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 Preface        

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

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

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

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

 Regensburg, Germany 
 August, 2007 Hartmut Yersin         
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 Triplet Emitters for Organic Light - Emitting Diodes: 
Basic Properties  
  Hartmut   Yersin   *    and   Walter J.   Finkenzeller          

  1.1
Introduction

 Within the past decade, organo - transition metal compounds consisting of triplet 
emitters have become highly attractive, in particular, due to their applicability in 
electro - luminescent devices such as organic light - emitting diodes (OLEDs). With 
this new technology, effi cient light - emitting systems are evolving. For example, in 
the future it will become possible to fabricate large and brilliant fl at 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 effi ciency of the light - emitting devices. Here, 
the organo - transition metal compounds offer a great advantage. The maximum 
obtainable effi ciency 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 scientifi c -  and application -
 driven fi eld  [1 – 40] . 

 Organo - transition metal compounds, such as the famous Ir(ppy) 3  or [Ru(bpy) 3 ] 2+  
complexes,  1)   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 suffi ciently allowed by spin – orbit coupling (SOC) induced by the 
central metal. Depending on the specifi c 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 1    µ s to as long as several milliseconds, and the photolumi-
nescence quantum yield may be almost 100%, or unattractively low. The desire 

1
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 1)     Chemical structures are shown in Fig.  1.12 . 
 *     Author for correspondence. 



2  1 Triplet Emitters for Organic Light-Emitting Diodes: Basic Properties

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 fi rst by discussing some relatively simple  –  and, with 
respect to the number of the involved states, sometimes even slightly oversim-
plifi ed  –  models, in order to help to introduce also non - specialists to this fi eld. 
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 fi nally 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  2)   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 - fi eld split-
ting (ZFS)  –  may serve as a very useful parameter for a classifi cation 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 infl uences 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. 



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) 2  and Ir(ppy) 3 , 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 infl uence of high external magnetic fi elds on the 
triplet state splitting and the decay dynamics is discussed in Section  1.8 , again 
as a case study focusing on Ir(btp) 2 (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) 2  and 
Ir(btp) 2 (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 fi rst 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 2  (10 – 20%) 
and In 2 O 3  (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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balanced hole  3)   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 

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] ). 

 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 specifi c hole mobility. For 
two molecules with different HOMO 
energies, the electron hops downwards, and 
this corresponds formally to an upwards 
hopping of the hole. 



1   nm) 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 effi cient, 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 effi ciency 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 fulfi ll a series of requirements, 
such as suitability for a specifi c fabrication procedure (e.g., spin - coating, inkjet 
printing, vacuum deposition), good fi lm - forming properties, suffi ciently 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-
nifi cantly higher (i.e., about 3000   cm  − 1  or approximately 0.4   eV) than the triplet of 
the emitting complex. Otherwise, the triplet of the host can be populated, and 
subsequently the excitation energy can easily diffuse to quenching sites, or can be 
quenched at the host itself. (Compare also the other contributions to this volume 
 [9, 10] ). In particular, for high - energy blue emitters, specifi c 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 fi gure 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 fi rst reported by the Forrest and Thompson groups  [45]  in 2001. It exhibits a 
relatively high external quantum effi ciency of 19% and a luminous power effi -
ciency of 60   lm   W  − 1 . These values are obtained only at low current densities. With 
increasing currents, the effi ciency gradually decreases due to a growing infl uence 
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 effi ciencies have been obtained with modifi ed 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) 3  a luminous power effi ciency of 77   lm   W  − 1  and an external quantum 
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effi ciency of more than 19% at 100   cd   m  − 2  at an operating voltage of only 2.65   V. 
Also applying the Ir(ppy) 3  complex, the authors of Ref.  [49]  obtained a luminous 
power effi ciency of 79   lm   W  − 1  and a current effi ciency of 81   cd   A  − 1  by use of a 
transparent silver anode. This device structure features an enhanced hole injec-
tion, and also allows for more effi cient outcoupling of light due to a microcavity 
structure. In Ref.  [50] , values of 110   lm   W  − 1  at 10 3    cd   m  − 2  were communicated. By 
use of a microcavity, two - unit tandem device, effi ciencies as high as 200   cd   A  − 1  at 
10 3    cd   m  − 2  were reported recently  [51] . Interestingly, effi ciencies which can be 
reached today with OLEDs are as high as  –  or even higher than  –  those of highly 
effi cient inorganic LEDs.   

 Although, in this chapter, we do not aim to discuss further progress in the fi eld 
of OLED device architectures, it is referred to some interesting recent develop-
ments reported in the literature  [51 – 60] .  

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) 2 (acac), dashed line). 



  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 simplifi ed 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 specifi cally for effi cient devices containing Ir(III) 
emitter complexes  [45, 61, 62] , but also for PtOEP  [63] , that the hole is trapped 
fi rst on the emitter complex. The electron  –  or, more exactly, the negatively charged 
polaron  4)    [64]   –  experiences a Coulomb attraction and the formation of the overall 
neutral exciton starts. This process of hole trapping as a fi rst step can occur, if the 
oxidation potential of the emitter complex fi ts 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 effi cient 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  ∆  V , 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  k  B  T , where  k  B  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 
 R  C , the positively charged hole ( h ) will attract the electron ( e ). This distance is 

 4)     Electron (or hole) hopping is normally 
connected with a polarization of the matrix. 
Therefore, the corresponding negatively 
(positively) charged particle coupled to 

matrix distortions represents a polaron. For 
background information see, for example 
Ref.  [64] . 
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reached when the energy of Coulomb attraction  ∆  E ( e    −    h ) is of similar size as the 
thermal energy  k  B  T . Thus, for an estimate of  R  C , we can write

   ∆E e h
e

R
k T( )− = =

2

04πε ε C
B     (1)  

wherein  e  is the electron charge and  ε  0  and  ε  represent the dielectric constants of 
the vacuum and the host material, respectively. If a dielectric constant of  ε  = 3 is 
assumed, a value of  R  C   ≈  180    Å  is obtained for  T     =   300   K. 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 

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 180    Å . 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 1,3 DMCT  states extend 
over 10 to 15    Å , and thus involve the triplet 
emitter itself and the nearest - neighbor host 

molecules. The exciton trapping processes 
lead fi nally 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 
simplifi ed. 



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    Å   –  that is, when the electron is approximately located in the 
fi rst 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  ∆  E ( 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,  ∆  E ( S    −    T  ) 
depends approximately exponentially on the electron – hole separation  R 

   ∆E S T aR( ) exp( )− −∼     (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 15    Å  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 fi rst 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 fi rst 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,   1 DMCT  and   3 DMCT  states are 
obtained.  5)   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   1 DMCT  and   3 DMCT  states as well as a number of 
lower - lying states which are largely confi ned to the dopant (triplet emitter) itself, 
such as   1,3  π  π  *  ,   1,3 dd *  ,   1,3 MLCT  states or adequate mixtures of these (see also Section 
 1.3 ).  6)   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   1 DMCT  
and   3 DMCT  to the lower - lying states which largely belong to the emitting center. 
In particular, the relaxation from the   1 DMCT  state to lower states will be faster 
within the system of singlet states than making a spin - fl ip fi rst. 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 fi nally 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 signifi cant singlet – triplet 
mixing due to SOC, the difference between ISC and internal conversion (IC) 
might be lost. An initial population of the   3 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 1   ps 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 12  to 10 13    s  − 1 )  [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%) fi nally 
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 effi ciency for triplet emitters can be obtained compared to 
purely organic singlet emitters.  7)     

 6)     Within this simple model, it is assumed 
that the energy states of the matrix (host) 
molecules lie at relatively high energies and 
thus do not interfere signifi cantly with the 
lower - lying states of the dopant (triplet 
emitter). 

 7)     For purely organic molecules, the radiative 
triplet – singlet transition rates are, at ambient 
temperature, orders of magnitude smaller 
than the corresponding non - radiative rates. 
Therefore, any excitation energy is converted 
into heat and the triplets do not emit. 
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  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) 3 , Ir(ppy) 2 (CO)(Cl), Ir(btp) 2  (acac), Pt(thpy) 2 , [Pt(bpy) 2 ] 2+ , Re(phen)(CO) 3 (Cl), 
[Ru(bpy) 3 ] 2+ , [Os(bpy) 3 ] 2+ , etc. For such compounds, different excitations between 
various MOs have to be taken into account.  8)   Specifi cally, there are 
    •      ligand - centered (LC) excitations, e.g., of  π  -  π  *  character  
    •      metal - centered (MC) excitations, e.g., of d - d *  character  
    •      metal - to - ligand charge transfer (MLCT) excitations, e.g., of 

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

 However, it is not suffi cient 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-
nifi cantly 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. 

  1.3.1
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  π  - HOMO and the  π  *  - LUMO of the 
organic ligands, since MOs of other than  π  and  π  *  character lie at signifi cantly 
lower and higher energies, respectively. Thus, it is suitable to confi ne a fi rst - 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 3    cm  − 1  ( ≈ 0.12   eV).  9)   
Of course, the metal induces further changes, and in particular changes which 

 8)     For completeness, also ligand - to - metal -
 charge - transfer (LMCT) excitations, e.g., of 
 π  - d *  character, are mentioned. However, for 
the compounds of interest in this chapter 

the corresponding excited states exhibit 
relatively high energies and therefore, are 
not discussed at this point. 

 9)     1   eV    �    8068   cm  − 1 . 



12  1 Triplet Emitters for Organic Light-Emitting Diodes: Basic Properties

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 ( α  and  β  spins). This situation is described by an electron confi guration of 
 π  2 . The resulting state, the ground state, is a spin singlet  S 0   (  1  p  2  ) (Fig.  1.4 , left). 
When, after a HOMO – LUMO excitation the spins are also taken into account, one 
obtains for the excited state confi guration  π  1  π  *  1  four different situations (Fig.  1.4 , 
middle). An excitation without a spin fl ip gives an excited singlet, while an excita-
tion with a spin fl ip 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  π  1  π  *  1  
confi guration, 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 signifi cant. For example, for the 
ligands discussed in this chapter, it can be as large as 10 4    cm  − 1  ( ≈ 1.24   eV). There-

Fig. 1.4     Comparison of a HOMO - LUMO 
diagram to an energy state description. The 
confi guration  π2  leads to the ground state  S0 , 
while the confi guration  π1π  *  1  gives four 
different excited states, one singlet S1  and one 
triplet T1  which consists of three substates. By 
taking the change of electron – electron 
interaction for both confi gurations into 
account, usually a signifi cant  ∆E ( S1     −     T1 ) 

splitting is obtained. For ligands which are in 
the focus of this contribution, ∆E ( S1     −     T1 ) can 
be as large as 10 4    cm  − 1 . The three triplet 
substates of T1  exhibit a splitting, the zero -
 fi eld splitting (ZFS). The corresponding value 
can be used to assess a triplet emitter 
compound for its application in an OLED. 
(See Section  1.4  and Fig.  1.11 .) 
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fore, the HOMO – LUMO model must be improved, specifi cally, 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 1   (or   3  p  p  *  ), consisting of 
three substates, is stabilized by an energy given by a difference of Coulomb inte-
grals, while the singlet state  S 1   (or   1  p  p  *  ) is destabilized relative to the triplet state 
by twice the exchange integral

   K const * *= × π π π π( ) ( ) ( ) ( )r r
r

r r1 2
12

2 1
1

    (3)  

wherein  π  and  π  *  are the HOMO and LUMO wavefunctions,  r  1  and  r  2  represent 
the electron coordinates, and  r  12  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 fi t to the spin correlation model dis-
cussed above. First, with an increasing conjugation length of the  π  and  π  *  orbitals, 
the exchange integral  K  becomes smaller. For example, in purely organic mole-
cules, the singlet - triplet splitting  ∆  E ( 1  π  π  *     −     3  π  π  * ) decreases in the series of benzene, 
naphthalene, anthracene from  ≈ 18   000   cm  − 1  ( ≈ 2.2   eV)  [77] , to 12   300   cm  − 1  ( ≈ 1.5   eV) 
 [78] , and to 10   500   cm  − 1  ( ≈ 1.3   eV)  [78] . Second, when the MOs are mainly confi ned 
to different spatial regions of the molecule, the MO overlap can become very small, 
and consequently so also can the integrals. For example, for  n  - HOMO to  π  *  - LUMO 
excitations, which are relevant for organic molecules with heteroatoms, such as 
benzophenone, the singlet - triplet splitting  ∆  E ( 1 n π  *     −     3 n π  * ) amounts to only 
1750   cm  − 1  ( ≈ 0.22   eV)  [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   1 LC (  1  p  p  *  ) and   3 LC (  3  p  p  *  ) states. For example, 
 ∆  E ( 1  π  π  *     −     3  π  π  * ) of the free ligand H(2 - thpy) is of the order of 10 4    cm  − 1  (1.24   eV), 
as can be estimated from the data given in Ref.  [80] , whereas for Pd(thpy) 2  
(doped into  n  - octane)  ∆  E ( 1 LC    −     3 LC) is signifi cantly smaller and amounts only to 
5418   cm  − 1   [70] . This tendency becomes even more obvious for   1 MLCT     −      3 MLCT  
splittings. 
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 The triplet state is always split into three substates, at least, if the symmetry of 
the molecule is suffi ciently low.  10)   This is valid for most organo - transition metal 
compounds that are of interest for OLED applications. The splitting occurs also at 
zero magnetic fi eld, and is therefore referred to as zero - fi eld splitting (ZFS) (Fig. 
 1.4 ). For   3  p  p  *   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 0.1   cm  − 1  
( ≈ 1.2    ×    10  − 5    eV). For largely ligand - centered   3 LC  states of organo - transition metal 
complexes, the value of ZFS lies in the same order of magnitude. For example, 
for [Rh(bpy) 3 ] 3+ , the total ZFS has been determined as 0.125   cm  − 1  ( ≈ 1.55    ×    10  − 5    eV) 
 [83, 84] , and for Pd(qol) 2  to about 0.25   cm  − 1  ( ≈ 3.1    ×    10  − 5    eV)  [85] . However, SOC 
carried by metal d - orbitals can drastically increase the magnitude of ZFS, as found 
for   3 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   3 LC (  3  p  p  *  ) 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 effi ciency of ISC reaches 100%. For example, for Pd(thpy) 2  
 [70]  and Pt(qol) 2   [86] , which both emit from   3 LC  states, we determined ISC relax-
ation times of  τ (ISC)   =   800   fs and 500   fs, respectively. Moreover, the radiative  T 1    →  
 S o   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] .  11)   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) 4   –  a   3 LC (  3  p  p  *  ) emitter with a ZFS much 
smaller than 1   cm  − 1   –  the photoluminescence quantum yield  φ  PL  amounts to 27% 
at ambient temperature in ethanol (Ar saturated)  [88] . However, the emission 
decay time of  τ (300 K)   =   21    µ s 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 effi cient OLEDs, emitter compounds are used which exhibit 

 10)     Molecules which belong to a point group 
symmetry lower than C 3  do not exhibit any 
state degeneracies (apart from Kramer ’ s 
degeneracies of molecules with uneven 
numbers of electrons). 

 11)     For several compounds only two of the three 
triplet substates of dominant   3 LC  character 

can be excited directly from the ground state, 
while the transition to the third substate is 
still largely forbidden. This has, for example, 
been shown for Pd(thpy) 2   [70] , Pt(qol) 2   [71] , 
Ir(ppy) 2 (CO)(Cl)  [87] , and Re(phbt)(CO) 4  
 [88] . 
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ZFS - values of about 10   cm  − 1  or larger (1.2    ×    10  − 3    eV). (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 2  ground state and 
sp excited state confi gurations have low - lying MC excitations (e.g., [PbCl 4 ] 2 −  )  [89 –
 91] . Lanthanide compounds with f - f excitations also exhibit MC transitions (e.g., 
Eu 3+ , Tb 3+  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 3+  in Al 2 O 3 )  [97, 98] ) and 
[Cr(urea) 6 ] 3+   [99 – 101] , both with 3d 3  confi gurations. The latter compound is among 
the fi rst synthesized transition metal complexes with organic ligands. Further 
examples include [MnCl 4 ] 2 −    [102] , [Co(CN) 6 ] 3 −    [103, 104] , and [PtCl 4 ] 2 −    [104, 105] , in 
which the metal centers have 3d 5 , 3d 6 , and 5d 8  confi gurations, 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 2+ , Ir 3+ , or 
Os 2+ , can induce the required SOC to make the formally forbidden triplet – singlet 
transitions suffi ciently allowed (see next section). On the other hand, states which 
result from d - d *  excitations often quench the emission effi ciently, 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 fi eld or crystal fi eld 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 
brief illustration 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 6  confi guration, such as Ir 3+ , Ru 2+ , Os 2+ , Re + , and W 0 , will 
be discussed as examples. These metals/ions tend to prefer a sixfold coordination 
which includes, for example, three bidentate chelates. In a fi rst - order approach, the 
complexes can be described in an octahedral symmetry (symbol: O h ) of the fi rst 
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 
fi eld strength, and amounts to  ∆  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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 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. 

Fig. 1.5     Splitting of d - orbitals in an octahedral ligand fi eld 
with O h  symmetry. For a high ligand fi eld (large  ∆  or Dq 
value), the ground state confi guration is   t g2

6 .

 This series gives the approximate ordering of the Dq parameter.  12)   In particular, 
ligands found on the left - hand side induce a small ligand fi eld splitting (they are 
called  “ weak ”  ligands), while those on the right - hand side of the series are  “ strong ”  
ligands with large ligand fi eld splittings. These splittings depend also on the 
central metal ion. For OLED applications, one is usually interested in compounds 
with large ligand fi eld 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 effi cient triplet emitters. Such rules should help to estimate 
changes of Dq values with chemical variations. Indeed, if a reference compound 
is available, then specifi c 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 fi rst 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 fi eld strength.    
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 From Fig.  1.5  it is clear that compounds with a d 6  electron confi guration and a 
large ligand fi eld splitting have a   t g2

6  ground state confi guration (in an O h  parent 
group approach). Thus, the t 2g  sub - shell is fi lled. This leads to a low - spin com-
pound with a (totally symmetric) diamagnetic ground state ( 1 A 1g  in O h ). From the 
excitations   t t eg g g2

6
2
5 1→  and   t t eg g g2

6
2
4 2→  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 eg g2

5 1  
confi guration, two triplets and two singlets are obtained. In a group theoretical 
notation (in the O h  group), the terms ordered according to increasing energy are 
  3 T 1g  ,   3 T 2g  ,   1 T 1g  , and   1 T 2g  . Further excitations such as   t t eg g g2

6
2
3 3→  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   t t eg g g2

6
2
5 1→ . It corre-

sponds to a population of an anti - bonding e g  orbital from a non - bonding t 2g  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 signifi cant 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 signifi cantly 
larger than the radiative rates, and an emission is prevented ( “ quenched ” ). 

 In summary, a population of the excited   1,3 dd *   states of transition metal com-
pounds with a d 6  confi guration often leads to emission quenching at ambient 
temperature. Although, for OLED applications, the   1,3 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, 
 3 LC/ 3 MLCT character (compare next section). An energy difference of 3000 to 
4000   cm  − 1  (0.37 to 0.50   eV) is required to obtain a suffi ciently small Boltzmann 
factor, and thus a suffi ciently small population of the quenching state, at ambient 
temperature. Note that arguments similar to those developed for central metal 
ions with a d 6  confi guration also hold for compounds with a d 8  confi guration, such 
as Pt(II) or Ir(I) complexes. 

 However, a strategy which aims to maximize the ligand fi eld strength in order 
to shift the   1,3 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   3 LC  emitter. 
Exactly this behavior is observed for Re(I) complexes. Re(phen)(CO) 3 (Cl) shows a 
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relatively good OLED performance  [111, 112]  which is related to a large ZFS of 
50   cm  − 1  and thus to a large MLCT perturbation of the emitting triplet. For 
Re(phbt)(CO) 4 , on the other hand, with ligands of an on - average much higher Dq 
value, the emitting state turns out to be a   3 LC  state (ZFS  <<  1 cm  − 1 )  [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.  

  1.3.3
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   3 LC , 
  1 LC ,   3 MLCT , and   1 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 ”    3 LC  emitting state would presumably 
not be well suited as an OLED emitter, whereas a complex with a mixed emitting 
  3 LC/ 3 MLCT  state might be a very good candidate. Such mixtures can occur, for 
instance, for a d - orbital admixture to the HOMO of mainly  π  character, that is, for 
 π d  →   π  *  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 fi rst 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 simplifi ed MO diagram for an organo - transition 
metal compound, and how the MOs relate to the energy states. In this model, one 
single ligand  π  - 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  π  *  - MO. An additional unoccupied 
d *  - orbital, also displayed in the fi gure, is not further discussed, as it is assumed 
that its energy and those of the resulting states are suffi ciently high and thus have 
no importance for this introduction (but compare Section  1.3.2 ). In summary, this 
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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  π  -  and  π  *  - orbitals of 
the ligands which are in the focus of this chapter,  ∆  E ( 1  π  π  *     −     3  π  π  * ) is of the order 
of 10 4    cm  − 1  (1.24   eV). On the other hand,  ∆  E ( 1 MLCT    −     3 MLCT) is much smaller, as 
the electron – electron interaction of the two electrons being distributed over the 
d - orbital and the spatially separated  π  *  - orbital, respectively, is weaker. According 
to Ref.  [70] ,  ∆  E ( 1 MLCT    −     3 MLCT) is about 3000   cm  − 1  (0.37   eV), or even smaller. 
With this information, an energy level diagram is obtained as depicted in Fig. 
 1.6b . 

 Although the model for organo - transition metal compounds as presented in Fig. 
 1.6  is greatly simplifi ed, it may still be used for an orientation and some general 
conclusions or helpful rules of thumb: 

Fig. 1.6     (a) Introductory MO model for a 
compound with single π , d, and  π  *  orbitals 
and the respective MLCT and LC transitions. 
It is assumed that the d *  - orbital lies at a 
signifi cantly higher energy and that it does not 
lead to low - lying energy states. (b) From the 
two MLCT and LC transitions eight energy 
states are obtained: two singlets 1 LC  and 
1 MLCT , three  3 LC , and three  3 MLCT  substates. 
The states can experience substantial 
quantum mechanical mixings due to 
confi guration interaction (CI) and spin – orbit 

coupling (SOC). SOC induces the zero - fi eld 
splitting (ZFS). After these quantum 
mechanical mixings, the terms singlet, triplet, 
LC, MLCT can no longer be regarded as 
 “ pure ”  classifi cations. For details, see Section 
 1.3.3.3 . Here, we illustrate a situation in which 
the order of the d -  and  π  - orbital does not 
necessarily lead to the same sequence of the 
corresponding triplets. It is remarked that the 
SOC path is only symbolized in (b), realistic 
requirements are discussed later (compare 
Fig.  1.9 ). 
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    •      In general, a HOMO/LUMO model does not contain singlet 
or triplet states.  

    •      The relative positions of HOMO - 1 and HOMO do not allow 
to predict the energy sequence of the corresponding triplet 
states directly. Figure  1.6  shows that   3 LC  can be the lowest 
state, although the HOMO – HOMO - 1 sequence may suggest 
that   3 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 (  1 LC,  1 MLCT ) 
and 2    ×    3   =   6 triplet substates (  3 LC,  3 MLCT ) (neglecting 
double excitations, for example, to d 2 ( π  * ) 2  confi gurations).  

    •      The eight states can mix quantum mechanically induced by 
electron – electron interaction between the different 
confi gurations (confi guration interaction, CI) and by SOC.  13)   
Especially, SOC between   1 MLCT  and   3 MLCT  and CI between 
  3 MLCT  and   3 LC  will alter the properties of the lowest triplet 
state (see Section  1.3.3.3 ). A splitting of the zero - order   3 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 suffi cient 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) 3 . In a fi rst 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 fi nd the number of d -  and  π  *  - orbitals and, subse-
quently, the number of resulting energy states. In the electronic ground state, 
Ir(ppy) 3  has C 3  point group symmetry  [113]  and probably also in the lowest triplet 
state  [114, 115] .  14)   In C 3  symmetry, the 5d - orbitals of t 2g  representation split into 

 13)     SOC is particularly important for third row 
transition metal complexes with open 5d 
shells. It increases approximately with Z 4 , 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 
suffi ciently 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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two sets of d - orbitals  –  that is, a non - degenerate  a  and a doubly degenerate  e  
representation. Due to the 5d 6  confi guration of Ir 3+ , 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   π1*  - 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. It 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 

Fig. 1.7     Frontier orbitals, MLCT, and LC 
excitations and resulting number of states. 
Inner frame: In a simple model system for an 
organo - transition metal compound, such as 
Ir(ppy)3  with a C 3  symmetry, the four MLCT 1
excitations lead to 36 states. Outer frame: An 

extension of the number of frontier orbitals by 
additional inclusion of four LC and four 
MLCT2  transitions results in 108 states. About 
70 states are expected to be within 8000   cm  − 1

(1   eV), just above the lowest triplet state  [124] . 

for Pt(thpy) 2  and [Ru(bpy) 3 ] 2+  with 
 ∆  E (ZFS)   =   16   cm  − 1   [70]  and 61   cm  − 1   [73, 74] , 
respectively, we have shown that the excited 
state is delocalized, whereas for [Pt(bpy) 2 ] 2+  
or [Rh(bpy) 3 ] 3+  with  ∆  E (ZFS)  < 1   cm  − 1 , we 
found ligand - centered localized situations 
 [73, 74] . For Ir(ppy) 3 ,  ∆  E (ZFS) amounts to 

83   cm  − 1   [115] . According to this large value  –  
and thus very large MLCT character  –  the 
assumption of having a delocalized triplet is 
well justifi ed. Consequently, the C 3  
symmetry is probably maintained for the 
lowest excited triplet. 
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further mentioned that a similar model was presented more than 20 years ago for 
[Ru(bpy) 3 ] 2+  (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 1  transitions are obtained.  15)   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 a( ) ( ) ( ) ( ) ( )4 2 4 1

1
1→ π*  leads to one singlet and one 

triplet  –  that is, to four states including triplet substates. Similarly, the three 
other MLCT 1  transitions   d e d a d e d a e( ) ( ) ( ) ( ) ( )4 2 4 1

1
1→ π* ,   d e d a d a d e a( ) ( ) ( ) ( ) ( )4 2 2 3

1
1→ π* , 

and   d e d a d a d e e( ) ( ) ( ) ( ) ( )4 2 2 3
1

1→ π*  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   1 MLCT  or   3 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 1  electron transi-
tions, is 36. For Ir(ppy) 3 , if having a C 3  symmetry, 12 states would be doubly 
degenerate (representation E) and 12 would be non - degenerate (representation 
A). (Compare the situation described for [Ru(bpy) 3 ] 2+  in Ref.  [74] , p. 175.) If, on 
the other hand, Ir(ppy) 3  sits, for example, in a host cage which allows only a 
lower symmetry than C 3   –  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 4500   cm  − 1  (0.56   eV) 
(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) 3 ] 2+ .   

