 3cm™. With a temperature increase to
77K, the halfwidth of the electronic ZPL is broadened to =20cm™, and the intensity
is reduced and distributed to the associated phonon sideband. With further tem-
perature increase, the ZPL becomes even weaker, and above =130K can no longer
be distinguished from the phonon sideband. The integrated intensity stays largely
constant from 10K to 90K, and decreases only slightly above 90 K.

At a temperature higher than =90K, the width of the observed phonon sideband
is of the order of 100cm™ (Fig. 1.38b). Thus, it becomes clear that high-resolution
spectroscopy is only possible at low temperatures, usually below 30 to 40K in the
case of Shpol’skii matrices. Below this temperature, homogeneous broadening is
weak then and the spectra are dominated by electronic and vibrational satellite
ZPLs. This is especially important for organo-transition metal compounds, for
which the vibrational satellite lines lie close in energy, with an average separation
below 50 to 100cm™". Therefore, the appearance of phonon sidebands at higher
temperatures leads to a smearing out of the spectrum and to a loss of information.

In general, it is not predictable at which temperature the homogeneous line
broadening becomes dominant. For Pt(thpy), in n-octane, even at 110K a weak
ZPL is observable and, due to the occurrence of only one single site, comparatively
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Fig. 1.38 Emission spectra in the region of the electronic
origins of Pt(thpy), in n-octane (ca. =10 mol L") at different
temperatures. Excitation at 355nm. Upon increase of
temperature, a decrease of the ZPL intensity and an intensity
distribution to the broad phonon sideband is observed.
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well-resolved spectra can be obtained. However, mostly — also in Shpol’skii matri-
ces — spectra of several discrete sites will occur. The spectra will be superimposed
and then smeared out due to the homogeneous effects. Depending on the impor-
tance of homogeneous and inhomogeneous broadenings and the extent of site
distributions, a broad and unresolved or a well structured spectrum, as in the case
of Pt(thpy),, can result.

To summarize, at low temperature, a typical emission spectrum of an organo-
transition metal compound consists of a purely electronic transition (electronic
ZPL) which is accompanied by phonon satellites or, if smeared out, by phonon
sidebands. Further, the electronic transition is also associated with vibrational satel-
lites (vibrational satellite ZPL) which are also accompanied by phonon sidebands.
In case of an occurrence of different sites and/or of an inhomogeneous distribu-
tion, a number of spectra will be superimposed. However, by use of the methods
of site-selective spectroscopy or of luminescence line-narrowing, a well defined site
can still be investigated. However, if electron—phonon coupling is large [large
phonon Huang—Rhys parameter S(phonon)], the ZPLs might no longer be detect-
able. In this situation, the spectrum is homogeneously broadened and application
of high-resolution methods is unsuccessful, even at low temperature.

When the temperature is increased, homogeneously broadened phonon side-
bands gain intensity, and the electronic as well as the vibrational satellite ZPLs
disappear (Fig. 1.37) and consequently the whole spectrum becomes broad. High-
resolution methods would not be applicable successfully in this situation. The
corresponding temperature at which any resolution is lost lies at about 60K for
Ir(btp),(acac) in CH,Cl, and at 110K for Pt(thpy), in n-octane (see above).

At this point, attention should be drawn to an interesting broadening mecha-
nism which especially applies to compounds with emitting triplet states of high
MLCT character. These compounds are of special attraction for OLED applica-
tions. At low temperature, the emission spectra can often be very well resolved,
even for a typical MLCT emitter such as [Os(bpy)s]** [177, 253]. The emission
spectra are characterized by the occurrence of many particularly pronounced
vibrational satellites of metal-ligand vibrational character. These modes have ener-
gies below =600cm™, and thus the corresponding ZPLs lie between the ZPLs of
the ligand modes and the ZPL of the purely electronic transition. With tempera-
ture increase, the homogeneous broadening mechanisms become effective and
smear out the whole spectrum. Consequently, the spectra are usually much
broader than those corresponding to typical ligand-centered transitions.

1.11.4
Phenomenological Simulation of Spectral Broadening

At very low temperature, it is frequently possible to obtain highly resolved spectra
of organo-transition metal complexes and to elucidate photophysical properties.
The question arises, however, of whether these properties remain relevant for the
emission behavior at 77K or even at 300K; that is, for example, for a complex,
which is incorporated in an OLED. This question is addressed here simply on a
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spectral basis; that is, it is checked whether it is possible to simulate the high-
temperature spectra from the low-temperature, highly resolved spectra. The cor-
responding spectral modifications can, in principle, be accomplished by performing
a convolution of the highly resolved line spectrum with the shape function deter-
mined by the different mechanisms of temperature broadening. However, the
physically relevant function which takes into account overlapping spectra of dif-
ferent sites and homogeneous broadening effects cannot be given. Thus, as a
simple approach, it makes sense to apply a Gaussian function, i.e. to convolve the
highly resolved spectra with a broadening Gaussian distribution function of a
halfwidth of AV(FWHM)=2.350, wherein G represents the well-known Gaussian
6. (FWHM: full width at half maximum) The parameter ¢ has to be adapted to
reproduce the measured spectra.