 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. Specifi cally, their properties are extensively infl uenced 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) 3   [116, 
123, 124] . Hence, the lower - lying occupied  π  - MOs and the higher - lying unoccupied 
 π  *  - MOs must also be taken into account. Combinations of the respective ligand 
orbitals lead to occupied  π ( a ) and  π ( e ) as well as to unoccupied   π2*( )e  and   π2*( )a  -
 MOs (Fig.  1.7 , outer frame). The inclusion of the   π2*  - MOs is justifi ed by estimates 

 15)     These MLCT transitions can be described by the confi guration d 6   →  d 5 ( π  * ) 1 . Transitions of the 
type of d 6   →  d 4 ( π  * ) 2  lie at much higher energy, and are not taken into account in this model. 
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carried out for [Ru(bpy) 3 ] 2+ , for which the corresponding   π2* - MOs lie only about 
6000   cm  − 1  (0.74   eV) above the   π1* - 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 1  transitions, 
shown in the inner frame of Fig.  1.7 , the extended model additionally provides 
four LC and four MLCT 2  transitions. Following the quantum mechanical proce-
dures outlined above, 3    ×    36   =   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) 3  does not sit on a strict C 3  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) 2 (LL) with only two chromophoric (ppy) ligands, 
one obtains only 64 non - degenerate electronic states in an equivalent model and 
energy range (2    ×    24 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 fi tting 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 identifi ed 
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, infl uence of the ligand fi eld 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/CASPT2  [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 1  . The substates do not represent  “ pure ”  states, but contain contributions 
from singlets and triplets of other confi gurations 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, specifi c interactions with higher - lying states lead to individual, but differ-
ent, energy stabilizations of the substates. Thus, a splitting of the  T 1   state, the 
ZFS, results.  16)   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 
  φSn,   φTn and energies   ESn,   ETn  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  T 1   with i   =   I, II, III can be expressed by:  17),18)  
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wherein    SO  is the SOC Hamiltonian. S n  and T n (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.  19)   

 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 signifi cant. This is only possible, 
if  1,3 MLCT ( 1,3 d π  * ) contributions are present in the respective wavefunctions. The 
resulting differences of the energy shifts give  ∆  E (ZFS). In other words, an experi-
mentally determined value of a relatively large  ∆  E (ZFS) displays directly the impor-
tance of  1,3 MLCT ( 1,3 d π  * ) components in the wavefunction of the corresponding 

 16)     The small effects of spin – spin coupling, 
giving splittings of the order of 0.1   cm  − 1 , are 
neglected here. 

 17)     Note that the DFT calculations do not yield 
the exact states of the systems including full 
confi guration 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 

 19)     The matrix elements can only be non - zero, if 
the grouptheoretical product of all 
components contains the totally symmetric 
representation. Since    SO  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. 

theory. Also note that fi rst - order 
contributions are vanishing. 
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triplet state.  20)   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 effi ciency, and/or changes of 
the emission spectra (see below and Section  1.4.2 ).  “ Relatively large ”  in this context 
means  ∆  E (ZFS)  �  2   cm  − 1   –  that is, the ZFS is more than one order of magnitude 
larger than splittings induced by spin – spin interactions. 

 The radiative rate constant  k  r (i) of the transition from triplet substate i, with i   =   I, 
II, III, 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] .  
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where   ν  is the transition energy in cm  − 1  and e r  the electric dipole operator. 
The zero - order wavefunctions   φSn and the zero - order energies   ET1,   ESn have been 
defi ned above. Similarly as discussed before, the wavefunction   φSn of a higher - lying 
singlet state must have the same symmetry representation as the respective triplet 
substate  I, II , or  III . Otherwise   φ φS SO Tn Ĥ ( )1 i  vanishes, and mixing between the 
corresponding states does not occur. 

 The radiative rate  k  r  (i) depends not only on the values of the matrix elements   
φ φS SO Tn Ĥ ( )1 i   –  that is, the spin – orbit interactions of the respective triplet substate 

with higher - lying singlets  –  but also on the allowednesses of the transitions from 
 S 0   to the interacting singlet states  S n  . The corresponding transition dipole moments 
can be calculated by using DFT approaches  [122, 123, 128] . 

 With an increase of the radiative decay rate  k  r , usually also an increase of the 
photoluminescence quantum yield  φ  PL  is found, according to

   φPL

r

r nr
=

+
k

k k
    (6)  

wherein  k  r  can be expressed for one specifi c triplet substate by use of Eq.  (5) .  k  nr  
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  ∆  E (ZFS) values 
might, hypothetically, result also from large, 
but near - equal energy shifts of all three 
substates due to signifi cant  1,3 MLCT 
components in each case. Corresponding 
mixings to the sublevels of  T 1  , at least of 

singlet character, would, for example, 
directly be displayed in shortening of the 
emission decay times (at low temperature). 
However, such a situation has never been 
found experimentally  [5, 70, 73, 74] . 
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fi t. 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.  21)    [137]  For example, SOC between   3 LC( 3  p  p  * )  and 
  1 MLCT( 1 d p  * )  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   1 MLCT( 1 d p  * )  and   3 MLCT( 3 d p  * )  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)   3 LC( 3  p  p  * )  states as lowest triplets which 
exhibit relatively high radiative transition rates to the electronic ground state. Obvi-
ously, these triplets involve signifi cant  1 MLCT( 1  d  p  * ) 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 effi cient. It is proposed that the   1 MLCT( 1 d p  * )  state interacts by SOC with 
the   3 MLCT( 3 d p  * )  state which on its part interacts by CI with the   3 LC( 3  p  p  * )  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 signifi cant magnitudes of the matrix elements   φ φS SO Tn Ĥ ( )1 i , 
for example, and thus lead to appreciable  ∆  E (ZFS) values [Eq.  (4) ] and radiative 
rates  k  r  (i) to the ground state [Eq.  (5) ], in contrast to zero - order   3 LC( 3  p  p  * )  states. 

 With regards to the discussed SOC route between   3 MLCT( 3 d p  * )  and   1 MLCT( 1 d p  * )  
(Fig.  1.8b ), a restriction must be accounted for. Again, based on the arguments of 
the dominance of one - center integrals, a   3 MLCT  state only couples effectively with 
a   1 MLCT  state, if the confi gurations of both states involve the  same  π  *  -  orbital , but 
 different d - orbitals   [137] . For quasi - octahedral d 6  complexes, these d - orbitals belong 
to the t 2g  manifold. This additional requirement for an effective SOC is illustrated 

 21)     From the usual rules for evaluating matrix 
elements of one - electron operators between 
Slater determinants (see Ref.  [137] , Table 
2.3), one may conclude that single 
excitations   ψ ψ1 2→ * and   ψ ψ3 4→ * can only 
lead to non - vanishing contributions of SOC 
(approximated as a one - electron operator), 
when  ψ  1  =  ψ  3   or    ψ ψ2 4* *= . Thus, for 
example, SOC between states resulting from 
d  →   π  *  and  π   →  d *  vanishes. On the other 

hand, for d  →   π  *  and  π   →   π  *  excitations to 
the same  π  *  orbital, matrix elements of the 
form   d ĤSO π  are obtained, while for d 1  
 →   π  *  and d 2   →   π  *  excitations, integrals of 
the form   d d1 2ĤSO  occur. The former is 
at least a two - center integral and, hence, 
small, while the latter is a one - center integral 
and can be large. Note, that diagonal matrix 
elements of the type   d d1 1

ˆ ( )H metalSO , 
involving the same d 1  orbital, vanish. 
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in Fig.  1.9 . For complexes with a distorted O h  symmetry, the three t 2g  - orbitals can 
split and three MLCT transitions are obtained, if we consider in this simplifying 
illustration only one  π  *  - orbital, for example of a compound with just one chromo-
phoric ligand (Fig.  1.9a ) These transitions lead to three   1 MLCT  and three   3 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 confi guration is 
weak, while it can be signifi cant between singlets and triplets of different 
confi gurations.  22)     

 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 simplifi ed model system for 

 22)     It should be noted again that SOC between 
the corresponding states is only possible, if 
they belong to the same irreducible 
representation (same symmetry). Often, the 

point group symmetry of a complex is only 
slightly distorted to C 1 . In this case, however, 
symmetry restrictions of the parent group 
might still be valid. 

Fig. 1.8     Spin – orbit coupling (SOC) routes. (a) 
SOC between 3 LC( 3pp  * )  and  1 MLCT( 1 d p  * )
does not involve one - center integrals on the 
transition metal center, and is therefore weak. 
(b) SOC between 3 MLCT( 3 d p  * )  and 
1 MLCT( 1 d p  * )  states can be strong under 

specifi c conditions, which are discussed in 
Fig.  1.9 . (c) Indirect SOC mixing routes can 
be effi cient, if the  1 MLCT( 1 d p  * )  state interacts 
with the 3 MLCT( 3 d p  * )  state, which couples 
with 3 LC( 3pp  * )  by confi guration interaction 
(CI). Compare also the Refs.  [82, 122, 136] . 
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Ir(ppy) 3 . 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 fi ts in several respects to 
experimental observations. From the very long emission decay time of substate  I  
of  τ  I    =   145    µ s, 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 1   contribution 
(which carries very high MLCT character) and of components of higher - lying 
triplets ( T 4  :  ≈ 5% and  T 6  :  ≈ 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) 3 ] 2+ , [Os(bpy) 3 ] 2+ , 
and Ir(ppy) 3   [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  II  and  III  of Ir(ppy) 3   [124] . These represent also mainly  T 1   substates ( II : 
 ≈ 92% and  III :  ≈ 94%), and have different contributions of admixed higher - lying 
triplet components ( II :  ≈ 5%  T 4 , III :  ≈ 2%  T 6  ). However, the substates  II  and  III  
contain in addition small admixtures of higher - lying singlets. Specifi cally, these 

Fig. 1.9     Spin – orbit coupling (SOC) between 
3 MLCT( 3 d p  * )  and  1 MLCT( 1 d p  * )  states. SOC 
can be effective under specifi c conditions; that 
is, it can be strong, if the same π  *  - orbital but 
different d - orbitals are involved, otherwise 
SOC is weak. These considerations are based 
on estimates of SOC matrix elements (see 

Refs.  [82, 122, 136]  and Footnote 21). Note 
that, in addition to the depicted coupling 
routes, strong SOC can also occur between 
3 d 3p  *   and  1 d 1p  *   states. This illustration is 
greatly simplifi ed, as only one  π  *  - orbital is 
taken into account in this model. 



admixtures provide the required allowednesses for effi cient emission ( II   ≈ 2%  S 4 , 
III :  ≈ 1%  S 5  ). The calculated prediction of the sequence of radiative rates  k  r (I)  <  
 k  r (II)  <   k  r (III) is also in accordance with the experimentally determined emission 
decay rates. We found  k (I)   =   6.9    ×    10 3    s  − 1 ,  k (II)   =   91    ×    10 3    s  − 1 , and  k (III)   =   1330    ×    10 3    s  − 1  
(compare Section  1.6  and Ref.  [115] ). The fact that  k  r (III)  >   k  r (II) in spite of a 
somewhat larger singlet admixture in substate  II  can be explained by a larger 
oscillator strength (allowedness) of the transition  S 0    →   S 5   in comparison to  S 0    →  
 S 4   (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) 3 , it has been found  [124]  that about 70 states lie within a range of 
8000   cm  − 1  (1   eV) above the emitting triplet. This corresponds to a range from 
 ≈ 20   000   cm  − 1  (500   nm) to 28   000   cm  − 1  (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 specifi c triplet substates  –  have to be as effec-
tive as attainable. Presumably, when paying attention to the relatively simple rules 
for effi cient SOC routes (Figs.  1.8 and 1.9 ), and when applying adequate chemical 
engineering, it might be possible to obtain compounds with distinctly improved 
effi ciencies. 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 1   to the electronic ground state 
 S 0  . 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 1   substates  I, II , and  III  to the electronic ground state  S 0   ( 0 ) 
can be calculated using Eq.  (5) , whilst splitting of the  T 1   state (ZFS) can be deter-
mined using Eq.  (4) . However, suffi ciently accurate quantum mechanical calcula-
tions, which include SOC, remain diffi cult 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 [ ∆  E (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, 
 ∆  E (ZFS) displays directly the importance of  1,3 MLCT ( 1,3 d π  * ) components in the 
corresponding triplet state. In other words, a value of  ∆  E (ZFS) of more than 1 –
 2   cm  − 1  is connected with  1,3 d π  *  components in the wavefunctions of the triplet 
substates. In particular, signifi cant  ∆  E (ZFS) values are representative of signifi cant 
 1,3 MLCT components in the corresponding triplet state. Usually, states with very 
large MLCT character (very large  ∆  E (ZFS) values) are termed as MLCT states, 
although it is generally known that substantial  π   and   π  *  character of the ligand(s) 
is also involved. These considerations are summarized schematically in 
Fig.  1.10 .   

Fig. 1.10     Schematic diagram showing that 
spin – orbit coupling (SOC) and confi guration 
interaction (CI) of the three triplet substates I,
II , and  III  with higher - lying states result in 
energy shifts, splittings ∆E (ZFS) of the lowest 
triplet T1  state  –  also at zero magnetic fi eld  –  
and changes of the T1   ↔   S0  transition 
probabilities. Rules for the required mixings 
are discussed in Sections  1.3.3.3  and  1.4.2 . 
Specifi cally, the allowedness of a transition 
between a triplet substate and the electronic 
ground state is governed by an admixture of 

1 MLCT character to the corresponding 
substate according to Eq. (5) . Consequently, 
the magnitudes of the radiative rates are 
determined by the signifi cance of the  1 MLCT 
admixtures and by the involved (admixed) 
singlet state  –  that is, its transition probability 
to the electronic ground state. Frequently, the 
very lowest triplet substate does not contain 
distinct singlet components and therefore is 
usually an almost pure triplet and hence long -
 lived (compare Refs.  [5, 70, 73, 74, 124] ). 



  1.4.1
Ordering Scheme 

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

Fig. 1.11     The compounds are arranged 
according to an increasing splitting of the 
emitting triplet state into substates (zero - fi eld 
splitting, ZFS). The splitting refl ects the 
1,3 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 
∆E (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 
∆E (ZFS)  ≤  1   cm  − 1  are only roughly estimated. 
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structures are illustrated in Fig.  1.12 . The  ∆  E (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) 2  with an intermediate magnitude of ZFS. On the other hand, compounds 
with very small  ∆  E (ZFS) values of much less than 1   cm  − 1 , such as [Rh(bpy) 3 ] 2+   [83, 
84, 138] , Pd(qol) 2   [85] , and Pd(thpy) 2   [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.) 

Fig. 1.12     Structure formulae of emitter compounds shown in Fig.  1.11  and discussed in this 
chapter.



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 fi t 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) 3 .     

Fig. 1.12 Continued
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 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  ∆  E (ZFS) values 
of less than  ≈ 1   cm  − 1  exhibit largely ligand - centered   3 LC (  3  p  p  *  ) emitting states. The 
triplets of complexes in the intermediate range cannot be regarded as pure   3 LC  
states. The  3 LC( 3  π  π  * ) character is signifi cantly perturbed by  1,3 d π  *  admixtures. 
Those emitters with larger  ∆  E (ZFS) values   50   cm  − 1  than about are normally termed 
and assigned as   3 MLCT  emitters. Extensive literature concerning MLCT assign-
ments is available, for example for [Ru(bpy) 3 ] 2+   [117, 118, 124, 132, 157, 158] , 
Ir(ppy) 3   [115, 116, 123, 124] , and [Os(bpy) 3 ] 2+   [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   3  p  p  *   states with   1,3 d p  *   
states. The effectiveness of this coupling is given by specifi c 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  ∆  E (ZFS) values (e.g.,  > 40   cm  − 1 ) 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  ∆  E (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   3 MLCT (  3 d p  *  ) state can experience strong SOCs with   1 MLCT (  1 d p  *  ) states 
(and other   3 MLCT (  3 d p  *  ) states, not depicted in Fig.  1.9 ) which involve different d -
 orbitals of the t 2g  manifold. For compounds with distorted O h  symmetry, the 
resulting orbital energies are still rather proximate. On the other hand, for  quasi -
 square planar  Pt(II) complexes, the lowest   1 MLCT  and   3 MLCT  states result from 
the same   dz2 → π*  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 xz , d yz  orbitals; however, these are energetically signifi -
cantly separated from the   dz2  orbitals. Estimates of the orbital energies lead to 
differences of about 4000   cm  − 1  (0.5   eV) or more for ligands with high D q  values 
 [160, 161] . Accordingly, the energy denominator, which also governs the effective-
ness of SOC [see Eqs.  (4) and (5) ], is signifi cantly larger than for octahedral com-
pounds. These considerations are summarized schematically in the upper part of 
Fig.  1.13 , specifi ed as MLCT range, for   1,3 MLCT  states of octahedral and square 
planar complexes, respectively.   

 For many compounds, however, the lowest triplet is largely of LC( π  π  * ) parent-
age. This is found, for example, for Pt(thpy) 2  (see Refs.  [70, 119]  and Section  1.5 ) 
and for Ir(btp) 2 (acac) (see Ref.  [147]  and Section  1.8 ). Again schematically, this 



situation is taken into account in Fig.  1.13  by introducing a low - lying   3 LC (  3  p  p  *  ) 
state. Although, for this state, SOC to   1,3 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   3 MLCT (  3 d p  *  ) and   3 LC (  3  p  p  *  ) states. Hence, this 
mixing modifi es the lowest states of   3  p  p  *   parentage and induces a   1 d p  *   admixture 
indirectly. 

 Thus, the differences of the SOC routes of quasi - octahedral compared to quasi -
 square planar complexes refer not only to the   3 MLCT (  3 d p  *  ) manifolds but also to 
the   3 LC (  3  p  p  *  ) states. From these considerations it follows that the magnitudes of 
 ∆  E (ZFS) and of the radiative decay rates can be larger for quasi - octahedral than 
for quasi - square planar complexes. These specifi c 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. 

Fig. 1.13     Schematic and simplifi ed 
comparison of quasi - octahedral to quasi -
 square planar triplet emitter compounds. The 
spin – orbit coupling (SOC) routes are different 
and thus can result in distinctly different zero -
 fi eld splittings  ∆E (ZFS) and radiative emission 
decay rates. These considerations apply to 

3 MLCT ( 3 d p  *  ) states (higher - lying states 
specifi ed by the MLCT range) as well as to 
3 LC ( 3pp  *  ) states. The  3 LC ( 3pp  *  ) states mix 
with 3 MLCT ( 3 d p  *  ) states by confi guration 
interaction (CI), and thus are indirectly  altered 
by changes of SOC routes. 
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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) 2  and Pt(thpy) 2 , which exhibit strongly 
different MLCT character of the  T 1   states. This is, in part, due to the different 
values of SOC constants of the involved 4d π  *  and 5d π  *  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 
  3  p  p  *   and   1  p  p  *   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   1,3  p  p  *   states by   1,3 d p  *   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  ∆  E ( S  1     −     T  1 ) of the order of typically 10 4    cm  − 1  
(1.24   eV). This splitting is mainly given by the exchange interaction, which is 

Fig. 1.14     Photophysical properties of two 
organo - transition metal emitters compared to 
those of a representative purely organic 
molecule. The emissive triplets of Pd(thpy) 2
and Pt(thpy) 2  exhibit small and signifi cant 
MLCT admixtures to the LC( ππ *  ) states, 
respectively. The positions of the compounds 

in the ordering scheme and the molecular 
structures are found in Figs. 1.11 and 1.12 . 
The properties of Pd(thpy) 2  and Pt(thpy) 2  are 
discussed and compared in detail in Ref.  [70] . 
lig. vibr.   =   ligand vibrations; M - L vibr.   =   metal –
 ligand vibrations. 



essentially determined by the extensions and overlap of the involved wavefunctions 
(see Section  1.3.1 ). For the organometallic Pd(thpy) 2 , a value of 5418   cm  − 1  is found 
 [70] .  23)   The emissive triplet of this compound has been classifi ed  –  based on experi-
mental investigations  [70, 139, 162, 163]  and later also by CASPT2  ab - initio  calcula-
tions  [119]   –  as being mainly of LC( π  π  * ) character with small MLCT(4d π  * ) 
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) 2  with signifi cant MLCT(5d π  * ) 
admixtures to the   3 LC (  p  p  *  ) state  [70, 144] , the amount of  ∆  E ( S  1     −     T  1 ) is reduced to 
3278   cm  − 1  (Fig.  1.14 )  [70] .  23)   Obviously, enhancing the metal character in the cor-
responding wavefunctions increasingly reduces the  ∆  E ( S  1     −     T  1 ) 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) 2 , 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  ∆  E ( S  1     −     T  1 ) 
and the lowering of the  S 1   state for compounds with higher metal character 
(Fig.  1.14 ).  

1.4.2.2  Intersystem Crossing Rates 
 After excitation of the singlet state  S 1  , either optically or by electron - hole recombi-
nation, an organic molecule can exhibit an effi cient fl uorescence ( S 1    →   S 0   emis-
sion) with a time constant of the order of 1   ns. In competition to this process, ISC 
can at least principally depopulate the  S 1   state. However, the time constant of 
 τ (ISC) is often much larger (order of 100   ns or even more) than the radiative decay 
time of the  S 1   state, and hence ISC does not effectively quench the fl uorescence 
(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  ∆  E ( S  1     −     T  1 ). 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) 2 , with a relatively small MLCT perturbation in the 
wavefunction of the  T 1   state and a halved  ∆  E ( S  1     −     T  1 ) value, ISC is by fi ve orders 
of magnitude faster (800   fs  [70] ) than in typical organic compounds with   1  p  p  *   and 
  3  p  p  *   states. For Pt(thpy) 2  with a higher metal purturbation, the process is again 
much faster ( τ (ISC) at  ≈ 50   fs  [70] ) (Fig.  1.14 ). It should be noted that the term 
 “ intersystem crossing ”  loses its specifi c 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 effi cient for all compounds shown in Fig.  1.11 . The quantum 
effi ciency for this process is usually almost one (e.g., see Ref.  [164] ). Therefore, an 
emission from the  S 1   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 specifi c site of M(thpy) 2  investigated in  n  - octane. 
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1.4.2.3  Emission Decay Time and Photoluminescence Quantum Yield 
 In purely organic molecules, the  S 0  ( π  2 )  ↔   T 1   ( π  π  * ) transition is strongly forbidden, 
and the radiative decay time can be of the order of 10   s  [78] . On the other hand, 
non - radiative processes are in general much faster, and consequently phosphores-
cence from the  T 1   state is totally quenched at ambient temperature. With increas-
ing SOC, the radiative decay time of the  T 1    →   S 0   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   3 LC (  3  p  p  *  ) 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) 2  the emission 
decay time may be as short as  τ  mean    =   235    µ s ( τ  mean  is the mean decay time for the 
three triplet substates with  τ  I    =   1200    µ s,  τ  II    =   235    µ s, and  τ  III    =   130    µ s  [163] ). For 
Pt(thpy) 2 , with a signifi cant MLCT admixture to the lowest   3 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 1    µ s is found (Fig. 
 1.14 )  [70] .  24)   

 In summary, for organometallic compounds the radiative decay rates between 
the states  T 1   and  S 0   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 n  , which exhibit high transition probabilities of the transitions 
 S 0    →   S n   [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 effi cient emission (phos-
phorescence) with high  φ  PL  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 fi nds only small values of ZFS of the order of 
0.1   cm  − 1  (1.2    ×    10  − 5    eV) which result from spin – spin couplings between the elec-
trons in the  π  and  π  *  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) 3 ] 3+  and Pd(qol) 2   [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) 2 , we fi nd 
 ∆  E (ZFS)   =   16   cm  − 1 , which lies in the intermediate range. 

 24)     The emission decay behavior of emitter 
compounds is of crucial importance for an 
understanding of the triplet state properties 
and the compounds ’  applicability in OLEDs. 

Therefore, decay properties will be discussed 
later in detail (see Sections  1.6 ,  1.7 ,  1.8 , 
 1.9.2.3 , and  1.10.3 ). 



 Importantly, the individual triplet substates  I, II , 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 identifi ed. Nevertheless, the individual triplet substates still determine 
the overall emission properties (compare Section  1.11 ). It should be noted that the 
magnitude of  ∆  E (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 specifi c 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 infl uenced by the MLCT component in the electronic states 
 [165] . Specifi cally, the spectra of compounds with electronic transitions of mainly 
LC( π  π  * ) 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 600   cm  − 1  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 confi ned 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) 3 ] 3+   [72]  and [Pt(bpy) 2 ] 2+   [74]  by 
use of the method of deuteration labeling  [74, 114] . In contrast, for compounds 
with emissive   3 MLCT  states such as [Ru(bpy) 3 ] 2+   [166]  and [Os(bpy) 3 ] 2+   [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) 2 , in which the triplet state is largely of LC( π  π  * ) 
character, but for which the metal orbital admixture induces suffi cient 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 
suffi ciently 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 (!) 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  effi cient  OLEDs, exhibit  ∆  E (ZFS) values 
greater than  ≈ 10   cm  − 1  (1.2    ×    10  − 3    eV). 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 suffi ciently high photoluminescence quantum yields.    

  1.5
Characterization of the Lowest Triplet State Based on High - Resolution Spectroscopy: 
Application to Pt(thpy) 2

 Pt(thpy) 2  has been used as emitter dopant in OLEDs  [168 – 170]  and for generation 
of chemiluminescence  [171] , albeit less frequently than Ir(ppy) 3  (Section  1.6 ) or 
Ir(btp) 2 (acac) (Section  1.8 ). Nevertheless, Pt(thpy) 2  represents a highly illustrative 
example to demonstrate, how the triplet  T 1   substates can be characterized by high -
 resolution spectroscopy. At this point, initially a survey is provided. Figure  1.15a  
shows the absorption spectrum below  ≈ 50   000   cm  − 1  (6.2   eV) 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  ≈ 580   nm, which overlaps with the emission, corre-



sponds to the lowest triplet state  T 1  . Already from this investigation, carried out 
at ambient temperature and showing the  “ allowedness ”  of the  S 0    →   T 1   transition, 
it is expected that the  T 1   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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Fig. 1.15     Emission, excitation, and absorption of Pt(thpy) 2  at 
various temperatures and magnetic fi elds. (a) Compound 
dissolved in n  - octane,  λexc    =   457.9   nm. (b – g) Pt(thpy) 2
dissolved in n  - octane, ca.  ≈   10  − 5    mol   L  − 1 . For experimental 
details, see Ref.  [70] . 
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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  25)   
spectroscopy at low temperatures. However, for Pt(thpy) 2 , the three electronic tran-
sitions  0   ↔   I  (I(0 - 0)),  0   ↔   II  (II(0 - 0)), and  0   ↔   III  (III(0 - 0)) cannot be observed in 
the same spectrum (Fig.  1.15b – g ). At  T    =   1.3   K, the emission from substate  III  is 
frozen out and the transition  I   ↔   0  at the electronic origin I(0 - 0) is largely forbid-
den. Thus, only the electronic origin II(0 - 0) at 17   163   cm  − 1  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  τ  SLR    =   720   ns at  T    =   1.3   K (see Section  1.7 ). With 
a temperature increase, for example to  T    =   20   K, substate  III  is populated and the 
III(0 - 0) emission grows in (Fig.  1.15c ). On the other hand, an excitation spectrum 
measured at low temperature shows the two electronic transitions  0   ↔   II  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    =   1.3   K emission spectrum (see Section  1.9 ). It is shown that the vibrational satel-
lites fi t well, if the position of the electronic origin of substate  I  is set to 17   156   cm  − 1 . 
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  τ  I    =   110    µ s  [70] . 

 An independent confi rmation of the position of this origin I(0 - 0) is obtained, 
when a high magnetic fi eld is applied. With increasing fi eld strength, the elec-
tronic origin line I B (0 - 0) grows in due to a B - fi eld - induced Zeeman interaction of 
substate  I  with higher - lying triplet substates (Fig.  1.15e – g ). Distinct Zeeman shifts 
of the lines I B (0 - 0) and III B (0 - 0) are also observed. The interpretation of this behav-
ior is straightforward, as a similar behavior has been observed for [Os(bpy) 3 ] 2+  and 
has been thoroughly discussed in Refs.  [74]  (p. 223) and  [177] . In particular, an 
extrapolation from high magnetic fi elds to zero fi eld clearly allows one to confi rm 
the position of 17   156   cm  − 1  for the energy of the I(0 - 0) transition. 

 25)     Alkanes, such as hexane, heptane, and 
octane, crystallize at low temperature as so -
 called Shpol ’ skii matrices  [175, 176] . For 
many neutral molecules, these matrices 
represent relatively inert hosts. The guest 
molecules, doped at low concentrations of 

10  − 4  to 10  − 5    mol   L  − 1 , substitute host 
molecules. In suitable situations, one obtains 
highly resolved spectra also of organo -
 transition metal compounds  [70 – 72, 85, 86, 
139 – 144, 162, 163] . 



 In summary, using the methods of high - resolution emission and excitation 
spectroscopy at various temperatures and under the application of high magnetic 
fi elds, allows identifi cation of the three triplet substates of the  T 1   term. In particu-
lar, an observation of the Zeeman effects confi rms that the observed origins do 
not belong to different sites of the emitter in the host, but represent substates of 
the same  T 1   parent term. The magnetic fi eld effects will be discussed in more 
detail in a case study applied to Ir(btp) 2 (acac) in Section  1.8 . 

 Figure  1.16  displays the resulting energy level diagram for Pt(thpy) 2 ; several 
specifi c decay times taken from Ref.  [70]  are also given (compare Section  1.7 ). In 
particular, it is found that the total  ∆  E (ZFS) amounts to 16   cm  − 1 . Thus, according 
to Section  1.4  and Fig.  1.11 , it can be concluded that Pt(thpy) 2  belongs to the group 
of compounds with an emitting   3 LC  state which, however, is signifi cantly 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) 2  deviates from a C 2v  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 2v  symmetry. However, the 
calculations showed also that the corresponding energy minimum is shallow and 

Fig. 1.16     Energy level diagram and decay times of the  T1

substates of Pt(thpy) 2  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. 
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that the C 2v  structure has only a slightly higher energy (1.7   kcal   mol  − 1 ,  ≈ 600   cm  − 1  
or 0.074   eV)  [119] . This energy is so small, however, that intermolecular forces 
between the matrix cage and the Pt(thpy) 2  compound can easily have an effect on 
the geometry of the doped molecule. In particular, Pt(thpy) 2  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) 2  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 specifi c 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) 2  is fl attened under the experimental situa-
tion, at which the spectrum of Fig.  1.15b  has been measured, and that Pt(thpy) 2  
adopts a C 2v  symmetry. Under this assumption, an illustrative grouptheoretical 
consideration can be carried out. It is a specifi c property of the C 2v  symmetry 
group  26)   that only one representation exists  –  the A 2  representation  –  for which 
the transition to the electronic ground state of A 1  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 2  representation. Thus, with 
the additional spin – fl ip - forbiddenness of the triplet – singlet transition, one can 
understand, why the transition  I   ↔   0  is so weak and almost non - observable at 
zero magnetic fi eld. 

  Ab - initio  calculations of Ref.  [119]  lead to an assignment of the lowest triplet 
(with a calculated transition energy of  ≈ 18   200   cm  − 1 ) to   3 A 1   (in C 2v ). From this rep-
resentation it follows under SOC (not included in Ref.  [119] ) that in the C 2v  double 
group the triplet splits into the three substates  A 2 , B 1   and  B 2   (compare Ref.  [180] ). 
Thus, if the assignment of Ref.  [119]  holds, one obtains just one sublevel with the 
symmetry  A 2   for state  I , while the two other triplet substates  II  and  III  have  B 1   
and  B 2   representations, respectively. An individual assignment of these two other 
states is not yet possible. Both transitions between the ground state  A 1   and these 
triplet substates  B 1   and  B 2   are formally dipole - allowed  [180] .  27)   

 26)     The subsequent classifi cation is carried out in the C 2v  double group which takes into account 
orbital and spin symmetries  [108, 180] . 



 Indeed, the experiment shows that both substates  II  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 coeffi cient of  ≈ 90   L   mol  − 1  · 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  r (i) (with i   =   I, II, III) as expressed by Eq.  (5) . Specifi cally, the  T 1   substates 
 II  and  III  of Pt(thpy) 2   –  exhibiting  B 1   and  B 2   symmetry, respectively  –  couple with 
higher - lying singlets also of  B 1  (  1 B 1  ) and  B 2  (  1 B 2  ) representation. Thus, these two 
transitions between the substates  II  and  III  and the electronic ground state  0  
borrow their allowednesses from the   1 B 1    ↔    1 A 1   and   1 B 2    ↔    1 A 1   transition, respec-
tively (  φ φS Sn0 er  term of Eq.  (5) ). On the other hand, the transition between the 
electronic ground state and a higher - lying   1 A 2   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 2v  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   φ φS SO T In Ĥ ( )1  representing the fi rst term of Eq.  (5) , are very 
small. This is also valid for substate  I  of Pt(thpy) 2 . In addition, the second term of 
Eq.  (5)  vanishes in a strict C 2v  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 1   substate  I  and the electronic ground 
state  0  is diffi cult to detect.   

  1.6
Characterization of the Lowest Triplet State Based on Decay Time Measurements: 
Application to Ir(ppy) 3

 Ir(ppy) 3  represents a well - known and effi cient 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 
CASPT2 calculations  [119] , it is not excluded 
that the substates of a different triplet term, 
namely of   3 B 2  , can become the lowest ones 
under inclusion of spin - orbit coupling.   3 B 2   
would lead to  A 1 , A 2  , and  B 1   substate 
symmetries in C 2v . In this case, we would 

also assign substate  I  to the  A 2   symmetry. 
The corresponding transition between the 
ground state  A 1   and the sublevel of 
symmetry  A 2   would again be forbidden, 
while transitions to the substates  II  and  III  
of A 1  and B 1  representations, respectively, 
would formally be dipole allowed. 
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investigating the compound at low temperature. This may be due to the fact that, 
until now, a suitable host material for Ir(ppy) 3  has not been found. 

 Figure  1.17  shows an emission spectrum of Ir(ppy) 3  doped into tetrahydrofuran 
(THF). Although the temperature is as low as  T     =   2   K, the spectrum is still very 
broad (compare also Section  1.11 ). Therefore, indirect methods must be applied 
to gain suffi cient information for a successful characterization of the emitting 
states. A determination of the ZFS values and the  individual  decay times of the  T 1   
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) 3 , 
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   τ  I     =   145    µ s (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) 3  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   =   4   K, 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) 3   –  the occupation dynamics of excited states is 
governed by the expression (e.g., compare Ref.  [181] ):

Fig. 1.17     Emission spectrum of Ir(ppy) 3  in tetrahydrofuran 
(≈ 10  − 5    mol   L  − 1 ) at  T    =   2   K,  λexc    =   363.8   nm (compare Ref.  [115] ). 
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wherein  n  i  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  k  therm    =   l/  τ   therm  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   =   I, II, and III lead to the expression (e.g., compare Refs.  [181 – 185] ):
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 All constants and symbols have been explained above, and this equation can be 
applied for a fi t to the measured lifetime data in dependence of the sample tem-
perature, as shown in Fig.  1.18 . The fi tting procedure leads to  ∆  E  II,I    =   13.5   cm  − 1 , 
 ∆  E     III,I    =   83   cm  − 1 ,  τ  II    =   11    µ s,  τ  III    =   750   ns. The fi t was carried out with the fi xed value 
of  τ  I    =   145    µ s, which is the emission decay time at 1.2   K, when only state  I  emits. 
The accuracy of the fi t parameters is better than 10% if the model of just three 
emitting substates holds.  28)   These data are summarized in the energy level diagram 
shown in Fig.  1.19 . 

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

Fig. 1.18     Emission decay time of Ir(ppy) 3
dissolved in tetrahydrofuran (10  − 5    mol   L  − 1 ) 
versus temperature measured after excitation 
at 337.1   nm. The decay curves are 
monoexponential over the whole temperature 
range, at least after the experimental limit of 

the equipment of ≈ 300   ns. From a fi t of Eq. 
 (8) , one obtains the zero - fi eld splitting 
energies and the decay times, which are also 
given. ∆EIII,I  and  ∆EII,I  are the energy 
differences between the respective triplet 
substates (compare Fig.  1.19 ). 

 28)     It should be noted that the value  ∆  E  III,I  depends critically on the decay time data in the 
temperature range of (30    ±    10)   K. Thus, the error of the  ∆  E  III,I  value presumably exceeds 10%  [186] . 
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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) 3  maintains (nearly) the C 3  
symmetry, as the fi tting 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    =   300   K is also possible 
by use of Eq.  (8) . If the parameters obtained from the fi tting procedure are used, 
a value of  τ  therm    =   2.6    µ s is found, which corresponds well to the measured decay 
time at higher temperatures. The value measured for Ir(ppy) 3  in THF at 130   K is 
2    µ s, in degassed acetonitrile at 300   K it is 1.9    µ s  [187] , and in degassed toluene 
2    µ s  [188] . 

 In conclusion, the emission decay behavior of Ir(ppy) 3  can be well modeled by 
three triplet substates with a total ZFS of  ∆  E (ZFS)   =   83   cm  − 1 . This value is much 
larger than that found for Pt(thpy) 2  with  ∆  E (ZFS)   =   16   cm  − 1 , or even for [Ru(bpy) 3 ] 2+  
( ∆  E (ZFS)   =   61   cm  − 1 ), which is regarded as a typical   3 MLCT  emitter. Therefore, and 
especially according to Section  1.4  (Fig.  1.11 ), we assign the lowest triplet  T 1   of 
Ir(ppy) 3  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  II  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  τ  I    =   145    µ s.  

Fig. 1.19     Energy level diagram and decay times of Ir(ppy) 3
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.



  1.7
Phosphorescence Dynamics and Spin – Lattice Relaxation: Background and Case 
Study Applied to Pt(thpy) 2

  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  µ s), 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 - fl ips 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 - fl ip due to an interaction of phonons with the triplet 
substates of a molecule. The phonon modes can cause fl uctuations of molecular 
properties, such as intramolecular distances, and thus can modulate electronic 
charge distributions, SOC, and mixing coeffi cients 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  − 1 . 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 briefl y 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  ∆  E  II,I , which is transmitted to the lattice (Fig.  1.20a ). This 
process is called the  direct process  of SLR. The corresponding rate   kII,I

SLR  (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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where   ρ   is the mass density of the matrix material, v the (average) velocity of sound 
in the matrix, and  k  B  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  ∆  E  III,II  is absorbed, while a second phonon of the energy  ∆  E  III,I  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 simplifi ed expression is given by the following equation  [182, 185] :
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Fig. 1.20     Schematic diagram to illustrate the different 
processes of spin – lattice relaxation (SLR). The states  I, II , 
and III  represent, for example, triplet substates of organo -
 transition metal compounds. The energy separations are 
given by the zero - fi eld splittings (ZFS) (compare also 
Table  1.1 ). 



 The used parameters and matrix elements correspond directly to the defi nitions 
given above. The energy separations are specifi ed 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 specifi c energy differences, namely of  ∆  E  III,I   ≈  
 ∆  E  III,II    =    ∆  E  (compare Refs.  [98, 194, 195, 198] :
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 This expression can further be simplifi ed for exp( ∆  E / k  B  T  )  >>  1 or for  ∆  E  >>  k  B  T . 
Thus, one obtains the famous and simple approximation for the  Orbach process 

   k E E k T
II,I
SLR /Orbach const e B( ) ( )≈ ⋅ ⋅ −∆ ∆3     (13)   

 This approximation has  –  together with the expression for the  direct process  
according to Eq.  (9)   –  been used successfully to fi t the temperature dependence of 
the SLR rate of [Ru(bpy) 3 ] 2+  doped into [Zn(bpy) 3 ](ClO 4 ) 2  up to  T      ≈  10   K  [74] . 
However, application of the approximations given in Eqs.  (12) and (13)  to the 
experimental data obtained for Pt(thpy) 2  does not lead to a successful fi t, as the 
condition described above  –  assuming  ∆  E  III,I   ≈   ∆  E  II,I  does not hold for the specifi c 
ZFS pattern of this complex (see Fig.  1.16 .). In contrast, a good fi t 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   →  0   K, and also for  ∆  E  
 →  0   cm  − 1 .  

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

   k T n
II,I
SLR Raman R( ) = ⋅     (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   5  dependence fi ts 
to the experimental observations much better than the  T   7  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   5  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) 2

 The emission rise and decay properties of the three triplet substates have been 
well studied for Pt(thpy) 2 . Therefore, this complex represents a good example to 
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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) 2  
(as already presented in Fig.  1.16 ), and summarizes the dynamical emission prop-
erties observed at  T     =   1.3   K. 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  ∆  E (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 

17   172   cm  − 1 , one fi nds a fast SLR to the two lower - lying 
substates  II  and  I . At  T     =   1.3   K, 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 
 ∆  E  III,I    =   16   cm  − 1  and the ( ∆  E  III,I ) 3  dependence [Eq.  (9) ], the SLR 

Fig. 1.21     Triplet substates of Pt(thpy) 2  and 
dynamic processes of spin – lattice relaxation 
at T    =   1.3   K. Pt(thpy) 2  is dissolved in  n  - octane 
at a concentration of ≈ 10  − 5    mol   L  − 1 . (a) 
Resonant excitation at the electronic origin II 
(0 – 0) (17   163   cm  − 1 ) and detection of the 
emission of state II  at the 653   cm  − 1  vibrational 
satellite at 16   510   cm  − 1 . (b) Same excitation as 
in (a), but detection of the emission of state I

at the 531   cm  − 1  satellite at 16   625   cm  − 1 . (c) 
Excitation into a higher - lying singlet (e.g., 
λexc    =   337.1   nm), detection at 16   444   cm  − 1  with 
a bandwidth of ≈ 5   cm  − 1 . Thus, the emissions 
from substate I  on the 713   cm  − 1  vibrational 
satellite and from substate II  on the 718   cm  − 1

satellite, are monitored (compare Section  1.9  
and Refs.  [182, 185] ). 



rate according to this process will be large, as depicted in 
Fig.  1.21 .  

    •      The emission decay behavior of substate  II  is of specifi c 
interest. After a pulsed and resonant excitation of the  0   →   II  
transition at 17   163   cm  − 1 , a strictly monoexponential decay 
with a decay constant of 600    ±    10   ns is observed (for more 
than fi ve 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  − 1  satellite is 
well suited (compare Fig.  1.32 , below). The corresponding 
decay rate is  k  exp    =   1/600   ns   =   1.67    ×    10 6    s  − 1 . 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     =   1.3   K, the other two SLR processes are ineffi cient. Later 
in this section, we will discuss the temperature dependence 
of the rate of SLR between these two substates  II  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  − 1  satellite 
represents such a specifi c 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 
 τ  I    =   110    µ s  [185] .  

    •      It is also instructive to discuss the decay behavior, in case 
Pt(thpy) 2  is excited non - selectively by exciting a singlet ( S 0   →  
S m  ), 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 600   ns 
and 110    µ s 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  τ  exp    =   600   ns (=   1/ k  exp ) 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 ,  k  II,0    =   1/ τ  II , and by the SLR rate from substate  II  
to substate  I ,   kII,I

SLR. Thus, the SLR rate is obtained by  [182, 185] :

   k k kII,I
SLR

II,= −exp 0     (15)   
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 Although the emission decay time  τ  II    =   1/ k  II,0  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) 2  in Ref. 
 [182] , where  k  II,0    =   2.78    ×    10 5    s  − 1  ( τ  II    =   3.6    µ s) is obtained. (Compare Fig.  1.16 .) By use 
of Eq.  (15)  with  k  exp    =   1.67    ×    10 6    s  − 1  ( τ  exp    =   600   ns), the values   kII,I

SLR s= × −1 39 106 1.  or 
 τ  SLR    =   720   ns are found (compare Fig.  1.21 ). 

 The SLR observed at  T    =   1.3   K 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  τ  exp ( T  )   =   1/ k  exp ( T  ), according to the 
inset in Fig.  1.22 , and by applying the correction expressed by Eq.  (15) . The result-
ing data of   k TII,I

SLR( ) can be fi tted 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    kII,I

SLR direct( )  [Eq.  (9) ], the  extended Orbach process    kII,I
SLR Orbach( ) 

[Eq.  (10) ], and the  Raman process    kII,I
SLR Raman( ) [Eq.  (14) ], leads to

   k k k kII,I
SLR

II,I
SLR

II,I
SLR

II,I
SLRdirect Orbach Raman= + +( ) ( ) ( )     (16)   

 This expression describes the temperature dependence of the SLR rate from 
state  II  to state  I  of Pt(thpy) 2 , and is used for the fi tting procedure (compare 
Refs.  [182, 185, 201] ). Equation  (16)  contains six parameters after insertion 
of Eqs.  (9), (10), and (14) . However, these are reduced to only two free fi t 
parameters, as all energy separations are known from highly resolved spectra 

Fig. 1.22     Temperature dependence of the rate 
kII,I

SLR  (= k SLR  as displayed in the fi gure) and 
time τSLR  of spin – lattice relaxation of state  II
of Pt(thpy) 2  dissolved in  n  - octane. The 
experimental data (points) result from the 
emission decay times of state II , corrected 
according to Eq.  (15) . The solid line 

represents a fi t according to Eq.  (16) , while 
the broken and dotted lines give the 
contributions of the respective processes. The 
inset shows the triplet substates and depicts 
schematically the three different processes of 
spin – lattice relaxation (compare Ref.  [185] ). 



(Fig.  1.21 ), the ratio  C  III,I / C  III,II  is determined as  ≈ 1.2  [182]  from time - resolved 
excitation spectra,  C  II,I  is equal to the low - temperature limit of the SLR with   
k TII,I

SLR
SLRdirect, 1.3K s( ) / .= = = × −1 1 39 106 1τ  (see above), and the exponent of Eq. 

 (14)  can be set to  n    =   5. Thus, the fi tting 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   k TII,I

SLR( ) . For 
the temperature range between 1.3   K    ≤     T     ≤  3   K, the total rate   kII,I

SLR  is nearly exclu-
sively determined by the  direct process . Above  T     ≈  3   K and above  ≈ 6   K, the  Orbach  
and the  T   5   Raman process , respectively, become important. Although, the  Raman 
process  is less signifi cant than the two other processes, its inclusion with 
R   =   (10    ±    3)   K  − 5    s  − 1  improves the fi t. 

 In conclusion, the times of relaxation between different triplet substates can be 
relatively long, such as 720   ns for Pt(thpy) 2  at  T     =   1.3   K. 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) 2 (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  − 1 , while with temperature increase the SLR becomes 
distinctly faster due to growing in of the  Orbach  and/or the  Raman processes . The 
specifi c 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  τ  SLR  values 
given in the table refer to the low temperature ( T     =   1.3   K) 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 100   ns to some  µ s, when the energy separation 
between the two involved states is of the order of 10   cm  − 1 , or less. The value found 
for site  H  of Ir(btp) 2 (acac) in CH 2 Cl 2  with  τ  SLR    =   22    µ s is, at fi rst sight, remarkably 
long. However, the energy separation of  ∆  E  II,I    =   2.9   cm  − 1  is, compared to the one 
of Pt(thpy) 2  in  n  - octane, relatively small. Thus, if one takes the ( ∆  E  II,I ) 3  dependence 
of the corresponding rate   kII,I

SLR  into account [Eq.  (9) ] and calculates formally the 
expected time of  τ  SLR  for an assumed  ∆  E  II,I  value of 7   cm  − 1 , a hypothetical SLR time 
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of  ≈ 1.5    µ s would be obtained. This value is only by a factor of about two longer 
than that found for Pt(thpy) 2 . 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  II  also at  T     =   1.3   K, 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) 2 .   

  1.8
The Triplet State Under Application of High Magnetic Fields: 
Properties of Ir(btp) 2 (acac) 

 The triplet substates and the related transitions of a specifi c 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 fi elds (compare Fig.  1.15  and Refs.  [74, 85, 115, 147, 163, 177, 185, 202, 

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 
triplet
substate  I   1)

(cm − 1 ) 

 ZFS  Decay times  Remarks, 
References

D E II,I1)

(cm − 1 ) 
D E III,I1)

(cm − 1 ) 
tI

2)

( µ s) 
tSLR  (II  →  I)  1),2)

( µ s) 

 [Ru(bpy) 3 ] 2+  in 
[Zn(bpy) 3 ](ClO 4 ) 2  

 17   684  8.7  61  230   0.22   74  

 Pt(ppy) 2  in  n  - octane  19   571  6.5  32   70   0.39   70, 148  
 Pt(thpy) 2  in  n  - octane  17   156  7  16  110   0.72   182, 185  
 Pt(thpy)(CO)(Cl) in 

 n  - octane 
 18   012.5  0.055   3.8  120   3   182, 141 , SLR 

between the 
substates  III  
and  I / II  

 Pt(4,6 - dFppy) 2  in 
 n  - octane 

 20   629  4  31   55   3.7   204  

 Ir(btp) 2 (acac) in 
CH 2 Cl 2  (site  H ) 

 16   268  2.9  25  150  22   147, 203  

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



204 – 215] ). In this section, we will illustrate how the application of magnetic fi elds 
alters the properties of the three triplet substates and of the corresponding 
electronic 0 - 0 transitions. For this, we have chosen Ir(btp) 2 (acac)  [147, 203] , as 
it represents a very effi cient red - emitting OLED material. Consequently, many 
photophysical and OLED related investigations were carried out with this complex 
 [215 – 236] , although the infl uence of magnetic fi eld application has (apart from 
Ref.  [147] ) not yet been discussed. 

 Ir(btp) 2 (acac) was fi rst synthesized and studied spectroscopically by Thompson 
et al.  [227] . The emitter exhibits a high photoluminescence quantum yield of 
 φ  PL    =   21% in solution, and a decay time of 5.8    µ s.  [227]  In a 4,4 ′  - bis(carbazol - 9 -
 yl)biphenyl (CBP) fi lm, a  φ  PL  value as high as 50% has been reported  [216] . 

 Figure  1.23  shows emission spectra of Ir(btp) 2 (acac) dissolved in CH 2 Cl 2 , 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-

Fig. 1.23     Emission spectra of Ir(btp) 2 (acac) 
in CH 2 Cl 2  (ca.  ≈ 10  − 5    mol   L  − 1 ) at different 
temperatures. The emission structure at 
T    =   4.2   K consists mainly of 0 - 0 lines (triplet 
substate II  to the electronic ground state  0 ) of 
a large number of discrete sites and a broad 

inhomogeneous background. In this section, 
properties of the site at 16   271   cm  − 1  (specifi ed 
as site H  in Section  1.10 ) are investigated in 
detail. Other sites are discussed in Section 
 1.10 . 
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tronic ground state  S 0   ( 0 ). In the 4.2   K spectrum of Fig.  1.23 , the  II   ↔   0  transition 
at 16   271   cm  − 1  of one specifi c site is marked (in Section  1.10  and Ref.  [147]  this site 
is specifi ed 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 1   substates and the ground state  S 0  . 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     =  1.35   K, a very weak peak at 16   268   cm  − 1  is detected, 
and is assigned to the purely electronic  I   →   0  transition (I(0 - 0)). At  T     =   4.2   K, the 
 II   →   0  emission (II(0 - 0)) at 16   271   cm  − 1  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 
(III(0 - 0)) at 16   293   cm  − 1  grows in  [147] . These data reveal that the substates  I  and 
 II  are separated by (2.9    ±    0.2)   cm  − 1 , whereas the splitting of substates  I  and  III , 
representing the total ZFS, amounts to (25.0    ±    0.5)   cm  − 1 . 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, 

Fig. 1.24     Emission spectra at different 
temperatures of a selected site of 
Ir(btp)2 (acac) dissolved in CH 2 Cl 2  at a 
concentration of ≈ 10  − 5    mol   L  − 1 . In Section  1.10 , 
this site is specifi ed as site  H . Only the region 
of the electronic origins is reproduced. The 
specifi c site was excited at 16   742   cm  − 1

(449   cm  − 1  vibrational satellite of the  0   →   III

transition at 16   293   cm  − 1 ). The intensities of 
the different spectra are comparable. The 
spectrum at T     =   1.35   K was measured with a 
higher resolution to obtain the energy 
difference of ∆EII - I    =   2.9   cm  − 1  suffi ciently 
accurate (compare Section 1.9.3 and Ref. 
 [147] ). 



while the transitions from the two higher - lying substates  II  and  III  to the ground 
state are signifi cantly more allowed. This can also be verifi ed by decay time mea-
surements, which reveal individual decay times of the  T 1   substates of  τ  I  =   150    µ s, 
 τ  II    =   58    µ s, and  τ  III    =   2    µ s  [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  ∆  E (ZFS)   =   25   cm  − 1 , it can be concluded from Sections  1.3.3.3  and  1.4  that 
the triplet  T 1   parent term has to be assigned as a   3 LC( 3  p  p  *  ) term which, however, 
is signifi cantly perturbed by an  1,3 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) 3 , Pt(thpy) 2 , [Ru(bpy) 3 ] 2+ , [Os(bpy) 3 ] 2+ , and 
many other organo - transition metal compounds. 