Figure 1.39 shows that this procedure is successful, when applied to the highly
resolved 4.2 K spectra of Pt(thpy),. By using a Gaussian width of 65cm™ (FWHM),
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the procedure simulates the measured 77 K spectrum nicely. All spectral features
are reproduced, and even the relative intensities of the simulated bands match
closely to those of the measured spectrum.

The simulation can also be carried out to obtain a 300K spectrum. In a phys-
ical model, additional line broadenings due to dynamic effects in the liquid
solvent must be considered. The phenomenological simulation, however,
takes these effects into account simply by using a Gaussian width of
AV(FWHM) =500cm™. The resulting simulation shows a very good agreement
with the measured 300K emission spectrum (Fig. 1.40). This fitting procedure
reflects the enormous broadening of the spectrum, even when compared to the
77K spectrum. In the resulting spectrum, only three bands are recognized: the
maximum at 17100cm™" represents mainly the broadened phonon sideband of
the electronic origin, while the two features at 15710cm™ and 14220cm™
correspond to overlapping (sidebands of) vibrational satellites, which result
from combinations and progressions of modes lying in the 1400 to 1500cm™
range.

In conclusion, the high-temperature spectra of many organo-transition metal
compounds, and in particular of Pt(thpy),, can be traced back to low-temperature,
highly resolved spectra. Consequently, the information elucidated for the emitting
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Fig. 1.40 Emission spectra of Pt(thpy), in n-octane. (a)
Spectrum measured at T=4.2K (for further data, see Fig.
1.39). (b) Simulated spectrum using a Gaussian distribution
function with AV=500cm™ (6=213cm™). (c) Spectrum
measured at T=300K.




1.12 Conclusions

states at low temperatures retains relevance also for emission properties at ambient
temperature.

1.12
Conclusions

For many years, a deeper understanding of the triplet state properties of organo-
transition metal compounds has been in the focus of fundamental research.
However, within the past decade these activities have been greatly stimulated by the
beginning application of these compounds as OLED emitters. Nonetheless, many
questions remain unanswered. Clearly, OLEDs are applied at ambient or higher
temperatures, but even when the technical application is in the focus of interest,
the required detailed characterization and insight into the compound’s properties
cannot be obtained by using only high-temperature studies. This is due to the fact
that the emission processes are always averaged or smeared out and, as a conse-
quence, much information is lost. Therefore, it is required to investigate these
emitter materials down to low temperature, for example to T=1.3K. Indeed, such
studies reveal that the emitting triplet (usually) splits into three substates, and thus
access to the individual substate emission becomes possible. In particular, informa-
tion is obtained regarding the magnitude of the splitting (the ZFS), emission decay
dynamics and decay times, radiative deactivation paths as purely electronic transi-
tions or under involvement of internal vibrations and/or low-energy phonon modes,
geometry changes of the emitter compound due to excitation of the triplet state,
etc.. Most of these properties also show a dependence on the direct environment of
the complex. Of particular interest are the discovered trends between the magni-
tude of ZFS and the photophysical properties of the emitter materials. Thus, the
amount of ZFS represents a very valuable parameter.

One of these trends is of particular concern for OLED applications. This is due
to the fact that the magnitude of ZFS is determined by SOC to higher-lying singlet
and triplet MLCT states. Specifically, the occurrence of a significant ZFS indicates
pronounced admixtures of 'MLCT components to the triplet substates. Such singlet
admixtures usually lead to short emission decay times and can result in high pho-
toluminescence quantum yields; also quenching effects of triplet-triplet annihila-
tion can become less important. It is well known that these properties are crucial
for emitters applied in OLEDs. As a rule of thumb, it is found that emitter materials,
which are successfully applied in OLEDs, have ZFSs of not less than about 10cm™.
However, those emitters which are employed at high current densities in high-
brightness applications, should exhibit even larger ZFSs and strong singlet admix-
tures to further reduce the emission decay time. Interestingly, it has been shown
that the relevant SOC routes can be significantly more efficient in quasi-octahedral
than in quasi-square planar compounds. For example, whilst large ZFSs (i.e.,
>40 cm™') have not yet been observed for quasi-square planar Pt(Il) compounds, but
frequently occur in Ir(III), Os(II), or even Ru(II) complexes. Clearly, the success of
the quasi-octahedral Ir(ppy); as OLED emitter material is related to this trend.
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In particular, these latter results show that detailed studies of the emission pro-
cesses in organo-transition metal complexes can indeed lead to a better under-
standing of the correlation between molecular structures and photophysical
properties which are of interest for a specific application as emitter material, for

example in an OLED.
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