 For completeness, it should be noted that the data given above refer only to 
the specifi c 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 fi elds signifi cantly alters the splitting 
pattern and the intensity distribution of the three electronic origin lines. Figure 
 1.25  reproduces the corresponding trends for the fi eld range of  B    =   0   T to  B    =   8   T. 
Figure  1.25a  shows the spectra measured at  T     =   8   K for the complete spectral range 
of the three electronic origins. The relatively high temperature was chosen to 
provide suffi cient 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    =   2.8   K in order to obtain a better resolution; the population of 
substate  III  is frozen out at this temperature.   

 With an increase of the magnetic fi eld strength, distinct Zeeman shifts of the 
transition energies are observed. Transition III(0 - 0) is shifted to higher energy 
from 16   293   cm  − 1  ( B    =  0   T) to  ≈ 16   295   cm  − 1  ( B    =   8   T), while transition I(0 - 0) is shifted 
to lower energy from 16   268   cm  − 1  ( B    =   0   T) to  ≈ 16   265.5   cm  − 1  ( B    =   8   T). The energy 
of II(0 - 0) at 16   271   cm  − 1  ( B    =   0   T) is only slightly increased by  ≈ 0.5   cm  − 1  up to  B    =   8   T. 
Figure  1.26  summarizes the magnetic fi eld - induced energy shifts of the three 
electronic origins. Clearly, the Zeeman shifts are asymmetric. This is qualitatively 
understood, since the  B  - fi eld induced mixings between the corresponding states 
depend on their energy separations at zero fi eld (energy denominators) which are 
strongly asymmetric for Ir(btp) 2 (acac).   

 It should further be noted that the Zeeman shifts are usually different for mol-
ecules with different orientations relative to the magnetic fi eld 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 fi eld - induced effect becomes apparent in the 
spectra of Fig.  1.25b . At  B    =   0   T, the transition from substate  I  to the ground state 
 0  is very weak, even at lowest temperature applied. With an increase of the fi eld 
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strength, this transition gains intensity. This effect becomes obvious already for 
 B     < 1 T (not shown). At  B    =   2   T and  T    =   2.8   K, the intensity stemming from the per-
turbed state  I B   is almost equal to the intensity resulting from substate  II B  . At 
 B    =   6   T, for example, the intensity of transition  I B    →   0  dominates clearly. For an 
explanation of this effect, three factors are important  [147]  (compare Fig.  1.27 ). 
First, the magnetic fi eld - induced mixing of the wavefunction of substate  I  with the 
wavefunctions of the two higher states renders transition  I B    →   0  more allowed. 
Second, due to the increased splitting between substates  I  and  II  under the mag-
netic fi eld, the Boltzmann factor for population of state  II  (relative to state  I ) 
is signifi cantly smaller. Third, SLR between the triplet substates becomes con-
siderably faster with increasing fi eld - induced energy separation between the 

Fig. 1.25     Emission spectra of Ir(btp) 2 (acac) 
in CH 2 Cl 2  at  ≈ 10  − 5    mol   L  − 1  in the energy range 
of the electronic 0 - 0 transitions at different 
magnetic fi elds. The spectra refer to the 
specifi c site which is investigated in this 
section (site H  in Section  1.10 ). (a) The 
spectra were monitored at T    =   8   K to obtain 

suffi cient thermal population of substate  III
( vexc cm= −26810 1, non - selective excitation). 
(b) Selectively excited emission spectra for the 
energy range of the two lowest transitions I   →
0  and  II   →   0 ,  T    =   2.8   K,   vexc cm= −16293 1 ( 0   →
III ). For further experimental details, see 
Ref.  [147] . 



Fig. 1.26     Magnetic fi eld - induced shifts of the  T1  substates  I,
II , and  III  of Ir(btp) 2 (acac) in CH 2 Cl 2 . For experimental details, 
see Fig.  1.25  and Ref.  [147] . 

Fig. 1.27     Energy level diagram and 
photophysical data for the lowest triplet state 
T1  of Ir(btp) 2 (acac) without and with an 
external magnetic fi eld, respectively. The state 
is classifi ed as  3 LC  ( 3pp  *  ), which is 
signifi cantly MLCT perturbed. The values 
given apply to the individual site under 
investigation in this section (specifi ed as site 

H  in Ref.  [147]  and in Section  1.10 ). Other 
sites exhibit different spectroscopic properties 
(compare Section  1.10 ). The decay times of 
the T1  substates and the spin – lattice 
relaxation time of 22    µ s (at  T    =   1.5   K) referring 
to zero magnetic fi eld have been determined 
in Ref.  [203] , while the data at  B    =   10   T 
(T    =   1.7   K) are taken from Ref.  [147] . 
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corresponding states (compare Section  1.7 ).  29)   Accordingly, the Boltzmann distri-
bution is established faster and thus the non - equilibrated fraction of the emission 
resulting from the higher - lying substate  II B   is strongly reduced. 

 The increased allowedness of transition  I B    →   0  under the application of a mag-
netic fi eld is also refl ected in the emission decay time of the perturbed substate 
 I B  . 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    =   1.7   K, the decay time decreases from  τ  I  ( B    =   0   T)   =   133    µ s to  τ  I  ( B    =   10   T)   =   20    µ s. 
The measurements were carried out with detection at the respective Zeeman 
shifted electronic origin (for  B    =   0   T at 16   268   cm  − 1  and for  B    =   10   T at 16   264.7   cm  − 1 ). 
Comparable measurements are often interpreted by the use of a simple fi rst - 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  II  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) 3   [115] , [Ru(bpy) 3 ] 2+   [205] , and [Os(bpy) 3 ]  [177, 206, 207] . For Ir(btp) 2 (acac), 
however, the data show clearly that this simple approach is not successful, as the 
decay time of  I B   at  B    =   10   T is, with  τ    B      =   20    µ s, much shorter than the decay time of 
 II  at  B    =   0   T ( τ  II  =   58    µ s). Therefore, it must be concluded that the Zeeman mixing 
occurs between all three substates. In particular, the singlet component of substate 
 III  is responsible for the drastic shortening of the emission decay time of the 
lowest substate by the applied magnetic fi eld.   

 29)     Magnetic - fi eld induced changes of SLR times have been investigated with Pt(thpy) 2   [185] . These 
studies support the assignment given above. 

Fig. 1.28     Emission decay time of Ir(btp) 2 (acac) in CH 2 Cl 2  for 
different magnetic fl ux densities  B  at  T    =   1.7   K and under 
selective excitation of T1  substate  III . The decay is 
monoexponential over the whole range 0 ≤   B   ≤  10   T; detection 
at the transition IB   →   0 . 



 In conclusion, the magnetic fi eld 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) 2 (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) 2  and Ir(btp) 2 (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 1   to the elec-
tronic ground state  S 0   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 signifi cant 
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 signifi cant 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 effi ciency 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  ∆  Q  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 

Fig. 1.29     Franck – Condon progressions. 
(a) The equilibrium positions of the potential 
surfaces of the excited state 1  and the ground 
state 0  are shifted by  ∆Q . This leads to a 
progression in the emission spectrum, if the 
dipole moment of the transition between the 
states 1  and  0  is non - zero. The progression is 
characterized by vertical transitions that are 

depicted for a low - temperature emission. 
(b) The intensity distribution of a progression 
of vibrational satellites depends on the 
Huang – Rhys parameter,  S , which is 
proportional to ( ∆Q ) 2  [see Eq.  (21) ]. The 
examples given in (b) are calculated according 
to Eq.  (22) . The peaks of highest intensity are 
normalized for the different diagrams. 



very diffi cult 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 v v

and the excited state v

0

1

: ( ) ( )

: ( )

ψ φ χ
ψ φ χ

0 0 0

1 1

= ⋅
′ = ⋅ 11( )′v

    (17)  

wherein   φ   0  and   φ   1  are the electronic wavefunctions and  χ  0 (v) and  χ  1 (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 defi ned 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 ):

   I1 0 1 0
2

1 0
20 0, v , v e v v( ) ( ) ( )′ = ⋅ ′ =∼ φ φ χ χr     (18)  

where e r  is the usual electric dipole operator. The fi rst term of the right - hand side 
of Eq.  (18)  represents the squared electronic dipole matrix element, and specifi es 
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   vQ  of the vibrational mode under consideration. 

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

   Itot e∼ φ φ1 0
2r     (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.  30)   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  χ  1 (v ′    =   0) is totally symmetric. 
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 This parameter  S  is directly connected with the shift  ∆  Q  of the equilibrium 
positions of the involved electronic states (Fig.  1.29a ). According to Ref.  [109]  (p. 
112), one obtains

   S
M

QQ=
πc v

�
( )∆ 2     (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 Eqs.  (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 fi nds, using the abbreviation  I  v    =    I  1,0  
(v ′  =   0, v) for v    ≠    0:

   
I

I

Sv

v v−
=

1

    (22)   

 The intensity at the electronic origin (0 - 0 transition),  I  0 , can be expressed by

   I I S
0 = ⋅ −

tot 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  ∆  Q  (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) 2  (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 1    →   S 0   transitions 
of a large number of organo - transition metal compounds, the maximum  S  - values 



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 signifi cantly smaller 
for compounds with large (!) MLCT admixtures to the excited triplet states than 
for compounds with emitting   3 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 infl uence on the specifi c binding separation 
(small  ∆  Q  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 specifi c 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. 
Specifi cally, 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 signifi cant 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 .    SO  is the SOC Hamiltonian,  I  represents the unperturbed lowest 
triplet substate, and  S   m   is a higher lying singlet. The matrix element given in Fig. 
 1.30  signifi es that the vibration with the (normal) coordinate  Q  modulates the SOC 
operator. This mechanism induces intensity to the specifi c vibrational satellite 
with the energy   vQ  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   m   are 
involved. The corresponding vibrational satellites are frequently called  “ false 
origins ” . 
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 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) 2  and Ir(btp) 2 (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)2  Emission: Temperature -  and Time - Dependence of the Vibrational 
Satellite Structure 

 The vibrational satellite structures in the emission of Pt(thpy) 2  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. 

Fig. 1.30     Schematic illustration of the spin -
 vibronic coupling route (Herzberg – Teller 
coupling). This mechanism can become 
important, when the purely electronic I   ↔   0
transition is forbidden. The matrix element 
expresses schematically that a vibration, 
specifi ed by a coordinate  Q , changes the 
spin – orbit coupling (SOC) and thus induces 

an admixture of a higher - lying singlet state  Sm

to the triplet substate I . This mechanism can 
provide intensity to a vibrational satellite, but 
not to the electronic 0 - 0 transition. Note that 
HT coupling usually occurs with many HT 
active modes to different higher - lying singlets. 
Hence, a rich vibrational satellite structure 
results. For further explanation, see the text. 



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) 2  measured at  T    =   1.3   K. The 
rich vibrational satellite structure seems to belong to the electronic 0 - 0 transition 
at 17   163   cm  − 1 , 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) 2   [70, 163] . On the other 
hand, by setting the electronic origin for these satellites to the position of the 
transition  I   ↔   0  at 17   156   cm  − 1  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 fi eld of  B   �  1   T (see Fig.  1.15e ). 
Interestingly, none of the satellites that is clearly identifi ed in the 1.3   K time - 
integrated emission spectrum belongs to the electronic origin II(0 - 0) at 17   163   cm  − 1 , 
apart from a 15   cm  − 1  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  ≈ 100   cm  − 1  relative to the electronic origin 

Fig. 1.31     Emission spectrum of Pt(thpy) 2  dissolved in  n  -
 octane and monitored at  T    =   1.3   K. Concentration  ≈ 10  − 5    mol   L  − 1 ; 
λexc    =   457.9   nm. The vibrational satellites are characterized by 
their energy separations from the electronic origin I(0 - 0) at 
17   156   cm  − 1 . 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. 

1.9 Vibrational Satellite Structures  69



70  1 Triplet Emitters for Organic Light-Emitting Diodes: Basic Properties

have signifi cant 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  ≈ 150   cm  − 1   [244] . Overlapping with this energy range up to 
500/600   cm  − 1 , one fi nds metal – ligand (M - L) vibrations, which can, for example, be 
identifi ed by a comparison of vibrational energies of Pt(thpy) 2  to those of Pd(thpy) 2  
 [70] .  31)   Fundamentals with energies higher than  ≈ 600   cm  − 1  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 1.3   K emission of Pt(thpy) 2  (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 
 ≈ 600   cm  − 1 , which exhibit pronounced metal – ligand character, such as the 266, 295, 
376, 531   cm  − 1  modes (Fig.  1.31 ), it is very probable that the vibrating platinum ion 
can induce spin - vibronic coupling. 

 Presumably, this specifi c 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  − 1  vibrations (Fig.  1.31 ).  32)   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) 2  
 [70]  and [Os(bpy) 3 ] 2+   [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 II and III: 
The 20   K Spectrum 
 With a temperature increase, for example to  T     =   20   K (Fig.  1.32 ), the electronic 0 - 0 
transitions II(0 - 0) and III(0 - 0) at 17   163   cm  − 1  and 17   172   cm  − 1  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 
in Pd(thpy) 2 , its emission spectrum exhibits 
only very weak vibrational satellites of M - L 
mode character. 

 32)     It should also be pointed out that for most of 
the intense false origins combinations are 
also observed, such as (531   +   1484), 
(713   +   1400), (1462   +   718)   cm  − 1 , etc. (not all 
are shown in Fig.  1.31 , but see Refs.  [70, 
144] ). The second member of the 

combination represents a vibrational mode 
which is not Herzberg – Teller active, but 
shows Franck – Condon activity and 
corresponds to a totally symmetric mode 
(see next section). It is remarked that the 
1484   cm  − 1  mode seems to be HT and FC 
active, presumably, two vibrational modes of 
different symmetry have nearly the same 
energy. 



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    =   1.3   K, such as the 531   cm  − 1  satellite, become 
weak at higher temperature. Further, in the 20   K emission spectrum, the electronic 
origin lines II(0 - 0) and III(0 - 0) are the dominating peaks. In contrast to the situa-
tion of the electronic 0 - 0 transition  I   ↔   0 , they carry signifi cant 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 20   K emission spectrum are observed as vibra-
tional doublets. These all exhibit the same energy separation of 9   cm  − 1 , like the 
two electronic origins II(0 - 0) and III(0 - 0). Thus, the same vibrational modes are 
active in the radiative processes of both electronic states  II  and  III . In Fig.  1.32 , 
only satellites of origin II(0 - 0) (at 17   163   cm  − 1 ) are specifi ed by marking the vibra-
tional energies. 

 The 20   K emission spectrum exhibits vibrational satellites due to the activity 
of fundamentals (e.g., 190, 383, 458, 718, 1400, 1484   cm  − 1 , etc.; see Fig.  1.32 ), of 
combinations of these fundamentals [e.g., (190   +   1484), (383   +   1400), (458   +   1484), 
(718   +   1400), (718   +   1484)   cm  − 1 , etc.), and for the most intense satellites, also the 
second members of progressions (e.g., 1    ×    718   cm  − 1 , 2    ×    718   cm  − 1 , 1    ×    1484   cm  − 1 , 
2    ×    1484   cm  − 1 ) 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 signifi cant intensity are assigned to correspond to totally symmetric 
fundamentals. This assignment is also in accordance with the observation that the 

Fig. 1.32     Emission spectrum of Pt(thpy) 2
dissolved in n  - octane and monitored at 
T    =   20   K. Concentration  ≈ 10  − 5    mol   L  − 1 ; 
λexc    =   457.9   nm. The vibrational satellites are 
characterized by their energy separations from 

the electronic origin II(0 - 0) at 17   163   cm  − 1 , 
apart from the weak 531   cm  − 1  satellite which 
belongs to the emission of substate I . The 
region of the electronic origins is reproduced 
in Fig.  1.15 , on an enlarged scale. 
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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 1484   cm  − 1  modes, a value of  S   ≈  0.08 is obtained. The 
occurrence of other progressions, namely of the fundamentals of 383, 458, and 
653   cm  − 1  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) 2  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) 2  decays 
at  T    =   1.3   K biexponentially, with time constants of 600   ns and 110    µ s, 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 600   ns. 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 110    µ s. 
Thus, during the fi rst 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 (  λ   exc    =   337.1   nm, pulse width 0.5   ns) with 
no time delay ( t    =   0   ns) and integrated during a time window of  ∆  t    =   500   ns. 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 600   ns. For 
example, with a delay of  t    =   10    µ s after the laser pulse and an integration time of 



 ∆  t    =   60    µ s (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)   

 33)     The occurrence of the electronic origin II(0 -
 0) in the time - delayed spectrum (Fig.  1.33b ) 
is not expected at fi rst sight. However, its 
appearance is a consequence of a thermal 
repopulation of substate  II , according to a 

Boltzmann distribution which applies after a 
suffi ciently long delay time and according to 
the relatively large transition probability of 
the  II   →   0  transition. 

Fig. 1.33     Time - resolved emission of Pt(thpy) 2
dissolved in n  - octane (ca.  ≈ 10  − 5    mol   L  − 1 ) and 
monitored at T    =   1.3   K. Excitation: 
λexc    =   337.1   nm; pulse width  ≈ 0.5   ns; repetition 
rate 100   Hz. (a) The emission is detected 
without any delay and integrated over 

∆t    =   500   ns. (b) Detection of the emission after 
a delay of t    =   10    µ s and integrated over 
∆t    =   60    µ s. The energies of the vibrational 
satellites are given in cm  − 1  relative to the 
electronic origin II(0 - 0) (a) and origin I(0 - 0) 
(b), respectively (compare Ref.  [245] ). 
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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    =   20   K (Fig.  1.32 ). However, 
the satellites that result from substate  III  (9   cm  − 1  higher - lying peaks of the  “ doublet ”  
structure in the 20   K emission spectrum) do not occur in the fast spectrum. Obvi-
ously, at  T     =   1.3   K, an emission of substate  III  is not observed. This is due to very 
fast SLR processes from substate  III  to the lower lying substates  II  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) 3 ] 2+ ; 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 II(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) 2 , 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 (1.3   K) 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 (suffi ciently) 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 
specifi c symmetry of substate  I  of Pt(thpy) 2  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 fi elds. Due to the fi eld - induced mixing 
of the wavefunctions of the three triplet substates, the  B  - fi eld - perturbed lowest 
triplet substate  I B   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) 3 ] 2+   [74, 177, 206, 207] , 
for Pt(thpy) 2   [149] , Ir(btp) 2 (acac)  [246] , and indirectly for several other 
compounds, such as Ir(ppy) 3   [115]  and [Ru(bpy) 3 ] 2+   [205]  (compare also Refs. 
 [247 – 249] ).   



  1.9.3
Ir(btp)2 (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) 2 (acac) emission. Figure  1.34  shows the 1.5   K 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 
I(0 - 0) and II(0 - 0) separated by  ∆  E  II - I    =   2.9   cm  − 1 . The II(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  τ  SLR    =   22    µ s 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 specifi ed with respect to the corresponding elec-
tronic origins. This is possible by use of three independent methods: 
    •      Substate  II  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) 2  in Section  1.9.2.3   [246] .  

    •      With a temperature increase to  T    =   4.2   K, the emission 
results dominantly from substate  II , and vibrational 

Fig. 1.34     Emission spectrum of site  H  of 
Ir(btp)2 (acac) doped into CH 2 Cl 2  (ca. 
≈ 10  − 5    mol   L  − 1 ). The frame on the left - hand side 
shows the region of the two lowest electronic 
0 - 0 transitions on an enlarged scale (compare 
Fig.  1.24 ). The spectra were monitored at 
T    =   1.5   K under selective excitation of substate 

III  with an energy of 16   293   cm  − 1 . The 
vibrational satellite lines are labeled according 
to the electronic origins I(0 - 0) and II(0 - 0), and 
are assigned with respect to the Herzberg –
 Teller (HT) or Franck – Condon (FC) activity of 
the corresponding vibrational mode. 
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satellites from substate  I  become less important (compare 
the 4.2   K spectrum in Fig.  1.24 ).  

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

 Interestingly, also for Ir(btp) 2 (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 I(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 1474   cm  − 1  
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) 2 (acac) emission 
can be described in accordance to the behavior of Pt(thpy) 2 . In particular, it is 
found also for Ir(btp) 2 (acac) (in a rigid low - temperature matrix) that the geometry 
of the lowest triplet state  T 1   is only very slightly perturbed with respect to the 
geometry of the electronic ground state  S 0  .   

  1.10
Environmental Effects on Triplet State Properties: Case Studies Applied 
to Ir(btp) 2 (acac) 

 In the preceding sections, we have introduced to photophysical properties of 
organo - transition metal compounds without addressing specifi cally the differ-
ences of the individual sites  –  that is, the infl uence of the specifi c 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 
specifi c ranges, which depend on the individual energy state of the emitter and its 



host environment. In the following sections, the aim is to outline these dissimilari-
ties on the example of different sites of Ir(btp) 2 (acac) doped into a low - temperature 
CH 2 Cl 2  matrix. 

  1.10.1
Energy Distribution of Sites 

 Figure  1.35  shows the low - temperature emission spectrum of Ir(btp) 2 (acac) in 
CH 2 Cl 2  in the region of the electronic 0 - 0 transitions. This spectrum, which cor-
responds to the 4.2   K spectrum shown in Fig.  1.23 , is characterized by several 
narrow lines of halfwidths of a few cm  − 1  and a broad background. Both the narrow 
lines as well as the background can be explained by taking into account that the 
Ir(btp) 2 (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 specifi c 
energy minima exist for the dopants, discrete sites result and narrow lines occur. 
Almost each of the narrow lines is related to one specifi c 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) 2 (acac) are labeled with capital letters in 
Fig.  1.35 . The distribution of sites spans over a width of about 450   cm  − 1 , the most 

Fig. 1.35     Emission of Ir(btp) 2 (acac) in CH 2 Cl 2  in the region of 
the electronic origins, monitored under UV excitation at 
T    =   4.2   K. The spectrum consists of resolved electronic 0 - 0 
lines ( II   →   0 ) of the different sites and of an inhomogeneous 
background. The different sites are labeled with capital letters. 
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dominant site being located at 16   399   cm  − 1  (site  E ). Sites with weaker intensities 
are found at higher energies than the main site at least up to 16   664   cm  − 1 , and 
lower energies at least down to 16   225   cm  − 1 , respectively (Table  1.2 ).   

 Most of the lines represent electronic 0 - 0 transitions from substate  II  of the 
lowest triplet state  T 1   to the ground state  O ( S 0  ). This has been confi rmed by 
detailed investigations under selective excitation, variation of temperature, and the 
application of high magnetic fi elds (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) 2   [144] , Pd(thpy) 2   [244] , Pt(II) - phthalocyanines  [250, 251] , 
and of the related compounds [Ru(bpy) 3 ] 2+   [74, 252]  and [Os(bpy) 3 ] 2+   [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) 2 (acac) in CH 2 Cl 2 , emission and excitation spectra have been 
monitored under selective excitation and detection, respectively. Additionally, 
variation of temperature and high magnetic fi eld have been applied to ensure a 

Table 1.2     Transition energies and zero - fi eld splittings (ZFS) 
for various sites of Ir(btp) 2 (acac) doped into CH 2 Cl 2  and  n  -
 octane, respectively, and for single crystals of Ir(btp) 2 (acac). 
Properties of the sites E  and  H  are discussed in detail 
(see text). 

 Matrix  Site  Relative 
intensity

 Spectral position (cm  − 1 )  ZFS (cm  − 1 ) 

  I    II    III  DEII - I    DEIII - I

 CH 2 CH 2   A  0.03   –   16   664     –    –    –  
 B  0.09   –   16   548  16   566   –    ≈ 21 
 C  0.08  16   470  16   473  16   488  3.2  ±  0.5  17.5  ±  1 
 D  0.14  16   422  16   424  16   445  2.2  ±  0.5  23.0  ±  0.5 
  E    1    16   396    16   399    16   411    2.9  ±  0.2    14.8  ±  0.5  
 F  0.12   –   16   375   ≈ 16   395   –    ≈ 23 
 G  0.12  16   314  16   317  16   333  3.7  ±  1     19  ±  3 
  H    0.49    16   268    16   271    16   293    2.9  ±  0.2    25.0  ±  0.5  
 I  0.19  16   221  16   225  16   247  3.6  ±  0.3  26.5  ±  1 

  n  - Octane  A  0.89  16   198  16   201  16   224  2.5  ±  0.2  25.3  ±  0.5 
 Single 

crystal 
  –    –   16   293  16   296  16   312  3.4  ±  0.4     19  ±  1 



reliable interpretation of the observed data. Figure  1.36  shows site - selective spectra 
of the regions of electronic origins for the two specifi c 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 - fi eld splittings of the  T 1   substates. The total ZFS  ∆  E  III - I  amounts to 14.8   cm  − 1  
for site  E  and to 25.0   cm  − 1  for site  H . The splitting  ∆  E  II - I  between the two lower 
substates of 2.9   cm  − 1  is identical for these specifi c 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) 2 (acac) 
in CH 2 Cl 2  reveals that the total ZFS  ∆  E  III - I  is distributed from 14.8   cm  − 1  to 26.5   cm  − 1 . 
Additional investigations of Ir(btp) 2 (acac) in  n  - octane and as a single crystal result 
in  ∆  E  III - I  values of 25.3   cm  − 1  and 19   cm  − 1 , respectively. The splitting  ∆  E  II - I  varies 
from 2.2   cm  − 1  to 3.7   cm  − 1  for the different sites and matrices. A correlation to the 
 ∆  E  III - I  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  ∆  E (ZFS) by almost 100% indicates a strong infl uence of the 
host on the  T 1   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 1   state. Presumably, the 
amount of MLCT admixture to the  T 1   state is susceptible to the environment of 
the complex.  
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Fig. 1.36     Region of the electronic origins (0 - 0 
transitions) of two major sites E  and  H  of 
Ir(btp)2 (acac) in CH 2 Cl 2 , as specifi ed in Fig. 
 1.35 . The emission spectra of site  E  and  H
were obtained by exciting into the vibrational 
satellite of substate III  at 16   775   cm  − 1

(16   411   cm  − 1  + 364   cm  − 1 ) and at 16   742   cm  − 1

(16   293   cm  − 1  + 449   cm  − 1 ), respectively. The 

excitation spectrum of site H  was measured 
by detection at the electronic origin II(0 - 0) at 
16   271   cm  − 1 . Note that the intensity ratio of 
the lines II(0 - 0) to I(0 - 0) is signifi cantly 
different for the two sites (compare Ref. 
 [203] ). This is mainly a consequence of 
different spin – lattice relaxation times between 
substates II  and  I  (see Section  1.10.3 ). 
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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 1  and from 
the substates to the ground state S 0  show again distinct differences for the different 
sites of Ir(btp) 2 (acac) doped into CH 2 Cl 2 . 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  τ    =   150    µ s,  τ  II    =   58    µ s, and  τ  III    =   2    µ s, one fi nds for site  E   τ  I    =   62    µ s,  τ  II    =   19    µ s, 
and  τ  III    =   3    µ s  [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 1  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    =   1.5   K,  τ  SLR    =   4    µ s and 
22    µ s 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     =   1.5   K. 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 signifi cantly faster with temperature, 
than for site  H  (not depicted). This is due to the fact that the energy separation 
 ∆  E  III - II  is distinctly smaller for site  E  (12   cm  − 1 ) than for site  H  (22   cm  − 1 ). 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 1   substates and 
the SLR times at 1.5   K for the two major sites  E  and  H  of Ir(btp) 2 (acac) in CH 2 Cl 2 , 

Table 1.3     Decay times of the  T1  substates  I, II , and  III  and 
spin – lattice - relaxation times determined for Ir(btp) 2 (acac) at 
different sites in CH 2 Cl 2 , in  n  - octane, and in a neat single 
crystal.

 Matrix  Site tl  ( µ s)   tlI  ( µ s)   tlII  ( µ s)   tSLR
1)   ( µ s) 

 CH 2 Cl 2   E   62  19  3   4 
 H  150  58  2  22 

  n  - Octane  A  105  51   –   57 
 Single crystal   –   140   –    –    –  

  1)   T   =   1.5   K.   



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 specifi c 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 infl uence 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.   

  1.11
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 
specifi c emission broadening effects. 

  1.11.1
Inhomogeneous Linewidths 

 Molecules doped into a solid matrix are always infl uenced 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 2   cm  − 1  (compare Sections  1.5 ,  1.8 , and  1.9 ). In many cases, specifi c 
minima exist for dopants in the crystalline hosts, and these give rise to the forma-
tion of discrete sites. This leads to the specifi c lines with the small halfwidths. 
Often, many different discrete sites are present, as found for Ir(btp) 2 (acac) doped 
into CH 2 Cl 2  (see Table  1.2 ). Additionally, for the example of the Ir(btp) 2 (acac)/
CH 2 Cl 2  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 400   cm  − 1  (Fig.  1.25 ). In other dopant/matrix combinations, 
one specifi c site can dominate clearly. For example, for Pt(thpy) 2  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 identifi ed by the so - called homoge-
neous linewidth   ∆vhom (often referred as  Γ  hom ). It can be expressed by  [259, 
260] :

   ∆v
c

hom =
1

2 2π τ
    (24)  

wherein c is the velocity of light, and  τ  2  is the full dephasing time

   
1 1

2

1

2 1 2
τ τ τ

= +
*

    (25)  

where  τ  1  is the excited state lifetime, which for an emission process, is determined 
by  all  radiative and non - radiative depopulation processes. Therefore,  τ  1  is often 
called  population  or  energy relaxation time .   τ2* 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   ∆vhom can easily be estimated. (For a 



further discussion of   τ2*, see below.) For example, for an emission decay time of 
 τ  1    =   1    µ s, a homogeneous linewidth of   ∆v cmhom .= × − −2 6 10 6 1 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 infi nite 
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 fi nal 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 
1   ps; 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 
5   cm  − 1  and even up to 10   cm  − 1  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 signifi cantly due to the involvement of phonons. In particular, 
processes of pure dephasing become important [compare   τ2*  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,   τ2* becomes shorter and   ∆vhom increases. If, for example, a Raman scatter-
ing process of phonons is taken into account, it can be derived that   τ2* increases 
with a  T   7  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 
specifi c phonons, for example, of low - energy vibrations or librations  34)   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  − 1  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 18   cm  − 1 , 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 specifi c 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  ∆  Q (phonon) value and thus 
to a large Huang – Rhys parameter  S (phonon) for the specifi c 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 77   K (but see 
the exception of Pt(thpy) 2 ; 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 

Fig. 1.37     Temperature dependence of a zero - phonon line 
(ZPL) and the accompanying phonon sideband in emission 
(compare Ref.  [259] ). 



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) 2

 Here, the aim is to illustrate the temperature - broadening effects of the purely elec-
tronic origin (electronic ZPL) of Pt(thpy) 2  doped into  n  - octane. At  T     =   10   K, the 
dominating emission line at 17   163   cm  − 1  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 15   cm  − 1  and the purely electronic III(0 - 0) 
line are also observed in this spectral range (compare also Fig.  1.15 ). The line II(0 - 0) 
is inhomogeneously broadened to about 3   cm  − 1 . With a temperature increase to 
77   K, the halfwidth of the electronic ZPL is broadened to  ≈ 20   cm  − 1 , and the intensity 
is reduced and distributed to the associated phonon sideband. With further tem-
perature increase, the ZPL becomes even weaker, and above  ≈ 130   K can no longer 
be distinguished from the phonon sideband. The integrated intensity stays largely 
constant from 10   K to 90   K, and decreases only slightly above 90   K.   

 At a temperature higher than  ≈ 90   K, the width of the observed phonon sideband 
is of the order of 100   cm  − 1  (Fig.  1.38b ). Thus, it becomes clear that high - resolution 
spectroscopy is only possible at low temperatures, usually below 30 to 40   K 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 100   cm  − 1 . 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) 2  in  n  - octane, even at 110   K a weak 
ZPL is observable and, due to the occurrence of only one single site, comparatively 

Fig. 1.38     Emission spectra in the region of the electronic 
origins of Pt(thpy) 2  in  n  - octane (ca.  ≈ 10  − 5    mol   L  − 1 ) at different 
temperatures. Excitation at 355   nm. 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) 2 , 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 defi ned 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 60   K for 
Ir(btp) 2 (acac) in CH 2 Cl 2  and at 110   K for Pt(thpy) 2  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) 3 ] 2+   [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  ≈ 600   cm  − 1 , 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 77   K or even at 300   K; that is, for example, for a complex, 
which is incorporated in an OLED. This question is addressed here simply on a 



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 modifi cations 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   ∆v FWHM( ) .= 2 35σ, wherein  σ  represents the well - known Gaussian 
 σ . (FWHM: full width at half maximum) The parameter  σ  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) 2 . By using a Gaussian width of 65   cm  − 1  (FWHM), 
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Fig. 1.39     Emission spectra of Pt(thpy) 2  in  n  -
 octane. (a) Spectrum measured at  T    =   4.2   K 
under non - selective excitation at 457.9   nm. 
The spectrum has been red - shifted by 43   cm  − 1

to be able to simulate also the spectral 

position of the 77   K spectrum. (b) Simulated 
spectrum using a Gaussian distribution 
function with   ∆v cm= −65 1 ( σ    =   27.6   cm  − 1 ). 
(c) Spectrum measured at T    =   77   K, excitation 
wavelength as in (a). 
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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 300   K 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   
∆v FWHM cm( ) = −500 1. The resulting simulation shows a very good agreement 
with the measured 300   K emission spectrum (Fig.  1.40 ). This fi tting procedure 
refl ects the enormous broadening of the spectrum, even when compared to the 
77   K spectrum. In the resulting spectrum, only three bands are recognized: the 
maximum at 17   100   cm  − 1  represents mainly the broadened phonon sideband of 
the electronic origin, while the two features at 15   710   cm  − 1  and 14   220   cm  − 1  
correspond to overlapping (sidebands of) vibrational satellites, which result 
from combinations and progressions of modes lying in the 1400 to 1500   cm  − 1  
range.   

 In conclusion, the high - temperature spectra of many organo - transition metal 
compounds, and in particular of Pt(thpy) 2 , can be traced back to low - temperature, 
highly resolved spectra. Consequently, the information elucidated for the emitting 

Fig. 1.40     Emission spectra of Pt(thpy) 2  in  n  - octane. (a) 
Spectrum measured at T    =   4.2   K (for further data, see Fig. 
 1.39 ). (b) Simulated spectrum using a Gaussian distribution 
function with   ∆v cm= −500 1 ( σ    =   213   cm  − 1 ). (c) Spectrum 
measured at T    =   300   K.  



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    =   1.3   K. 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. Specifi cally, the occurrence of a signifi cant ZFS indicates 
pronounced admixtures of  1 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 10   cm  − 1 . 
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 signifi cantly more effi cient in quasi - octahedral 
than in quasi - square planar compounds. For example, whilst large ZFSs (i.e., 
 > 40   cm  − 1 ) have not yet been observed for quasi - square planar Pt(II) compounds, but 
frequently occur in Ir(III), Os(II), or even Ru(II) complexes. Clearly, the success of 
the quasi - octahedral Ir(ppy) 3  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 specifi c application as emitter material, for 
example in an OLED.  
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 Spin Correlations in Organic Light - Emitting Diodes  
  Manfred J.   Walter   and   John M.   Lupton   

  A particular characteristic of organic materials used in light - emitting diodes is that 
they are predominantly composed of carbon and therefore only exhibit a very weak 
spin – orbit coupling. Electrically injected electrons and holes each carry spin 1/2 
so that recombination can occur in a total of four spin combinations. It is an 
important question whether interconversion between the spin states can occur 
during electrostatic carrier capture prior to the formation of the ultimate excited 
state on the individual molecule, the singlet or the triplet exciton. Conjugated 
polymers containing minute quantities of spin – orbit enhancing heavy metal atoms 
open a unique window to spin dynamics in organic light - emitting diodes by 
enabling optically or electrically generated triplets to decay radiatively without 
impacting dramatically on the actual generation mechanism of triplets through 
excited state intersystem crossing. We show that optically generated singlet exci-
tons can be electrically stabilized to prevent recombination. Storage of the charge 
carrier pair for tens of microseconds does not reveal a preference for delayed 
recombination in the lower energy triplet channel, suggesting that spin conversion 
in the charge carrier pair precursor state to exciton formation is rather ineffi cient. 
The message of this basic study of spin - lattice relaxation in excited states of 
organic fi lms to device engineers is that correlations between the spins of electro-
statically bound carrier pairs are intrinsically remarkably stable. In the absence of 
a strong external mixing channel such as a heavy metal atom as in organometallic 
dopants it is expected that the dominant recombination in an organic light - 
emitting diode occurs in nonradiative triplets, forming a serious loss channel in 
actual devices.     

  2.1
Introduction

 The most signifi cant difference between organic, carbon - based semiconductors 
and inorganic crystalline materials lies in the properties of the electron spin and 
the exchange interaction. Due to the low atomic order number of carbon, spin is 
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referred to as a good quantum number in organic molecules. Furthermore, the 
highly localized, tightly bound molecular excitations are subject to exceptional 
exchange interactions, which can lead to a splitting of up to 1   eV between the 
singlet and triplet excited state spin manifold of the molecule. The weak spin – orbit 
coupling and strong exchange splitting generally imply that a molecule excited in 
the triplet manifold cannot simply return to the ground state  –  typically a singlet 
 –  by emission of a photon. It rather has to choose a nonradiative relaxation 
pathway, which is generally highly ineffi cient and therefore very slow and naturally 
not desirable in a device designed to emit light. The emission from radiative, 
spin - forbidden transitions from the triplet excited state to the ground state is 
referred to as phosphorescence. Even at low temperatures, this is typically extremely 
weak in pure hydrocarbon materials and often unobservable, particularly in high 
molecular weight organic semiconductor molecules such as conjugated 
polymers. 

 Simple spin statistics suggest that electrons and holes, which are injected at the 
cathode and anode of the device, respectively, and both carry spin 1/2 can combine 
in a total of four different spin combinations, summarized in Fig.  2.1 . Three of 
these spin combinations are symmetric, whereas only one is antisymmetric. 
The symmetric spin wavefunction is referred to as a triplet, whereas the antisym-
metric spin wavefunction describes the singlet state. While most of the contribu-
tions of this book deal with the question of how to harvest energy from the spin 
symmetric excitations by using effi cient phosphors such as organometallic triplet 
emitters, we would like to summarize some of the recent research efforts into 
spin - dependent recombination processes in organic semiconductors. These 
efforts have spurred the development of exploitation of the triplet state in 
electrophosphorescence.   

 One of the most fundamental questions in the fi eld of organic LEDs is the 
process describing the fi nal transformation step of the isolated charge carriers 
injected into the material by the electrodes to a molecular excitation. The scale of 
the problem is readily exemplifi ed by considering the terminology involved. The 

Fig. 2.1     Elementary operation principle of an organic light -
 emitting diode. Charge carriers can combine to form 
excitations either in the singlet or in the triplet manifold of the 
molecule.
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reader will be acquainted with the concept of mobile electrons in a semiconducting 
solid, describing negative charges, and mobile holes, describing positive charges 
or vacant electron states. As organic semiconductors are intrinsically molecular in 
nature it is helpful to draw a link to the terminology of electrochemistry. Rather 
than being delocalized over many sites as Bloch electrons are in a semiconductor 
crystal, charges are generally localized to individual molecular sites. An individual 
molecule can therefore acquire either a positive or a negative charge, making it a 
radical cation or anion, respectively. As a net charge, positive or negative, on the 
molecule will change the intramolecular interatomic binding, it will also lead to a 
conformational change, that is, a lattice distortion. In the terminology of conven-
tional semiconductors, the high degree of coupling of charge to lattice distortions 
is taken into account by referring to a polaron. Effectively, these three terminolo-
gies of electron/hole, anion/cation, and negative/positive polaron are equivalent, 
as they all describe a net charge of negative or positive sign which possesses a spin 
of 1/2. 

 It is fairly straightforward to picture these charges diffusing and drifting under 
an applied electric fi eld through the active layer of the device by hopping from one 
polymer chain to the other. It is less trivial to come up with a microscopic descrip-
tion of this migration process, and a review of progress made in this area is beyond 
the scope of this chapter. Each net positive charge exerts a Coulombic attraction 
on each net negative charge. Once this attractive potential grows larger than the 
thermal energy of the single carrier, positive and negative charge carriers are said 
to be Coulombically bound. The respective maximum spatial separation of charge 
carriers is referred to as the Onsager limit. Figure  2.2  summarizes the different 
regimes of carrier correlation entered as a function of distance  [1] .   

 The degree of Coulombic electron – hole correlation is described in terms of a 
binding energy. For distant Coulombically bound pairs, the exchange interaction 
is irrelevant so that the four conceivable spin confi gurations are of equal energy, 
i.e., degenerate. As the carriers approach each other, however, and the wavefunc-
tions begin to overlap, the exchange interaction becomes relevant and the degen-
eracy between singlet and triplet states is lifted. This intermediate region of charge 
separation can be thought of as a charge transfer state. It can be either monomo-
lecular or bimolecular in nature. Once an electron and a hole reside on the same 
molecule, a molecular excitation is formed, either in the singlet or in the triplet 
manifold. Due to the constituent nature of this excitation formed by an electron 
and a hole it is often referred to as an exciton whose singlet and triplet states are 
split energetically due to the strong electronic correlation. A typical value for the 
singlet – triplet exchange splitting in conjugated polymers is 0.7   eV. This fi nal step 
in carrier recombination is the most intriguing, as it is here that the analogy to 
semiconductor physics breaks down. After all, one would not consider describing 
a photoexcitation on a rhodamine molecule in solution, for example, as a Coulom-
bically bound electron – hole pair. The problem is somewhat relaxed in conjugated 
polymers, as it has been shown that the conjugation length of an electronically 
active segment on the chain can by far exceed the spatial delocalization of the 
molecular excited state  [2] , i.e., the exciton can move within the conjugated 
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segment. Experimentally, this is seen by the fact that well - defi ned oligomers and 
polymers can have the same emission and absorption properties, but differ in 
terms of oscillator strength of the transitions  [2] . Nevertheless, it is this fi nal transi-
tion from a close polaron pair  [3, 4]  or charge transfer state to a molecular excita-
tion  –  equivalent in energy and transition lifetime to a photoexcitation  –  which 
has caught the interest of researchers over the past years. This step determines 
the ultimate electron to photon conversion effi ciency achievable with organic LEDs 
and is the subject of the present discussion. 

 Following this introduction to the topic we will review the history of research 
on spin - dependent recombination in conjugated polymers. We will outline how 
important spin - mixing channels between the singlet and triplet manifold of the 
molecule are to break the spin - statistical limit of the OLED effi ciency. We will then 
discuss the experimental technique and material system used to test the degree of 
spin mixing during charge carrier recombination. Using transient (gated) electro-
luminescence spectroscopy, a lower limit for the triplet formation rate is derived. 
This is then used to evaluate electric fi eld modulation of singlet and triplet emis-
sion under optical excitation, where the electric fi eld controls the transition from 
the charge transfer, polaron pair or radical pair state to the fi nal molecular excita-
tion. After comparison with further results in the literature and discussing the 
infl uence of magnetic fi elds on the recombination dynamics we conclude that spin 
mixing is absent in organic semiconductors and the maximum OLED effi ciency 

Fig. 2.2     Binding energy of electrons and holes 
as a function of spatial separation. At a large 
separation, the two spin states of electrons 
and holes injected into the organic 
semiconductor are degenerate. The two 
characteristic length scales rc  and  rx  describe 
the distances for which the Coulombic and 

exchange interactions become relevant, 
respectively. Once an electron and a hole are 
bound Coulombically, a charge transfer state 
is formed which can ultimately lead to the 
population of a molecular excitation. Adapted 
from  [1] . 



in the absence of phosphorescent triplet emission is therefore given by the spin -
 statistical limit of 25%. 

 While it appears that the spins of Coulombically bound charge carriers are 
strongly correlated and thus spin - mixing is very weak in organic semiconductors, 
the implications for real devices are not necessarily detrimental. The problem of 
spin statistics can be overcome by using phosphorescent, triplet - emitting acceptors 
in the organic semiconductor. The spin degree of freedom, however, opens a 
whole new array of application potential of organic semiconductors such as in 
giant magnetoresistive sensors for magnetic memory media and spin valves for 
information processing, which is only just becoming visible  [5, 6] .  

  2.2
Spin - Dependent Recombination of Charge Carriers and Spin - Lattice Relaxation 

 Absolute quantum effi ciencies are fairly straightforward to determine under 
optical  [7]  and electrical excitation  [8, 9] . The problem is that a direct comparison 
of the two in an LED structure is not that trivial. Charge carrier recombination 
typically occurs in a narrow region of the LED, whereas photon absorption leads 
to a continuous profi le of excitations following Lambert – Beer ’ s law. It is then hard 
to assure that absolute measurements of the optical and electrical quantum effi -
ciency are carried out in exactly the same region of a device structure. Such an 
experiment is further complicated by interference effects and interactions with 
surface plasmons in the metallic electrode, which can either quench or enhance 
the emission and introduce a particular sensitivity to the substantial birefringence 
characteristic of one - dimensional conjugated polymers  [9, 10] . A few initial 
comparisons of optical and electrical quantum yields  [8, 11]  suggested that the 
ratio of the two could substantially exceed the spin - statistical limit of 1   :   3 in con-
jugated polymers, whereas similar experiments in OLEDs based on small mole-
cules such as aluminum - tris - (8 - hydroxyquinoline) confi rmed the 25% ratio  [1, 12] . 
However, the quantum effi ciencies of the devices studied remained substantially 
below 10%, whereas at the same time over twice the effi ciency was being achieved 
with OLEDs incorporating triplet - harvesting phosphors  [13] . 

 Prompted by the surprising suggestion that the spin - statistical limit could be 
broken in fl uorescent OLEDs  [8, 9, 11, 14  – 25] , a number of models were devised 
to explain this discrepancy. Nevertheless, a concluding picture concerning the 
singlet – triplet ratio has not yet evolved and the topic remains controversial (e.g., 
 [1, 26 – 31] ). To follow this line of thought, we need to realize that the transition 
rates from the charge transfer or polaron pair state to the fi nal exciton or molecular 
excitation could differ, depending on the fi nal spin confi guration. That is, the rate 
for triplet formation  k  T  could differ from the rate for singlet formation  k  S , as illus-
trated schematically in Fig.  2.3 . While it is not immediately obvious why this 
should be the case  [1] , a number of quantum chemical and analytical calculations 
suggest this  [22, 24, 25, 32] . The driving argument is that if the charge transfer 
states of singlet or triplet confi guration are nearly degenerate, substantially more 
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energy has to be dissipated to relax the intermolecular charge transfer state to an 
intramolecular excitation of the lower lying triplet confi guration rather than the 
singlet confi guration. In short,  E  CT   −   E  T   >>   E  CT   −   E  S . This relaxation requires mul-
tiple phonon emission, which may be a problem due to the existence of a phonon 
bottleneck  [21, 23] , although we note in passing that energy dissipation in organic 
molecules is generally very effi cient and even intramolecular energy transfer does 
not appear to suffer from such a bottleneck phenomenon  [33] . This is particularly 
relevant as the intrinsic Stokes shift (i.e., the energy dissipated upon geometric 
relaxation under excitation) has been shown to be miniscule ( < 70 cm  − 1   [34] ). The 
second argument relates to the symmetry of the exciton precursor and the fi nal 
exciton states. Whereas the charge transfer or polaron pair state as the relevant 
intermediate to exciton formation is highly polar and delocalized, the triplet state 
is strongly bound, symmetrical, unpolar and can be thought of as being supported 
by a covalent bond. The bond holding together a singlet exciton, in turn, is more 
ionic in nature, and thus resembles the exciton precursor much more in terms 
of local symmetry properties. This imbalance may increase  k  S  with respect to  k  T  
 [19, 24] .   

 It is important to realize that an imbalance in formation rates is actually irrele-
vant to device performance if there is no spin - mixing channel, that is, if the spin 
confi guration of the precursor state cannot change with time. More rapid singlet 
than triplet formation will only infl uence the singlet to triplet ratio in a device if 
a transition between spin states of the precursor carrier pair can occur. There are 
a number of ways to think of such a spin - mixing channel, the most instructive 

Fig. 2.3     Interplay between exchange splitting 
and molecular level population. Singlets are 
populated from the charge transfer (CT) 
states (the bound electron – hole pairs) at a 
rate of kS , whereas triplets are created at a 
rate of kT . The fundamental question is 
whether a conversion of the spin 
confi guration can occur in the charge transfer 
state. If such a conversion occurs due to spin -

 lattice relaxation ( kSL ) (also referred to as 
intersystem crossing within the CT state) with 
associated conservation of energy through 
absorption or emission of phonons, then the 
ultimate quantum effi ciency of the device can 
exceed the spin - statistical limit of 25% 
assuming that singlet formation occurs faster 
than triplet formation  [19] . 



possibly being the spin - lattice interaction which leads to a spin fl ip of the single 
particle (electron or hole). If the spin - lattice relaxation rate  k  SL  substantially exceeds 
the triplet formation rate  k  T , then preferential singlet exciton formation can occur 
provided the transition from carrier pairs to molecular excitations is biased in favor 
of singlets, that is  k  S   >   k  T . It is this spin - mixing rate which is the focus of this 
chapter and has previously been hard to assess experimentally and impossible to 
determine theoretically. 

 Besides the detailed theoretical investigations of the problem of the fi nal charge 
carrier recombination step  [21 – 25] , there have been three main directions 
of experimental work to address this problem (see also the following reviews: 
 [1, 35, 36] ). The fi rst is based on electron spin resonance in combination with pho-
toluminescence and photoinduced absorption  [19, 20] . This technique allows a 
direct measurement of the spin multiplicity of species associated with features 
identifi ed in optical spectroscopy. In particular, it can be used to measure the transi-
tion rates from nongeminate charge carriers to exciton states directly. Whereas 
nongeminate (i.e., free, unbound) carriers carry spin 1/2, the exciton has a spin of 
1 (triplet) or 0 (singlet) so that transitions can be followed by the spin resonance 
signature. Strictly speaking, as these are basically static measurements, it is the 
formation cross sections rather than the formation rates which are measured. 
Detailed investigations along this line showed that not only is there a marked bias 
toward recombination in the singlet channel (i.e.,  k  S   >   k  T ), but this ratio also exhibits 
a marked dependence on the particular material system studied  [19] . Interestingly, 
studies on a series of oligomers pointed toward a chain length dependence of the 
ratio of formation cross sections  [20, 22, 23, 37] . Whereas short molecules appar-
ently follow spin statistics, longer molecules show a deviation with a bias toward 
singlet recombination. The problem with these results is that the immediate 
relevance to LEDs is not apparent as no information on the spin - mixing rate  k  SL  is 
available. In fact, the technique of electron spin resonance actually induces spin 
mixing. Furthermore, there are considerable methodological problems which arise 
because of the requirement of optical carrier generation. This is achieved by photo-
oxidation of the sample  [20] , a process which could clearly modify the physics of the 
material. We note that the technique itself is also highly debated  [1] , and a recent 
extension of the method to shorter timescales in the frequency domain claimed to 
observe no deviation from spin statistics  [38 –  40] . 

 The second method is based on a comparison of fl uorescence and phosphores-
cence in a working LED confi guration. Initial studies on small molecular systems 
pointed toward a spin - statistical ratio  [12] , whereas subsequent investigations on 
model oligomer and polymer compounds containing heavy metal atoms required 
to activate the radiative triplet channel pointed toward a substantial deviation from 
spin statistics as the size of the molecular system increases  [11] . The problem 
hereby is that the model systems contain metal atoms in every repeat unit, which 
induce strong spin mixing so that singlet and triplet are no longer pure states. In 
a simple microscopic picture, the heavy metal atoms induce spin crossovers 
between singlet and triplet by the spin - orbit coupling, both in the exciton state and 
in any exciton precursor state. While these results therefore again point toward a 
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chain length dependence of the exciton formation cross section, they provide no 
immediate insight into the competing mechanism of spin - lattice relaxation. 

 The third technique is not dissimilar to the fi rst as it principally relies on induced 
absorptions arising from optical and electrical excitation and a direct quantifi cation 
of the triplet density  [14, 41, 42] . Whereas the singlet density can be measured from 
the photoluminescence intensity, the triplet absorption (T 1  → T n ) provides a measure 
of the triplet density. The problem hereby is to disentangle the triplet absorption 
from the polaron absorption feature or even from absorptions of other unidentifi ed 
species  [42] . While this is possible at low temperatures, where the transitions are 
narrow, it becomes very hard at elevated temperatures. Furthermore, a conversion 
of the triplet absorption into a number for the triplet density requires accurate 
knowledge of the triplet absorption cross section. This number is hard to assess 
experimentally and is typically estimated from quantum chemical calculations  [43] . 
A further complication is the absence of accurate knowledge of the intrinsic inter-
system crossing effi ciency from an excited singlet state to the excited triplet. Values 
in the range of a few percent have been reported for this  [44] , but it is not at all 
clear whether this really is the intrinsic value relevant to the individual molecular 
S 0  – S 1  – T 1  three - level system. After all, singlet excitons are rather mobile in a 
polymer fi lm and can diffuse over more than 1nm. As the spin – orbit coupling 
scales with Z 4 , a single impurity such as an oxygen atom will enhance intersystem 
crossing locally by a factor of about 3 compared to carbon atoms. This is, however, 
an extrinsic effect. We note that single molecule spectroscopy of conjugated poly-
mers  [34, 45, 46]  can exhibit extremely stable emission without detectable intermit-
tencies over periods of hours  [47] . Keeping in mind that the triplet lifetime of 
conjugated polymers such as polyfl uorenes at low temperatures is of the order of 
seconds  [48] , an excursion to the triplet would render the single molecule dark for 
seconds. This is not observed, suggesting that the intrinsic intersystem crossing 
effi ciency is indeed extremely low. Consequently, this method of quantifying opti-
cally or electrically induced absorptions has yielded rather confl icting results 
ranging from a near absence of triplets under electrical excitation  [14]  to a confi r-
mation of the spin - statistical limit  [14, 16, 26 – 31, 49] . 

 These techniques rely on direct measurements of populations as a result of 
charge carrier recombination. While this is the most obvious experimental 
approach, the extensive spectrum of literature available suggests that there is some 
ambiguity in the interpretation of the results. We therefore seek to address the 
question of whether or not a change in the spin confi guration can take place prior 
to the fi nal transition from a charge transfer or polaron pair state to a molecular 
excitation. If a change in spin confi guration cannot occur, then the implications 
for the ultimate quantum effi ciency of an OLED are very clear: it cannot exceed 
the spin - statistical limit of 25%  [35] . While we show this to be the case in a particu-
lar material system highly relevant to OLEDs, we note that this negative result may 
not be the end of the story. It appears that in a homogeneous material system 
charge carriers once bound cannot dissociate again and therefore maintain their 
spin confi guration. Recent studies of photoinduced triplet absorption (T 1  → T n ) in 
blend systems, on the other hand, do suggest that the barriers to dissociation can 



be lowered if a long - lived delocalized and weakly bound exciplex state is formed 
 [43, 50] . This may in turn affect the probability for nongeminate recombination to 
occur, that is, carrier dissociation followed by recombination with a new partner.  

  2.3
Studying Spin States using Electric Field Modulated Fluorescence 
and Phosphorescence 

  2.3.1
Electric Field Modulation of Fluorescence and Phosphorescence: 
Experimental Method 

 The idea of the present undertaking is to investigate the spin dependence of the 
fi nal recombination step in a polymer based OLED, i.e., the transition from a pair 
of oppositely charged carriers  –  referred to either as a charge transfer state, radical 
pair or polaron pair  –  to a molecular excitation. In contrast to previous studies, 
the focus is on using a model material system for organic semiconductors which 
induces only a minimal perturbation in the singlet and triplet manifold of the 
molecule yet allows a direct visualization of both singlet and triplet states  [51] . 
Most importantly, the experiments are to be carried out in a device geometry at 
room temperature in the presence of an electric fi eld. The singlet population of 
an organic semiconductor is comparatively straightforward to monitor, as singlets 
decay radiatively and at least in the low occupation limit the number of photons 
emitted provides an accurate estimate of the singlet density. Triplets can be 
detected directly by their magnetic resonance signature in photoluminescence  [52] , 
electroluminescence  [52] , photocurrent  [3] , or photoinduced absorption spectros-
copy  [35] . The latter also provides an estimate of the relative triplet density on its 
own, i.e., in the absence of spin resonance, but is complicated by the fact that a 
number of species can overlap the photoinduced absorption signature  [14, 42] . As 
in the case of singlets, the most direct and accurate measure of the triplet density 
is photon emission by phosphorescence  [48, 53] . The problem is that this is a 
spin - forbidden process and is therefore not trivial to observe. The photon density 
can then be infl uenced strongly by inhomogeneities in the fi lm and by secondary 
processes such as triplet – triplet annihilation. 

 We recently introduced a unique material system which apparently provides the 
best of both worlds in terms of radiative singlet  and  triplet emission  [51] . As triplet 
deactivation is a forbidden process, these excitations have extremely long lifetimes 
and can therefore diffuse substantial distances through the fi lm. It is this diffusiv-
ity which can be exploited to activate the radiative decay of triplets (phosphores-
cence via T 1  → S 0  intersystem crossing)  without  substantially perturbing the singlet 
population by direct S 1  → T 1  intersystem crossing. Figure  2.4  shows the chemical 
structure of this unique material system, a ladder - type poly(para - phenylene) with 
phenyl backbone substituents (PhLPPP). Its optical and optoelectronic properties 
are identical to those of the more commonly studied methyl - substituted LPPP 
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(MeLPPP), and the material can readily be used for applications as diverse as 
plastic lasers and single molecule spectroscopy  [2, 54] . It is deposited onto a glass 
or indium tin oxide (ITO) covered glass substrate by means of dissolution in 
toluene and subsequent spin - coating to yield high quality fi lms with typical thick-
nesses of 100 – 200   nm. The crux of the material lies in the addition of a very small 
number of palladium atoms, which are covalently bound to the polymer backbone 
during polymerization. The presence of these atoms can only be verifi ed using 
highly sensitive combustion analysis, which pinpoints the concentration to around 
100   ppm. This corresponds to fewer than one atom per polymer chain at the 
molecular weight employed or a spatial density of less than one Pd atom per cube 
of 15  ×  15  ×  15   nm 3 . Nevertheless, this miniscule concentration at levels unheard 
of in organic synthesis is suffi cient to fundamentally alter the optoelectronic prop-
erties of the material. The high degree of triplet diffusivity allows triplet excitons 
generated in the bulk of the material to diffuse randomly throughout the bulk over 

Fig. 2.4     (a) Chemical structure of the polymer 
system used to study singlet and triplet spin 
states. The ladder - type poly(para - phenylene) 
(PhLPPP) contains an extremely low 
concentration of covalently bound palladium 
atoms. (b) The high diffusivity and longevity 
of triplet excitons enables effi cient triplet 
scavenging and rapid (T 1→ S 0 ) intersystem 
crossing with photon emission 

(phosphorescence), whereas the singlet 
population in the material is barely affected by 
the heavy metal atoms. Only singlets within 
the immediate vicinity of the Pd atom are 
affected, but as the diffusion length of 
singlets is shorter than that of triplets, this 
only has a minimal effect  [56] . This is 
illustrated in the cartoon shown. 



a substantial time period. The distance a triplet can diffuse is only limited by 
energetic disorder in the material and by slow, nonradiative recombination of the 
triplet, such as through phonon scattering  [55, 56] . Once such a triplet exciton 
encounters a heavy metal atom, the strength of the spin – orbit coupling, which 
scales with the atomic order number as Z 4 , is raised by orders of magnitude so 
that a mixing of the singlet and triplet manifold occurs. As back transfer to the 
excited singlet is impeded by the large energetic separation of the states of  ∼ 0.7   eV, 
the molecule relaxes back to the singlet ground state under emission of a photon. 
In this way the radiative decay channel of the usually dark triplets can be strongly 
enhanced. At the same time, the low level of metallic spin – orbit coupling centers 
barely affects the singlet excitons as the singlet diffusion length is lower than the 
triplet diffusion length due to the rapid radiative relaxation of singlets. The process 
is summarized in the sketch shown in Fig.  2.4 : on the one hand, the heavy metal 
atoms barely alter the intrinsic ratio of singlet to triplet excitons  [56]  due to the 
shorter characteristic migration distance of singlets, while on the other hand they 
make triplets visible via the phosphorescence channel.   

 Figure  2.5  illustrates the simplicity and power of this approach in visualizing 
the two spin confi gurations of excitations in a conjugated polymer fi lm. We 
compare the emission of the fi lm under electrical and under optical excitation 
with otherwise identical conditions at room temperature. Whereas under electrical 
injection spin - uncorrelated charge carriers recombine, absorption of a photon 
leads to direct formation of a singlet exciton, which in turn has a small probability 
of undergoing intersystem crossing to the triplet manifold. Two main spectral 
features are seen, one around 460   nm and the other around 600   nm, both followed 
by the vibrational subbands characteristic of the coupling of the electronic 

Fig. 2.5     Comparison of electroluminescence 
and photoluminescence spectra of the 
PhLPPP polymer system at room temperature. 
Two distinct spectral features are apparent, 
around 460 and around 600   nm. Whereas the 
high energy feature, which is associated with 
emission from the singlet state, is seen in 

both photoluminescence and 
electroluminescence, the red emission 
attributed to phosphorescence, i.e., triplet 
emission, only occurs upon injection of 
uncorrelated spin pairs in 
electroluminescence.
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transitions to vibrational degrees of freedom of the material. In both cases the 
emission at 460   nm is seen. This band is attributed to the singlet exciton, which 
has previously been studied extensively using time resolved and single - molecule 
spectroscopy  [57] . Under electrical excitation the second band at 600   nm appears. 
This emission is attributed to phosphorescence, i.e., emission from the triplet 
state, due to its similarity with the previously detected triplet signature under 
optical excitation  [48, 53] . Its strength is comparable to that of the singlet emission. 
By comparison of the spectra we can pose an upper limit on the relative triplet 
density under optical and electrical excitation of a factor of 100. Although both 
singlets and triplets are generated by electrical injection of spin - uncorrelated elec-
trons and holes, the vast majority of optically generated excitations are in the 
singlet confi guration as the photon does not carry orbital angular momentum and 
the spin confi guration of the molecule is thus conserved during the transition 
from the ground to the excited state.   

 The phosphorescence is driven by diffusion of triplets to palladium sites in the 
polymer fi lm  [55, 56, 58] . A small number of triplets are also generated under 
optical excitation due to either intrinsic or diffusion driven intersystem crossing. 
The intrinsic effi ciency of intersystem crossing is extremely low because in ideal 
conjugated polymers the spin - orbit coupling will be marginal as only lightweight 
carbon atoms (Z = 6) are present. Contrary to that, in PhLPPP triplet → singlet 
intersystem crossing is strongly enhanced because of diffusion of triplets to pal-
ladium sites as described in detail above. As the phosphorescence is diffusion 
limited and not controlled by the spontaneous emission lifetime of triplets, which 
is relatively short close to heavy metal atoms, we observe a power law dependence 
of the phosphorescence intensity as a function of time. This is illustrated in Fig. 
 2.6  for triplets generated either optically or electrically at room temperature. The 
experimental method is similar in both cases. In the optical case, a short (130   fs) 
laser pulse excites singlets at time zero, a small fraction of which undergoes inter-
system crossing to the triplet state. The phosphorescence at a time  τ  after excitation 

Fig. 2.6     Decay of the phosphorescence under optical (open 
symbols) and electrical (closed symbols) excitation at room 
temperature, shown on a double logarithmic scale. The line is 
a guide to the eye. 



is recorded within detection windows of variable length (100   ns to 200    µ s) by using 
an electrically gated image intensifi er mounted in front of a charge - coupled device 
camera. The gate length is chosen as  δ  τ , typically 100   ns. For transient electrolu-
minescence, a square voltage pulse is applied to a diode structure in forward 
direction. After the voltage pulse is removed, the phosphorescence is again mea-
sured in an optical gate of delay  τ  and width  δ  τ . This technique of transient elec-
troluminescence spectroscopy is very powerful for studying delayed recombination 
in OLEDs and in particular the infl uence of trap and defect recombination  [59, 
60] . As determined from Fig.  2.6 , the decay of the phosphorescence in both cases 
follows a power law with an exponent of ( – 1.3, showing that the decay of the triplet 
density under optical and electrical excitation is virtually identical. This similarity 
tells us that all optical or electric fi eld modulated  optical  measurements as dis-
cussed below provide an accurate picture of the dynamics of triplet excitons gener-
ated by  electrical  injection in an OLED. Indeed, excitations generated by optical or 
electrical excitation are identical. Note that the power law decay of the phospho-
rescence can be described accurately by a diffusion model  [56] .   

 The simultaneous visualization of singlet and triplet densities in an organic 
semiconductor now allows us to assess the degree of spin mixing during recom-
bination in an immediacy other methods lack. There are a number of experimental 
routes to addressing this question. The basic approach is to convert a singlet 
exciton generated optically into a meta - stable charge carrier pair, in which the 
radiative decay channel is deactivated  [61, 62] . The radiative decay rate can then 
be controlled by an external electric fi eld, as will be shown in detail. When the 
charge carriers fi nally recombine, the spin confi guration of the carrier pair is 
directly transferred to the spin confi guration of the exciton state, which can be 
read out as either fl uorescence or phosphorescence  [54] . Figure  2.7  summarizes 
the basic experimental strategy to measure spin conversion times in carrier pairs 
by modulating the recombination to excitons with an electric fi eld. The important 
point to note is that an electric fi eld applied in reverse bias, i.e., without injecting 
charge carriers into the diode structure, quenches (reduces) the exciton fl uores-
cence  [63] . In contrast to inorganic semiconductors, where an electric fi eld can 
fully dissociate the exciton at moderate fi eld strengths, the exciton binding energy 
in a conjugated polymer exceeds half an eV due to the strong Coulombic correla-
tions and low dielectric screening  [64] . Typical sizes of an exciton are in the range 
of a few nm. Recent studies of the electric fi eld effect in single molecule fl uores-
cence show clearly that it is generally not possible to dissociate or fi eld - quench the 
exciton on a single chain  [65] . Even in the bulk it is not possible to fully dissociate 
the exciton and generate free charge carriers. However, the electric fi eld can polar-
ize the exciton so that electron and hole no longer reside on the same molecule, 
creating a charge transfer state which is effectively intermolecular and lacks a 
radiative decay channel. This electric fi eld induced transformation of singlet exci-
tons to the respective dark charge transfer states is the reason for fl uorescence 
suppression, as illustrated in Fig.  2.8(a) . The dependence of the electric fi eld 
quenching effi ciency on the applied bias shows a parabolic functionality in panel 
(b), as expected for a Coulombic screening process  [63] . The suppression of 
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Fig. 2.8     (a) Quenching of the cw photoluminescence of a 
polymer fi lm due to exciton dislocation under application of 
an external electric fi eld. (b) Dependence of the quenching 
effi ciency on the applied bias applied to a 100 - nm - thick device 
with insulating barrier layers preventing charge injection. F l 
and ∆F l refer to the fl uorescence and the change in 
fl uorescence intensity, respectively. 

Fig. 2.7     Excitation and detection scheme for 
electric fi eld modulated photoluminescence. 
Singlet excitons are formed by absorption of 
the laser pulse (1) and a certain fraction of 
these are dislocated in an electric fi eld present 
during generation (2). An optical gate (dashed 
line) can be swept along the time axis to 
detect the amount of fl uorescence and 
phosphorescence present at any given time. 

Switching off the electric fi eld results in the 
dislocated, indirect exciton (which can be 
thought of as a charge transfer state, radical 
pair or polaron pair) returning to the exciton 
confi guration (3). Note also that intersystem 
crossing may occur after the electrical pulse 
from newly generated singlet excitons, 
potentially modifying the radiative triplet 
signature (4). 



radiative decay does not necessarily enhance radiationless decay, as radiative 
recombination of a fraction of the separated carrier pairs can occur after removal 
of the electric fi eld  [66] .      

  2.3.2
Estimating the Triplet Formation Rate from Transient Electroluminescence 

 As we outlined in the introduction, an imbalance in triplet and singlet formation 
rates will only affect the ultimate quantum effi ciency of the device if spin mixing 
can occur prior to recombination, i.e., if the rate of spin - lattice relaxation exceeds 
the recombination rate. Thus far, only relative exciton formation cross sections 
have been accessible experimentally  [35] . Theoretical investigations have suggested 
triplet formation rates of order (100   ns) −1 , orders of magnitude lower than singlet 
formation rates  [22] . Using our electrophosphorescent conjugated polymer along 
with the powerful technique of gated electroluminescence spectroscopy  [59, 60] , 
we can arrive at a straightforward estimate for an upper limit of the triplet forma-
tion time. Application of an electric fi eld in forward bias (i.e., under injection 
conditions) and time resolved detection of the emission spectra allow us to esti-
mate the time required for photon emission from the triplet state to occur. 

 Figure  2.9  shows the response of an OLED to an applied bias pulse resolved for 
both the singlet and the triplet channel. Clearly, the fl uorescence sets in before 
the phosphorescence and the phosphorescence also lives longer. This is simply a 
consequence of the fact that the phosphorescence rate is limited by slow triplet 
diffusion to the palladium sites and not by triplet formation. This is readily seen 

Fig. 2.9     Time resolved electroluminescence 
trace of a polymer LED showing singlet 
(closed symbols) and triplet (open symbols) 
emission at an applied bias of 16   V. The inset 
shows two representative spectra measured in 
a 100   ns temporal gate at the delay times 
indicated by arrows in the main fi gure. a and 

b mark the times in the trace at which the 
spectra shown in the inset were recorded. 
Note that the emission appears before 0    µ s 
due to the uncertainty in the positioning of 
the temporal detection window (gate length 
200   ns). 
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by superimposing the decay of the triplet signal after the voltage pulse (which 
is similar to the decay shown in Fig.  2.6 ) on the rise of the phosphorescence at 
the beginning of the voltage pulse. Both rise and decay overlap quite nicely proving 
that the triplet diffusion rate  –  the dominant rate for radiative triplet decay after 
generation of the triplets  –  must also be rate limiting for the onset in phosphores-
cence. Phosphorescence is detectable within 100   ns of application of the voltage 
pulse, which provides a straightforward, conservative upper estimate for the for-
mation time of triplet excitons. Spin randomization in the precursor state would 
therefore have to occur on timescales substantially shorter than 100   ns to have an 
effect on the OLED quantum effi ciency. Note that besides being limited by the 
diffusion of triplets through the polymer fi lm to the palladium sites, the electro-
luminescence response to the voltage pulse also depends on the speed at which 
charge carriers can drift into the recombination zone of the OLED as well as the 
time required for the electric fi eld to build up in the device, which is limited by 
the product of capacitance and resistance (the RC time). However, these factors 
should infl uence the build - up of the singlet and triplet channel equally. It is there-
fore safe to conclude that our transient electroluminescence results provide a  lower 
limit  for the exciton formation rate.    

  2.3.3
Spin Persistence in Charge Carrier Pairs Generated by an Electric Field 

 To investigate the possibility of spin conversion in the relevant intermediate state 
prior to exciton formation we resort to optical rather than electrical generation 
of excitations. This approach allows us to control the actual recombination time 
 [61, 62] , i.e., the time required for the conversion of a charge carrier pair into an 
exciton by means of an external electric fi eld, and thus assess the magnitude of 
the spin - lattice relaxation time. 

 Figure  2.10  shows photoluminescence spectra of a polymer fi lm sandwiched 
between an ITO and an aluminum electrode. As the fi lm is only 100   nm thick, it 
is important to minimize quenching of excitons and the exciton intermediates  –  
charge transfer states, polaron pairs, or radical pairs  –  by the electrodes. This can 
be achieved effectively by depositing a thin ( ∼ 10   nm) layer of SiO  x   between both 
electrodes and the polymer fi lm. The spectra measured during application of a 
voltage pulse, after optical generation of the excitons by the laser pulse, show a 
quenching of both the singlet and the triplet in the electric fi eld. Note that the 
electric fi eld is present prior to optical generation of excitons, as sketched in the 
scheme in Fig.  2.7 . Both fl uorescence and phosphorescence are observed in 
the delayed luminescence due to the fact that a small number of triplet excitons 
are generated by optical excitation due to intersystem crossing in the excited state. 
The electric fi eld suppresses the delayed recombination in both the singlet and 
triplet channels. As the radiative lifetime of the singlet is of order 300   ps, the 
delayed emission measured at 200   ns and shown in Fig.  2.10  is a consequence of 
delayed recombination of stored charge carrier pairs to form excitons. These 
carrier pairs are either generated optically upon excitation  [4]  or are a result of 



fi eld - assisted dissociation  [17, 66] . There is also a possible contribution of delayed 
fl uorescence from triplet excitons arising from triplet – triplet annihilation, but 
as we comment on below this is not the dominant origin of delayed fl uorescence 
 [41, 62] .   

 The binding energy of the triplet excitons exceeds that of the singlets by over 
0.7   eV, as the overall triplet energy is lowered with respect to the molecular level 
to level separation by the Coulombic exciton binding energy ( ∼ 0.5   eV  [64] ) and the 
exchange energy. The triplet exciton is thus much less polarizable due to the 
covalent bonding nature of an electron and a hole. A substantially weaker fi eld 
response of the triplet is therefore to be expected. However, the triplet excitons 
detected here are photogenerated by intersystem crossing from the singlet to the 
lower energy triplet manifold of the molecule. This process is not instantaneous, 
but clearly depends on the singlet density present. A competing channel to inter-
system crossing is introduced by the fi eld - induced quenching or dislocation of 
the exciton. Most of the reduction of the triplet intensity therefore arises due to 
the transformation of singlet excitons to charge carrier pairs and accordingly the 
reduction in singlet excitons available for intersystem crossing. We note that 
further fi eld - induced triplet quenching could additionally occur as a consequence 
of interactions of triplets and meta - stable fi eld - generated charge carrier pairs 
 [49, 67] . 

Fig. 2.10     Delayed photoluminescence spectra 
of a polymer fi lm measured after excitation 
using gated detection, during (a) and after 
(b) the time window of the electric fi eld. Both 
fl uorescence and phosphorescence are 
observed in the delayed emission as a small 
number of triplets are photogenerated by 
intersystem crossing. In the time window of 
the voltage pulse, the fi eld leads to a 

substantial suppression of the singlet 
emission and a small suppression of the 
triplet intensity. After the fi eld window, the 
triplet intensity remains unchanged. The 
singlet intensity, in contrast, is increased by 
almost two orders of magnitude, as 
dislocated excitons can recombine again. 
Note that the spectra are not normalized. 
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 The charge carrier pairs can now be stored in the electric fi eld for tens of micro-
seconds, i.e., orders of magnitude longer than the singlet exciton radiative lifetime. 
As soon as the electric fi eld is removed, i.e., the pulse is terminated, the intermo-
lecular charge pair can recombine again on a single molecule and form an intra-
molecular exciton  [54, 61, 62] . Depending on the spin state of the charge carrier 
pair, this will lead to the generation of either a new singlet or a new triplet exciton, 
detectable as fl uorescence or phosphorescence, respectively (see Fig.  2.3 ). Fig. 
 2.10(b)  shows the photoluminescence spectra measured immediately after the 
voltage pulse, compared to the case of zero applied voltage. As can be seen, the 
triplet intensity is unchanged after the voltage pulse, irrespective of whether a bias 
was applied to the sample or not. In contrast, a dramatic increase by almost two 
orders of magnitude is observed in the singlet intensity after removal of the voltage 
pulse when compared to the case without a bias. The voltage pulse therefore allows 
us to strongly modulate the delayed emission of the singlet exciton, but not of the 
triplet exciton. Delayed recombination after the fi eld pulse therefore does not occur 
in the triplet channel, as triplet excitons were not stored by the fi eld. The slight 
quenching of the phosphorescence seen in Fig.  2.10(a)  is due to reduced intersys-
tem crossing, but not due to a conversion of triplet excitons into meta - stable charge 
transfer states. 

 Figure  2.11  summarizes the spectrally integrated delayed photoluminescence 
emission intensity under electric fi eld modulation for the singlet (a) and triplet (b) 
channel at room temperature. The time during which the voltage pulse is applied 
is marked in the diagram. Note that the prompt fl uorescence (cf. Fig.  2.8 ) is not 
shown in this representation, as its intensity outweighs the intensity of the delayed 
emission by almost two orders of magnitude. The dotted lines indicate the fl uo-
rescence and phosphorescence decay in the absence of an electric fi eld, the solid 
lines the decay with an electric with an electric fi eld pulse applied. Whereas a 
strong burst is observed in the singlet channel after removal of the electric fi eld, 
virtually no change is seen in the triplet channel.   

 The fact that over 99% of the delayed recombination occurs in the singlet channel 
tells us two important things. Firstly, assuming that it is Coulombically bound 
charge carrier pairs which are stored by application of the fi eld pulse, a spin conver-
sion to the energetically lower lying triplet state does not take place, or else the 
singlet channel would be depleted with the triplet channel exhibiting a concomitant 
increase. Secondly, we can also exclude the possibility that the electric fi eld pulse is 
able to entirely dissociate molecular excitons into completely free, uncorrelated 
electrons and holes. If this were the case, we would expect to arrive at a scenario 
comparable to the injection of entirely spin - uncorrelated free charge carriers shown 
in Fig.  2.5 . In this case of electroluminescence (Fig.  2.5 ), singlet and triplet emis-
sion intensities are comparable for the recombination of free charge carriers. We 
can therefore conclude that during the time of exciton (or, more accurately, exciton 
precursor) storage of 1    µ s in this example, spin conversion is minimal. If spin -
 lattice relaxation were effi cient, the singlet exciton precursor should relax to the 
lower energy state thus favoring delayed population of the triplet. This appears not 
to be the case. We see from this example that it is the spin - lattice relaxation time 



1/ k  SL  which is relevant and not the exciton formation time 1/ k  T . Although we store 
the exciton precursor for over ten times the time required to form a triplet exciton 
(1/ k  T   <  100   ns), virtually no new triplet excitons are formed after removal of the 
electric fi eld pulse. Not surprisingly, the results are independent of temperature 
over almost two orders of magnitude change in thermal energy  [54] . This fi rst mea-
surement already tells us that most likely at least for the present material system 
under investigation as well as for structurally similar material systems, the spin -
 lattice relaxation rate cannot exceed the exciton formation rate, a prerequisite for 
high singlet - triplet ratios as discussed earlier in the text. Therefore, the ultimate 
quantum effi ciency of an all - fl uorescent PLED is limited to 25%, assuming that the 
intersystem crossing back transfer rate from T 1  to S 1  is small. This assumption is 
derived from the observation of weak spin mixing and large exchange splitting of 
0.7   eV compared to the thermal energy of 0.025   eV at room temperature. 

Fig. 2.11     Intensity of delayed photoluminescence emission 
from a polymer fi lm under electric fi eld modulation at room 
temperature, shown for the singlet (a) and triplet (b) channel. 
The decay in the absence of an electric fi eld is also given 
(open symbols). 
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 A small increase is observed in the triplet channel in Fig.  2.11(b)  after removal 
of the voltage pulse. While this could be a signature of weak spin mixing, the most 
likely explanation is intersystem crossing of singlet excitons generated  during  the 
fl uorescence burst. Note that this experiment basically provides a  relative  measure 
of perturbable singlet and triplet exciton densities which are superimposed on a 
background decay unaffected by the electric fi eld (such as the neutral prompt 
triplet excitons). To exclude the possibility that the fact that we do not observe 
triplet creation in the electric fi eld is simply a consequence of new triplets formed 
being masked by the residual background decay of triplets, it is important to con-
sider the time dependence of the overshoot post fi eld turn - off. We therefore con-
sider the integrated decay of singlet and triplet excitons after turn - off of the voltage 
pulse as a function of the pulse duration. Naturally, we would expect the overall 
fi eld - induced modulation of the emission to increase with increasing storage time 
as the background of emissive species unaffected by the fi eld (the neutral photo-
generated triplets) drops with respect to the perturbable species, i.e., the charge 
carrier pairs stored in the fi eld. Note that within 100    µ s the phosphorescence 
intensity drops by four orders of magnitude following a power law. Figure  2.12  
summarizes the change in total fl uorescence and phosphorescence measured in 
a detection window of 200    µ s duration beginning immediately after the voltage 
pulse is switched off. Whereas the triplet modulation is of the order of a few 
percent and  negative  for the fi rst 40    µ s, the singlet modulation is always positive 
and orders of magnitude stronger. There is a weak increase in singlet and triplet 
modulation with storage time, as expected. We observe virtually no dependence 
of the modulation on temperature (300   K to 4   K), except for a tendency for the 
triplet modulation at room temperature to increase slightly more rapidly with 
storage time than at lower temperatures (not shown)  [54] . This suggests that at 
elevated temperatures a small possibility exists to fully dissociate the charge carrier 
pair in the fi eld by thermally assisted tunneling out of the mutual Coulomb well 

Fig. 2.12     Change in fl uorescence and phosphorescence 
measured in a detection window of 200    µ s duration 
immediately after turning off the electric fi eld as a function of 
the electric pulse length (i.e., the storage time) at room 
temperature.



and subsequent nongeminate recombination following spin randomization. If this 
mechanism does occur it is an extremely weak process. We conclude that even 
during 100    µ s of storage of charge carrier pairs no substantial relaxation to the 
lower energy triplet state occurs, suggesting that spin - lattice relaxation is indeed 
extremely slow ( k  SL  << (100   µ s) −1 ).   

 In view of the strong exciton binding it appears improbable that the electric fi eld 
be able to dislocate the charge carriers forming the molecular exciton over sub-
stantial distances. As mentioned above, however, the absence of a fi eld quenching 
effect in single molecules shows us clearly that the fi eld results in the formation 
of a meta - stable intermolecular species between different chains. The spin conser-
vation during this process implies that the spin of the single carrier remains 
defi ned during the separation process. This can either be achieved in the presence 
of an external magnetic fi eld (which provides a reference direction for the spin 
orientation) or by the interaction with a second particle having spin. The fact that 
the overall charge pair spin is maintained suggests strongly that the exchange 
interaction, i.e., the interactions resulting from the electron and hole that carry 
different spins, can have an intermolecular component (the estimated intermo-
lecular separation for a closed fi lm is  ∼ 4    Å   [18] ). It was recently proposed that 
polarons in LPPP can acquire intermolecular character in the solid state  [68] . This 
observation, derived from electron spin resonance studies, is in agreement with 
the exceptional charge carrier mobility reported for this set of materials  [69] . Inter-
molecular exchange may therefore be a signature of carrier delocalization between 
adjacent molecules.  

  2.3.4
Spin Persistence in Charge Carrier Pairs Generated Spontaneously 

 Delayed fl uorescence on timescales orders of magnitude greater than the exciton 
lifetime is observed from polymer fi lms even when no electric fi eld is applied  [53] . 
This delayed fl uorescence is generally taken as a signature of charge carrier pairs 
formed spontaneously during or shortly after photoexcitation  [4, 53, 61, 62] . As 
these pairs can have different spatial separations, their decay is not described by a 
characteristic time but rather follows a power law  [62] . The closer, more strongly 
bound pairs decay faster than the more distant pairs. This time dependence allows 
us to study the fi eld modulation of recombination of charge carrier pairs of different 
separations and thus of different potential levels of exchange splitting. These pairs 
can be thought of as being localized either on different segments of a polymer 
molecule or on adjacent molecules, and are effectively trapped in a local potential 
minimum, or else the mutual Coulombic attraction would lead to immediate 
recombination. Recombination occurs by tunneling through the potential well 
trapping the individual carrier, and leads to the formation of a molecular exciton 
which can then decay radiatively  [61] . Application of an external bias can tilt the well 
confi ning the carrier but also modify the actual carrier wavefunction, in analogy 
with electric fi eld control of the radiative rate by the quantum confi ned Stark effect 
in semiconductor nanocrystals  [70] . This process is summarized in Fig.  2.13 .   
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 Interestingly, these optically generated meta - stable species  –  bound charge 
carrier pair precursors to exciton formation  –  can occur both in the singlet and in 
the triplet confi guration, as has also previously been confi rmed with electron spin 
resonance techniques  [71] . The triplet exciton precursor  –  the triplet polaron pair 
 –  is of particular interest, as it is this precursor which would have to undergo a 
spin change to actually increase the ultimate OLED effi ciency beyond the spin -
 statistical limit. Figure  2.14  demonstrates the presence of polarizable polaron pairs 
in the triplet confi guration, whose recombination can be modulated by an external 
electric fi eld. We show the time resolved change in phosphorescence intensity 
under application of an electric fi eld pulse 1    µ s after the laser pulse generated the 
polaron pairs optically. The phosphorescence initially shows a short increase, as 
some polaron pairs are pushed together in the electric fi eld, and is quenched 
substantially shortly later, as the separation between polaron pairs with opposite 
fi eld alignment is increased. As expected, the effect depends strongly on the mag-
nitude of the fi eld applied. For the three fi eld strengths illustrated the overshoot 
at the onset of the fi eld increases with the applied fi eld, as does the magnitude of 
the quenching during the fi eld pulse.   

Fig. 2.13     Illustration of charge carrier pairs 
(indirect excitons) formed as an immediate 
consequence of photoexcitation. The charge 
carriers are trapped on different 
chromophores and have minimal 
wavefunction overlap. Delayed recombination 

of these pairs constitutes a contribution to 
the delayed emission observed from polymer 
fi lms. Application of an electric fi eld can 
increase and suppress delayed recombination, 
depending on the orientation of the pairs with 
respect to the applied fi eld. 



Fig. 2.14     Modulation of the phosphorescence intensity by 
application of an electric fi eld pulse of different amplitudes. 
Turning on the fi eld leads to an initial overshoot as charge 
carriers are pushed together. Both the overshoot and the 
subsequent quenching of the emission due to increased 
dislocation of the carriers increase in magnitude with 
increasing fi eld strength. 
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 Figure  2.15  shows the response of both delayed fl uorescence and phosphores-
cence to a reverse bias pulse applied to the polymer fi lm 1    µ s after optical excita-
tion. As in Fig.  2.14 , both the phosphorescence and particularly the fl uorescence 
initially increase under application of the fi eld. This is because trapped charge 
carrier pairs of both singlet and triplet confi guration can be coaxed into recombin-
ing by lowering the trapping barriers in the electric fi eld. Subsequently, both the 
fl uorescence and the phosphorescence decrease in intensity as the remaining 
trapped carriers whose dipole orientation opposes the direction of the applied fi eld 
are further separated and hindered from recombining. Turning off the fi eld leads 
to a brief burst in both fl uorescence and phosphorescence for similar reasons 
as discussed above for the electrically displaced charge carrier pairs (Fig.  2.12 ). 
Naturally, the fi eld modulation is much stronger for the singlet channel than for 
the triplet channel. This is a consequence of the fact that the phosphorescence 
arises from radiative decay of both neutral, unpolarizable triplet excitons and 
delayed triplet exciton formation from polarizable charge carrier pairs of triplet 
character. Although the electric fi eld does not affect the neutral triplet excitons, it 
can modulate the recombination rate of triplet polaron pairs. As the triplet popula-
tion decays by diffusion to the palladium sites in the polymer fi lm and subsequent 
radiative recombination, the triplet density decreases with time following the 
power law discussed in Fig.  2.6 . The polaron pairs, on the other hand, can be 
stored in the electric fi eld for much longer times. Consequently, the overall electric 
fi eld modulation amplitude of the phosphorescence increases with time as the 
density of polarizable triplet carrier pairs increases with respect to the density of 
nonpolarizable triplet excitons.   
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 We note in passing that the rise in singlet emission at the onset of the voltage 
pulse provides conclusive evidence that triplet – triplet annihilation does not con-
stitute the main origin of delayed fl uorescence in this class of materials, which is 
rather controlled by microscopic charge carrier pairs. Neither singlet nor triplet 
excitons could exhibit a reaction in an electric fi eld which would lead to such a 
rapid  increase  in delayed emission under application of an electric fi eld. If any-
thing, these neutral species should be quenched in a fi eld. The highly polar charge 
transfer states, however, can be modifi ed in their transition rate to the fi nal exciton 
state, which gives rise to the overshoot observed. An interesting puzzle remaining 
is how the triplet polaron pairs are actually formed under optical excitation. Clearly, 
dissociation of the exciton after intersystem crossing is extremely unlikely due to 
the vast binding energy of the triplet. Singlet fi ssion or annihilation effects may 

Fig. 2.15     Modulation of the delayed emission 
from a polymer fi lm under application of an 
electric fi eld after laser excitation at 200   K. 
Switching on the fi eld leads to an initial 
overshoot in the emission of both singlets 
and triplets as charge carriers are pressed 
together, increasing wavefunction overlap and 
thus the transition probability to an emissive 

excitonic state. During the application of the 
fi eld pulse the delayed emission intensity is 
reduced. After the pulse is removed, the 
delayed emission returns to the level observed 
in the absence of a fi eld, following a small 
overshoot. The circle marks the region 
magnifi ed in Fig.  2.16 . 



play a role in the generation of these spin symmetric carrier pairs, but on the other 
hand appear energetically unfavorable. 

 Low temperature thermally stimulated luminescence measurements have previ-
ously shown that trapped polaron pairs always decay to the lowest energy state, 
i.e., they form a precursor for triplet rather than singlet excitons  [18] . From this it 
was extrapolated that given suffi cient thermal energy to overcome the presumed 
small exchange splitting, conversion of triplet to singlet exciton precursors should 
occur with the corresponding increase in OLED effi ciency. However, the time-
scales involved in these prior experiments are orders of magnitude greater than 
those applicable to the operation of OLEDs. What the present results demonstrate 
is that charge carrier pairs trapped at different sites in the polymer fi lm and hin-
dered from recombination by an external fi eld do not change their spin confi gura-
tion, at least on the device relevant timescales. The prior thermally stimulated 
luminescence experiments arrived at an estimate for the exchange splitting of 
approx. 3   meV for the ladder - type polymer used here  [18] . At 200   K (18   meV) there 
should therefore be more than enough thermal energy present to convert triplet 
polaron pairs into singlet polaron pairs, which have a much shorter lifetime and 
should therefore effi ciently deplete the triplet polaron pair reservoir. As Fig.  2.15  
shows, this is, however, not observed. 

 Figure  2.16  shows a blow - up of the region marked by a circle in Fig.  2.15  for 
different storage times  τ  of the polaron pairs in the electric fi eld. The graphs 
display the overshoot in the phosphorescence after removal of the electric fi eld. 
The longer the storage time, the stronger the overshoot. Quite the opposite would 
be expected if spin mixing could occur during the electric fi eld assisted storage of 

Fig. 2.16     Increase in the magnitude of the triplet emission 
overshoot as the pulse is removed (cf. the circled region in 
Fig.  2.15 ) for different storage times ( τ  as marked in Fig. 
 2.15 ) of the polaron pair. The time axis is shifted so that the 
axis value of 600   ns coincides with the time when the fi eld 
pulse is removed in Fig.  2.15 .    
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the exciton intermediate polaron pair. The results show that the spin confi guration 
of the precursor state does not change during storage on timescales of  µ s relevant 
to the operation of OLEDs, and hence the triplet polaron pairs are not depleted to 
the benefi t of singlet polaron pairs. The interpretation of the data in view of the 
previous model derived from the consideration of thermally stimulated lumines-
cence  [18]  is that either the exchange splitting between singlet and triplet polaron 
pairs is much greater than previously thought  [18]  or spin - lattice relaxation is so 
weak that there is no way for the carriers constituting the precursor to exciton 
formation to change their spin on reasonable timescales. While we cannot 
distinguish between these two interpretations directly, the arguments presented 
above in favor of intermolecular exchange due to delocalized carrier wavefunctions 
can be used to support the picture of an exceptional and unexpected  intermolecular  
exchange interaction in the exciton precursor state.   

 In this context it is also interesting to return to the magnitude of intersystem 
crossing. The exciton can clearly change its spin confi guration in a measurable 
quantity within a few ns, i.e., within an order of magnitude of the radiative lifetime 
of the singlet, or else we would not observe optically generated triplets. Similar 
timescales on which the spin - orbit coupling occurs, which drives intersystem 
crossing, do not appear to apply to the polaron pair. We suggest that this is due 
to the reduced mobility of the polaron pair with respect to the singlet exciton. The 
polaron pair is effectively trapped and cannot migrate through the fi lm and sample 
a range of Pd sites with potential fl uctuations in the strength of the spin - orbit 
coupling. 

 Even if the exchange splitting were substantial in the polaron pair and this con-
stituted the origin of the apparent spin conservation process during recombina-
tion, we would expect to see a dependence of spin conversion probability on 
temperature. Metal - organic phosphorescent molecules such as platinum porphy-
rins exhibit a striking temperature dependence of the ratio of fl uorescence to 
phosphorescence  [72] . At low temperatures, intersystem crossing, which is a 
purely quantum mechanical and thus temperature independent process, depletes 
the photoexcited singlet manifold rapidly within 50   ps  [73]  and gives rise to pure 
red emission from the triplet state. As the temperature is raised, a second narrow 
emission band appears in the green part of the spectrum, which is associated 
with emission from the singlet state. The origin of the temperature dependence 
of the emission, which displays an Arrhenius - type activation with a barrier 
corresponding to the energetic splitting between singlet and triplet (approx. 0.4   eV), 
lies in  reverse  (T 1  → S 1 !) intersystem crossing or so - called E - type delayed fl uores-
cence. As the radiative lifetime of the singlet is much shorter than that of the 
triplet, even moderate thermal energy at room temperature (25   meV) can lead to 
substantial excitation over the exchange barrier and thus detectable singlet emis-
sion. In this case of metalorganic complexes with the strong spin - orbit coupling 
it is therefore indeed possible to mix singlet and triplet manifolds so that prefer-
ential emission occurs from the singlet as long as the requirement of energy con-
servation can be met. 



 Conjugated polymers, on the other hand, are typically pure hydrocarbon com-
pounds and do not possess such an effi cient spin - mixing channel through the 
strong spin - orbit coupling. In the absence of a spin - mixing channel thermally 
assisted crossing of the exchange gap cannot occur.   

  2.4
Summary and Outlook 

 We have studied the spin dependence of the fi nal recombination step of charge 
carrier pairs in conjugated polymer fi lms stabilized in an external electric fi eld. 
During electrostatic storage of these pairs, conversions between the two spin 
manifolds of these exciton precursors appear to be highly improbable. This conclu-
sion is further supported by the inability of strong magnetic fi elds of up to 8   T to 
induce a signifi cant change in intensity between the singlet and triplet channels 
 [54] , in spite of a strong magnetic fi eld effect on the fl uorescence intensity  [54]  and 
the device resistance  [74] . A magnetic fi eld could either shield the hyperfi ne inter-
action in the low fi eld limit, or else lead to a splitting of the triplet sublevels of the 
exciton precursor polaron pair  [75] . While we were able to place an upper limit on 
the low fi eld effect of spin mixing of a few percent, the absence of a systematic 
magnetic fi eld dependence on the spin channels in electroluminescence at high 
fi elds demonstrates again that spin mixing within the polaron pair precursor state 
 –  in this case between the Zeeman sublevels  –  does not occur. In this context it 
is interesting to note that the Zeeman sublevels and spin mixing between them 
can be clearly identifi ed spectroscopically in iridium containing small molecular 
complexes  [76] . 

 Recent studies of organic spin valves, diode like devices containing two spin -
 polarizing electrodes which only pass electrons of a given spin orientation, have 
shown that the spin of an electron injected from a contact into the organic semi-
conductor can be conserved over surprisingly long distances  [6] . This single - 
particle spin picture should be seen in conjunction with our two - particle charge 
carrier pair spin picture. The absence of spin conversion in the pair state could be 
a signature of extremely long spin conservation times in organic semiconductors, 
even at room temperature. Conversion from the singlet to the triplet confi guration 
requires conservation of both energy and angular momentum. While energy con-
servation can, in principle, be met by phonon emission or absorption, keeping in 
mind the strong degree of the electron – phonon coupling in conjugated polymers 
as well as the high energy ( ∼ 0.2   eV) of optical phonons, spontaneous changes in 
angular momentum cannot occur because of the weak spin - orbit coupling. This 
is exactly the opposite case to inorganic semiconductor nanostructures, where the 
strong spin - orbit coupling can mix the spin but the absence of suitable phonons 
means that transitions between spin sublevels in a magnetic fi eld are impeded 
because of energy conservation restrictions. Surprisingly long spin conservation 
times have also been observed in inorganic semiconductors, most notably in single 
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quantum dots coupled to a continuum of states in a bulk semiconductor  [77, 78] . 
In this case, however, the spin persistence has been related to constraints of energy 
conservation due to the absence of suitable low frequency phonon modes  [78] . In 
any case, the spin degree of freedom is an exciting parameter to use for infor-
mation exchange in future generations of devices. The facility with which non-
degenerate spin confi gurations can be read out in organic semiconductors  –  by 
considering simply the ratio between fl uorescence and phosphorescence  –  sug-
gests a plethora of future applications and promises to keep the fi eld of organic 
electronics very lively for the coming years. 

 The conclusion of our studies is that for the present model material system there 
appears to be no suitable spin - mixing channel in the carrier recombination process 
and thus no route to providing preferential occupation of singlet states. Clearly, it 
would be benefi cial to study different material systems using the same technique. 
Blend systems are particularly appealing for polymer - based OLEDs, and studies 
of photoinduced triplet absorption features have recently suggested that spin con-
version can occur in meta - stable exciplex states formed at the interface between 
different materials  [43, 50] . This could in part be due to the presence of sulfur 
atoms in the thiophene units of the blend structure, which give rise to the sub-
stantially stronger spin - orbit coupling because of their higher  Z  - value compared 
to carbon. Also, it is conceivable that the microscopic morphology of a polymer 
fi lm strongly infl uences the way an exciton interacts with an electric fi eld. Screen-
ing of the exciton by microscopic domain formation and resultant lowering of the 
exciton binding energy has previously been suggested in theoretical work  [79] . 
Indeed, recent studies of the transient photocurrent and polarization anisotropy 
in polaron pair formation highlighted substantial differences between the model 
conjugated polymer systems LPPP and poly(phenylene - vinylene) (PPV)  [80] . These 
differences were tentatively ascribed to morphological effects. Finally, a particu-
larly intriguing aspect of the electronic structure of conjugated polymers was 
recently unmasked in single molecule Stark spectroscopy measurements  [65] . The 
linear Stark effect, which is observed universally in different material systems, 
points toward the presence of a permanent effective dipole acting on the conju-
gated system. This effective dipole could introduce substantial screening effects 
between charge carriers constituting an exciton precursor pair. However, as such 
dipoles exist in different polymer systems such as LPPP and PPV, it appears safe 
to conclude that they cannot give rise to spin randomization by exchanging recom-
bination partners in the precursor pair. Finally, we note that even material systems 
with very different properties in the ensemble exhibit near universal fl uorescence 
signatures on the single molecule level  [57] . It is therefore reasonable to assume 
that the intrinsic electronic structure of different material systems is actually 
remarkably similar, thus allowing the conclusion that the spin correlations 
observed in the model material system studied here actually hold for a wide variety 
of metal - free organic semiconductors, thereby universally limiting the achievable 
quantum effi ciency to 25%.  
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 Cyclometallated Organoiridium Complexes as Emitters in 
Electrophosphorescent Devices 
  Peter I.   Djurovich   and   Mark E.   Thompson   

  A brief overview is presented on cyclometallated iridium complexes that are used 
as phosphorescent dopants in organic light - emitting devices (OLEDs). Compari-
sons between devices made using either Pt(octaethylporphyrin) or Ir(phenylpyridyl) 3  
as dopants are used to illustrate some parameters needed for optimal performance 
of electrophosphorescent OLEDs. The molecular properties responsible for the 
high luminescent effi ciency of the Ir complexes are then described. Interactions 
between the triplet ligand state and the singlet and triplet metal - to - land charge 
transfer states are responsible for photophysical characteristics of the complexes. 
Examples are given of various ligand combinations used to control the phospho-
rescent energy and effi ciency. This knowledge enables one to systematically tune 
the emission colors of these complexes from the near - UV to the near - infrared 
spectral regions.     

  3.1
Organic Light - Emitting Devices 

 The future holds tremendous opportunity for the low cost and high performance 
offered by organic LEDs. The term organic light - emitting device (OLED) refers to 
any light - emitting diode that is composed of either molecular or polymeric materi-
als. Full - color displays that use OLEDs may eventually replace liquid - crystal dis-
plays (LCDs) in a range of mobile applications, ranging from cellular phones to 
laptop computers. The low power dissipation and high brightness of OLEDs make 
them ideal for such portable applications. OLED displays can be deposited on 
fl exible plastic or metal foils, eliminating the fragile and heavy glass substrates 
used in LCDs and other fl at panel displays. Moreover, OLED displays emit light 
without the pronounced directionality inherent in LCD viewing, all with effi cien-
cies signifi cantly higher than typical LCD panels. It is possible that portable and 
lightweight roll - up OLED displays will someday cover our walls. Another impor-
tant application for OLEDs is in illumination. The high effi ciencies and excellent 
color qualities for white OLEDs make them promising candidates for replacing 
conventional fl uorescent and incandescent light sources. 
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132  3 Cyclometallated Organoiridium Complexes as Emitters in Electrophosphorescent Devices

 The basic mechanism of electroluminescence involves carrier recombination, 
leading to formation of an electron – hole pair (exciton), which radiatively relaxes 
to give the observed electroluminescence. OLEDs are composed of distinct carrier 
transporting and emitting regions within the device, sandwiched between the 
anode and cathode. The exciton is formed in the emissive region of the device and 
becomes localized on a single molecule. A more detailed description of the process 
is given below; however, the mechanism as described is suffi cient to illustrate the 
fundamental limitation of all OLEDs studied prior to the late 1990s. The hole and 
electron are odd electron species and thus have a spin of +1/2 or  − 1/2. The exciton 
formed by recombination of these two odd electron species can have either a 
singlet or triplet confi guration. Simple spin statistics predicts that the ratio of 
singlet to triplet excitons formed in this process is 1   :   3. OLEDs studied prior to 
1997 did not effi ciently utilize the triplet excitons formed in this process, leading 
to an inherent effi ciency limitation, since triplet excitons in molecular or polymeric 
materials are typically not emissive. Heavy metal containing phosphors (i.e., Pt 
and Ir complexes) were incorporated into OLEDs in the late 1990s, which effi -
ciently harvest both singlet and triplet excitons, leading to high electrolumines-
cence effi ciencies. The development and study of these Ir -  and Pt - based phosphors 
is the principal topic discussed in this chapter.  

  3.2
Phosphorescent Materials as Emitters in OLEDs 

 The choice of the best emitter for effective triplet harvesting in OLEDs is a critical 
one. Some of the earliest approaches used to exploit the triplet excitons formed in 
OLEDs involved either lanthanide coordination complexes  [1 – 7]  or phosphores-
cence from organic compounds (benzophenone  [8, 9]  and chrysene  [10] ) at low 
temperatures. These classes of dopant material provided limited success in triplet 
harvesting. While they all phosphoresce, these compounds have very long radiative 
lifetimes (milliseconds for lanthanide complexes and seconds for organic materi-
als) that allow the excited state to decay from competing nonradiative processes. 
Moreover, the long radiative lifetimes for the lanthanide complexes and organic 
compounds are not well matched to the electrical characteristics of OLEDs. The 
time it takes for the device carrier injection, conduction, and recombination to 
come to steady state, such that the rate of formation of excitons within the device 
reaches equilibrium, is the RC time constant. Typically, OLEDs have RC time 
constants of 200 – 500   ns. While this time interval can be adjusted somewhat by 
device design, the value will stay in the range of hundreds of nanoseconds. The 
result is that phosphorescent dopants with long lifetimes will be promoted into 
their excited states orders of magnitude faster than they can relax  [11 – 13] . In the 
meantime, the OLED will continue to generate triplet excitons, which will not be 
effectively trapped by the excited dopant. The net results is that these dopants are 
ineffi cient at trapping triplet excitons and do not markedly increase the OLED 
effi ciency over the level achievable with fl uorescence dopants. Only in the best 



cases (lanthanide complexes) are good effi ciencies achieved  [14 – 16] , while in 
other cases no light output is observed at room temperature (organic phosphors) 
 [8 – 10] . 

 In order to effi ciently utilize the triplet excitons formed in the electrolumines-
cent process, it is important to use phosphorescent dopants which have compara-
tively short radiative lifetimes and high luminance effi ciencies. The fi rst triplet 
emitter satisfying these criteria to be incorporated into an OLED was platinum 
octaethylporphyrin (PtOEP)  [17] . A characteristic electroluminescence (EL) spec-
trum of a PtOEP - based OLED is shown in Fig.  3.1 . A strong spin – orbit coupling 
by the central Pt atom leads to fast intersystem crossing (isc) and effi cient phos-
phorescence at room temperature. The photoluminescent (PL) quantum yield of 
PtOEP is 0.5 at room temperature in both fl uid solution and in a rigid, polystyrene 
matrix, and is  > 0.9 at 77   K in a frozen glass. The measured emission lifetimes at 
room temperature and 77   K are 90 and 131    µ s, respectively  [18, 19] . The high isc 
rate of PtOEP also provides an added benefi t since any singlet exciton trapped by 
the dopant will be converted rapidly to a triplet, thus giving rise to only one type 
of emission, i.e., phosphorescence. Concurrent luminescence from both singlet 
and triplet excitons in the device would lead to signifi cant line broadening and 
unsaturated emission.   

 The fi rst OLEDs to be prepared with a PtOEP emitter utilized a two - component 
emissive layer within the OLED, composed of PtOEP doped into Alq 3  
(Alq 3    =   aluminum - tris - 8 - hydroxyquinolate)  [17] . The optimal doping level identifi ed 
in this study was 6% and gave an external quantum effi ciency of 4% at low current 
density (Fig.  3.1 ). In order to evaluate the signifi cance of the external quantum 
effi ciencies (EQE   =   photon/electron) of PtOEP - based devices, it is important to 

Fig. 3.1     Electroluminescence (EL) spectra of OLED with 
PtOEP dopant at various potentials (left) and current –  
luminance - effi ciency curves with different doping levels 
(center), and chemical structures of materials in the OLED. 
The device structure used here was 
ITO/NPD/Alq3  - PtOEP/Alq 3 /Mg - Ag. 
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understand the optical properties of a common OLED. The EQE represents only 
a small fraction of the light produced within the OLED structure  [20 – 22] . The 
majority of the light produced by the OLED is not emitted through the front face 
of the OLED, but is waveguided through the substrate or lost to absorption by the 
electrodes and other organic materials. Thus, the internal effi ciencies of these 
PtOEP - based devices are actually three to fi ve times higher than the measured 
external values. Therefore, PtOEP devices with a CBP host have internal effi cien-
cies of 30%, and those with an Alq 3  host have internal effi ciencies of over 20%. 
The luminance effi ciencies determined for PtOEP doped into each of these host 
materials shows that these internal effi ciencies are close to the theoretical limits, 
i.e.,  > 90% of the excitons are being trapped at the dopant, and the EL effi ciency is 
only limited by the PL effi ciency of PtOEP  [17] . 

 Several platinum porphyrins other than PtOEP have also been used as phos-
phors in OLEDs    [11, 23 – 27] . The basic electronic structures of these porphyrin 
derivatives are very similar to those of PtOEP, and the OLED properties for devices 
fabricated with these dopants are similar to those of the PtOEP - based devices.  

  3.3
Organometallic Complexes as Phosphorescent Emitters in OLEDs 

 Although PtOEP was the fi rst triplet emitting complex to demonstrate high effi -
ciency in OLEDs, Pt porphyrin - type dopants have several limitations. The lumi-
nescent color of PtOEP is deep red, and the emission energy cannot be shifted to 
higher values through synthetic modifi cation without a loss in luminance effi -
ciency. A more serious drawback, however, is the long phosphorescent lifetime of 
PtOEP. The long triplet lifetime of PtOEP leads to a signifi cant roll - off in the OLED 
effi ciency as the device current is increased. This phenomenon is illustrated for 
three different doping levels of PtOEP (1, 6 and 20%) in Fig.  3.1  (right). The 6% 
doped device is the most effi cient, with an external quantum effi ciency of 4% at a 
current density of 0.1   mA/cm 2 , and drops to  < 2% at a current of 10   mA/cm 2 . Note 
that all three devices show the same trend of decreasing quantum effi ciencies with 
increasing current. The principal origin of this effi ciency roll - off is a process well 
documented for triplet excitons, i.e., triplet – triplet (T – T) annihilation  [28] . In the 
T – T annihilation process, two molecules in the triplet state interact, forming a 
singlet exciton and a ground state molecule, T 1    +   T 1   →  S 1    +   S 0   →  T 1    +   S 0 . The S 1  
state of PtOEP rapidly intersystem crosses to the triplet; the net result is the loss 
of one triplet exciton. Thus, T – T annihilation is a second - order quenching process, 
expected to be enhanced as the number density of triplets is increased, which 
occurs as the current density is increased  [13] . The relatively long radiative lifetime 
of PtOEP enables the T – T annihilation process to become competitive with radia-
tive decay, even at moderate current densities. Additional nonradiative decay can 
occur from a triplet quenching by charge carriers (polarons) in the emissive layer 
 [29, 30] . 



 The solution to the problem of these second - order quenching processes is to 
increase the radiative decay rate of the phosphorescent dopant, such that the triplet 
exciton relaxes before coming into contact with another exciton or polaron, thereby 
decreasing the likelihood that the excitons will undergo annihilation. An increase 
in the radiative rate will give an added benefi t by increasing the luminescent effi -
ciency, assuming a constant rate of nonradiative decay rate. The fi rst example of 
a phosphorescent dopant with a comparatively short radiative lifetime and high 
luminance effi ciency used in OLEDs was a cyclometallated Ir complex,  facial  - tris(2 -
 phenylpyridinato,N,C 2 ′  )iridium(III),  fac -  Ir(ppy) 3 , see Fig.  3.2 . This compound, 
fi rst reported in 1985  [31] , has a green emission ( λ  max    =   520   nm, triplet energy 
( E  T )   =   2.48   eV) and a short radiative lifetime ( τ  rad    =   5    µ s) in fl uid solution at room 
temperature. The radiative decay rate is nearly two orders of magnitude larger than 
that of PtOEP, while the PL effi ciency is similar. Recent values for the PL effi ciency 
of  fac  - Ir(ppy) 3  have been shown to be higher than the initially reported estimates. 
A PL effi ciency of 0.73 has been reported in toluene solution for a thoroughly 
degassed sample  [32] , and values of 0.97 were reported for samples doped into 
thin fi lms at room temperature  [33] . Furthermore, it has also been shown that the 
emission lifetime does not markedly increase upon cooling from room tempera-
ture to 100   K, consistent with the high luminescent effi ciency. The fi rst OLEDs 
that incorporated this Ir dopant at an optimal doping level of 6% gave external 
effi ciencies close to 9% (internal effi ciency  > 40%)  [34] , see Fig.  3.2 . The roll - off in 
effi ciency at high current densities is very low when compared to the PtOEP - based 
devices, as would be expected from the short radiative lifetime of Ir(ppy) 3 .   

Fig. 3.2     Current - effi ciency curves for various OLED structures 
using Ir(ppy) 3  as a dopant. The chemical structures of the 
materials used in the device are shown on the right. 
The device structure used here was 
ITO/NPD/CBP - Ir(ppy) 3 /BCP/Alq 3 /Mg - Ag. 
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 When the CBP host material of the Ir(ppy) 3  - based OLED was replaced with an 
electron transporting triazole host material, TAZ, the external EL effi ciency 
increased to  > 15%, corresponding to an internal effi ciency of  > 75%  [35] . The 
improved effi ciency for the TAZ - doped device is due to an increase in the host 
triplet energy, leading to a lower level of dopant emission quenching by the host, 
as observed for PtOEP - based devices (comparing Alq 3  -  and CBP - based devices) 
 [36] . The highest effi ciencies for PtOEP - doped OLEDs are achieved when the host 
material has a triplet energy ( E  T ) that is signifi cantly higher than that of the PtOEP 
triplet (650   nm,  E  T    =   1.91   eV). For example, when 4,4 ′  - di( N  - carbazolyl)biphenyl 
(CBP,  E  T    =   2.60   eV)  [37]  is used as the host matrix for PtOEP, the EQE of the device 
is near 6%  [36] . If the host material has a triplet energy close to that of PtOEP, 
such as Alq 3  ( E  T    =   1.90   eV)  [38, 39] , exciton trapping by the dopant is ineffective 
and the device effi ciency declines to ca. 4%  [36] . Similarly, devices made with host 
materials that also have low triplet energies, such as conjugated polymers  [40, 41] , 
lead to low EL effi ciencies, often markedly less than 3%  [42 – 44] . By optimizing 
the host material and device architecture (see below), OLEDs incorporating PtOEP 
dopants have been reported with external effi ciencies as high as 9%  [45] . 

 While having a host material with a triplet energy markedly higher than the 
dopant is clearly benefi cial, the foregoing discussion would suggest that it is 
required. In contrast, it is possible to achieve a reasonably high EL effi ciency 
for a device where the dopant triplet energy is higher than the host matrix. An 
OLED prepared with a luminescent layer composed of a blue phosphorescent 
dopant  bis (4,6 - di - fl uorophenyl) - pyridinato - N,C - 2 ′ )iridium(III) picolinate (FIrpic) 
( λ  em    =   472   nm,  E  T    =   2.6   eV) doped into CBP gives an EQE of  > 5%  [46] . The reason 
that this device emits effi ciently is the disparate emission lifetimes of the triplet 
states of the dopant and host, i.e., 1.6    µ s and 1 – 10   s, respectively. Although the 
exciton resides predominantly on the host matrix, the host triplet effi ciently decays 
through thermal population of the dopant prior to unimolecular radiative or non-
radiative decay.  

  3.4
Confi ning Triplet Excitons and Carriers in Phosphor - Doped OLEDs 

 Phosphorescent dopants can signifi cantly enhance the quantum effi ciencies of 
OLEDs; however, the devices require more complex architectures than those using 
fl uorescence dopants. Singlet excitons have short diffusion lengths, on the order 
of 10 – 100    Å , whereas triplet states can readily diffuse  > 1000    Å  due to their long 
exciton lifetimes    [17, 36] . Thus, it is essential to use device confi gurations that 
confi ne the excitons within the luminescent layer. Triplet exciton confi nement 
in a three - layer, double heterostructure device (anode/HTL/EML/ETL/cathode; 
HTL   =   hole transporting layer, EML   =   emitting layer, and ETL   =   electron transport-
ing layer) is possible if the HTL and ETL have higher optical energy gaps than the 
phosphor, but this is not always achieved with common OLED materials. A good 
example was seen in devices made with PtOEP doped into CBP  [36] . A single 



heterostructure device (ITO/NPD/CBP:PtOEP/Alq 3 /Mg - Ag) gave an external effi -
ciency of 4.2%. Although it is energetically unfavorable for the PtOEP excitons to 
diffuse into the adjacent HTL (NPD,  E  T    =   2.55   eV)  [47] , that is not the case for dif-
fusion into the ETL, where the excitons on the dopant can be quenched by energy 
transfer to Alq 3 . A simple solution to this problem of exciton leakage involves 
inserting a material with a high triplet energy, such as bathocuproine (BCP, 
 E  T    =   2.5   eV)  [37]  between the doped CBP and the Alq 3  electron transporting layers 
(i.e., anode/NPD/CBP:PtOEP/BCP/Alq 3 /cathode), Fig.  3.2   [36] . The added block-
ing layer gives a marked improvement in device performance, increasing the 
external effi ciency to 5.6%  [36] . Note that the BCP layer is also effective at blocking 
the migration of holes into the Alq 3  layer, an added benefi t derived from the deep 
HOMO level of BCP (6.5   eV)  [48] . Thus, the BCP acts as a combined hole/exciton 
blocking layer. An energy level diagram illustrating the relative energies of the 
transport, host, dopant, and blocking materials is shown in Fig.  3.3 .   

 To act as an effi cient hole blocking material, a compound must have a HOMO 
level with an ionization potential greater than that of both the dopant and host 
materials, as well as a triplet energy high enough to effi ciently prevent triplet 
excitons from migrating out of the luminescent layer. Thus, while these materials 
are commonly referred to as hole blocking layers (HBLs), they must block excitons 
as well. In addition to having proper HOMO and triplet energies, a good HBL 
must have a LUMO energy similar to that of the EML materials, in order to facili-
tate the injection of electrons into the EML, as illustrated in Fig.  3.3 . The two most 
common hole blocking materials in phosphorescent OLEDs are BCP    [34, 35, 
49, 50]  and BAlq (4 - biphenyloxolato aluminum(III) bis (2 - methyl -  8 - quinolinato)4 -
 phenylphenolate)    [46, 51, 52] . 

 The need for exciton and hole blocking layers is also seen in Ir(ppy) 3  - based 
OLEDs. The ordering of triplet energies for the materials is CBP    >    NPD    >   
 BCP    >    Ir(ppy) 3     >    Alq 3 . The triplet excitons on Ir(ppy) 3  will not diffuse into NPD 
layer, but can readily transfer into the Alq 3  layer if no BCP buffer layer is present. 
The device discussed above had a structure of anode/NPD/CBP:Ir(ppy) 3 /BCP/
Alq 3 /cathode and gave an EQE of 9%  [34] . When the BCP layer was omitted, the 

Fig. 3.3     Schematic energy level diagram for a CBP based 
OLED heterostructure ( i.e.  anode/NPD/doped CBP/BCP/Alq 3 /
cathode). Ir(ppy) 3  (left) and PtOEP (right) energy levels are 
illustrated with horizontal lines. 
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device effi ciency dropped to 0.2%, see Fig.  3.2 . The explanation given earlier for 
using a BCP blocking layer is that both holes and excitons must be confi ned within 
the emissive layer. While the energetic argument for exciton confi nement is clear, 
the issue of hole blocking is less obvious. The HOMO levels of all of the materials 
are illustrated schematically in Fig.  3.4  for both Ir(ppy) 3  -  and PtOEP - based devices. 
The HOMO level for Ir(ppy) 3  lies above both CBP and Alq 3 , and as such is expected 
to be an effi cient hole trap. Thus, exciton blocking is more important than hole 
blocking in these Ir(ppy) 3  - based devices.   

 The ability of Ir(ppy) 3  to act as a hole trap implies that excitons are generated 
during electroluminescence by direct hole – electron recombination on the dopant. 
In this case, an exciton is formed from a hole on the Ir dopant recombining with 
an electron on the CBP host (or an adjacent dopant). The triplet exciton is not 
transferred from the host, but formed directly on the dopant. This mechanism has 
a signifi cant advantage over recombination on the host material and subsequent 
energy transfer to the dopant, since ineffi cient energy transfer from the host can 
be a potential loss channel  [53] . The process of direct recombination by hole trap-
ping at the dopant, can be equally applied for electron trapping at the dopant as 
well. A similar carrier recombination process involving a hole in the host or adja-
cent dopant is observed for many blue emissive organometallic phosphor - doped 
devices, as discussed below. In nearly all cases, direct recombination of the carriers 
at the dopant contributes to the high effi ciencies observed for OLEDs that use 
phosphorescent dopants. 

Fig. 3.4     HOMO and LUMO orbitals for Ir(ppy) 3  (top) and 
(ppy)2 Ir(acac) (bottom). The atomic contribution to each MO 
is shown on the right of the MO plot. 



 While the discussion thus far has focused on the need to control (prevent) hole 
and exciton diffusion from the emissive layer to the ETL, the same issues are rel-
evant at the interface between the HTL and the emissive layer. If the LUMO energy 
of the HTL material is lower than that of the emissive layer, or the triplet energy 
is too low, an electron/exciton blocking layer (EBL) may be needed to prevent 
carrier and exciton loss at that interface. The triplet energy of the most common 
HTL in small molecule OLEDs, i.e., NPD, is high enough that green emissive 
devices do not require an electron/exciton blocking layer. However, for many blue 
and near - UV emitting OLEDs ( vide infra ), electron blocking layers are needed to 
eliminate HTL quenching of the EML and emission. An effi cient electron blocking 
material must have a LUMO energy level and triplet energy well above those of 
the EML and a HOMO level close to that of the HTL.  

  3.5
Cyclometallated Complexes for OLEDs 

  3.5.1
Synthesis of Cyclometallated Ir Complexes 

 The successful application of Ir(ppy) 3  as a phosphorescent dopant has led to 
number of synthetic modifi cations of the parent complex, as well as elaboration 
to other metals and signifi cantly altered organic ligands. Several of these Ir com-
plexes will be discussed below; however, a detailed discussion of the synthetic 
strategies used to prepare these complexes is not given here, but the reader can 
fi nd this information documented elsewhere  [54] . 

 The synthetic methods used to prepare most of these Ir complexes are shown 
in Scheme  3.1 . A  µ  - dichloro bridged dimer complex with  bis  - cyclometallated Ir 
centers can be readily prepared from a reaction of the ligand precursor and 

Scheme 3.1       
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IrCl 3  ·  x H 2 O  [55, 56] . The cyclometallating ligands are illustrated by arcs, termi-
nated with C and N atoms. The  “ C ”  atom represents an anionic moiety, such as 
phenyl, and the  “ N ”  atom a neutral group, such as pyridyl. Such cyclometallating 
ligands will be abbreviated as C ∧ N hereafter. The chloro ligands can be subse-
quently replaced with a different L ∧ X chelate (path a) which leads to a complex 
with a  trans  -  N,N  confi guration of the C ∧ N ligands. L ∧ X ligands are chelating 
ligands such as  β  – diketonates, salicylanilides, pyrazolylborates, etc. Alternatively, 
a third C ∧ N ligand can be added to form a tris - cyclometallated complex (path b). 
Through a careful control of reaction conditions is possible to obtain nearly pure 
samples of the meridional isomers of tris - cyclometallates of Ir(III), including both 
homoleptic (single type of C ∧ N ligand)  [57, 58]  and heteroleptic tris - chelates  [59 –
 62] . Several of the isolated samples of  mer  - Ir( C ∧ N ) 3  complexes can be converted 
to facial forms in solution either by thermal or photochemical means (path c), 
indicating that the meridional isomers are the kinetically favored products. The 
lower thermodynamic stabilities of the meridional isomers are likely related to 
structural features of these complexes, i.e., the meridional confi guration place 
strongly trans infl uencing aryl groups opposite each other, whereas all three aryl 
groups are opposite pyridyl or other neutral donor groups in the facial complexes. 
For some C ∧ N ligands, typically ppy and its derivatives, the facial isomer can also 
be prepared directly by a thermal reaction between the ligand precursor and 
Ir(acac) 3  (acac   =   acetylacetonate) (path d)  [63] .    

  3.5.2
Excited States in Cyclometallated Complexes 

 Several research groups have used high - resolution spectroscopy to study the 
excited state properties of cyclometallated transition metal complexes  [64 – 68] . This 
work has established that luminescence from these complexes originates from a 
lowest excited state that is best described as a ligand centered triplet ( 3 LC) with 
singlet and triplet metal - to - ligand - charge - transfer ( 1,3 MLCT) character mixed in 
through the spin – orbit coupling  [69 – 71] . A schematic representation of the energy 
level mixing in 4d 6  and 5d 6  complexes is shown in Scheme  3.2     [65, 69] .   

Scheme 3.2       



 While both  1 MLCT and  3 MLCT states are mixed with  3 LC states in the emissive 
excited state, the high oscillator strength of the  1 MLCT state is what provides the 
greatest change on the photophysical properties of the complexes. It is this  1 MLCT 
component in the excited state that gives these materials their desirable properties 
of high phosphorescence effi ciency and comparatively short excited state lifetime. 
The mixing of  1 MLCT and  3 LC states can be treated by application of fi rst - order 
perturbation theory  [72] . The following formula is used to approximate the lowest 
energy excited state (Eq.  (3.1) ):

   ΨT LC MLCT1 1 2 3 1= − +α α     (3.1)   

 where  Ψ  T1
  is the wavefunction of the lowest excited state and  α  is a coeffi cient that 

gives an estimate of the degree of singlet character mixed into the unperturbed 
triplet state ( 3 LC)  [69] . The value of  α  can be approximated with the formula

   α =
3 1LC MLCTSOH

E∆
    (3.2)   

 where  〈  3 LC| H  so | 1 MLCT 〉  is the spin – orbital coupling matrix element, characteriz-
ing the strength of spin – orbital coupling between  3 LC and  1 MLCT, and  ∆  E  is the 
energy difference between the  3 LC and  1 MLCT transitions  [69] . Note that the value 
of  α  in Eq.  (3.2)  also includes contributions from spin – orbit coupling between the 
 1 MLCT and  3 MLCT states, and between the  3 MLCT and  3 LC states  [73 – 75] . Equa-
tions  (3.1)  and  (3.2)  have been used to correlate  α  values with the luminescent 
properties of diimine and cyclometalated Rh(III) and Ir(III) complexes  [64] . The 
mixing of  1 MLCT character into what is principally a  3 LC state has dramatic effects 
on the optical properties of those complexes  [68, 69] . The oscillator strength and 
the consequent radiative decay rate of the S 0  – T 1  transition in luminescent metal 
complexes are signifi cantly increased when a small amount of  1 MLCT character 
is mixed into the lowest excited state. Consequently, a large decrease in the lumi-
nescence lifetimes and concomitant increase in phosphorescence effi ciency occurs 
 [69] . For example, G ü del and coworkers have estimated that the strongly lumines-
cent complexes [(ppy) 2 Ir(bpy)] +  (bpy   =   2,2 ′  - bipyridine) and [(2 - thienylpyridyl) 2 Ir
(bpy)] +  have  α  values of 0.085 and 0.053, respectively  [69] . Other phosphorescent 
metal complexes have smaller  α  values, such as (ppy)Re(CO) 4  (0.017) and 
[(ppy) 2 Rh(bpy)] +  (0.016)  [69] . Considering the comparatively low values of  α  for 
these complexes, the excited states are still essentially triplets, even though they 
have singlet character mixed in. Strong spin – orbit coupling in any metal complex 
with a heavy atom such as Os, Ir, Pt, etc. will lead to  α  values suffi ciently large to 
induce effi cient intersystem crossing to the triplet manifold. The strong  σ  - dona-
tion from C  −   in a formally anionic cyclometallating ligand also stabilizes the 
 1 MLCT state and decreases the energy separation to the  3 LC state. This leads to a 
smaller  ∆  E  term in the denominator in Eq.  (3.2)  that further increases the value 
of  α . Therefore, iridium complexes with ligands cyclometallated onto heavy atoms 
are ideally suited to serve as phosphorescent dopants in OLEDs. 
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 The foregoing discussion considered the lowest energy excited state for the 
cyclometallated complexes as being constructed from only two orbitals,  1 MLCT 
and  3 LC. This is a gross over simplifi cation since the excited state is composed of 
multiple singlet and triplet states. A recent time - dependent density functional 
theory (TDDFT) study of Ir(ppy) 3  suggests that there are roughly 70 states with 
mixed singlet and triplet character within 1   eV of the lowest energy excited state 
 [76] . However, the qualitative picture remains the same, whether two or more 
states are being mixed; the singlet and triplet states are effectively mixed by the 
strong spin – orbit coupling of the heavy metal atom in the complex, markedly 
enhancing the oscillator strengths of the singlet ↔ triplet transitions.  

  3.5.3
MO Analysis of Ir Cyclometallates 

 The model presented above for the excited states of heavy metal complexes 
describes the mixing of MLCT and LC states to give the emissive excited state. The 
mixed nature of this state can be seen in the molecular orbitals predicted for these 
complexes by density functional theory (DFT) methods  [77] . Molecular orbital cal-
culations have been carried out on of the heavy metal based emitters, used in 
OLEDs (see below). One of the fi rst such analyses was carried out on Ir(ppy) 3  and 
(ppy) 2 Ir(acac), at a B3LYP level with 6 - 31G(d,p) basis sets with an effective core 
potential used for the heavy atom  [78] . The optimized molecular geometry from 
these calculations accurately reproduces the bond lengths and angles determined 
from X - ray crystallography of the same complexes. The HOMO and LUMO orbit-
als for  fac  - Ir(ppy) 3  and (ppy) 2 Ir(acac) are shown in Fig.  3.4 , along with schematic 
illustrations giving the atom - by - atom contribution to each MO. The frontier orbit-
als of the two iridium complexes have a similar composition of atomic orbitals. 
Roughly 50% of the HOMO orbitals involve metal orbitals ( d  z2  for Ir(ppy) 3  and  d  xy  
for (ppy) 2 Ir(acac))  [78] . The LUMO is localized on the ppy ligand, with a predomi-
nant contribution from the pyridyl ring and little metal character. The triplet states 
calculated for these two molecules show spin density that is localized on the C ∧ N 
ligand and metal orbitals, and resembles a simple superposition of the HOMO 
and LUMO orbitals. TDDFT methods have been applied to the same complexes 
to examine the low lying singlet and triplet states. The triplet energies estimated 
by these methods comes very close the experimental energies, e.g., for fac - Ir(ppy) 3  
the lowest energy triplet is predicted at 2.59   eV (479   nm)  [78] , whereas the triplet 
absorption and emission maxima fall between 470 and 515   nm  [32] . The dominant 
orbitals involved in the singlet and triplet transitions involve charge transfer from 
mixed metal and ligand  π  orbitals to ligand  π  *  orbitals, consistent with the descrip-
tion for the lowest energy excited states given above. 

 The acac ligand in (ppy) 2 Ir(acac) is an ancillary ligand, not contributing substan-
tially to either the HOMO or LUMO orbitals. The spin densities for the triplet state 
of (ppy) 2 Ir(acac) correspond to 0.6 unpaired electron on Ir, and 0.7 unpaired elec-
tron on each ppy, with no spin density on the acac ligand, consistent with the 
ancillary nature of the acac ligand  [78] . The absorption and emission spectra of 



the two complexes are nearly identical, confi rming that the acac ligand does not 
perturb the photophysical properties of the cyclometallated moiety  [56] . The ability 
to independently vary the C ∧ N and ancillary ligands, without strongly affecting 
the photophysical properties of the complex, is benefi cial in designing dopants to 
match the ideal parameters for fabrication of high effi ciency OLEDs (HOMO, 
LUMO, dipole moment, volatility, etc.). 

 Although the discussion presented here was restricted to complexes with ppy 
ligands, a similar MO description is found for other Ir organometallic complexes 
with related cyclometallating ligands; the HOMO principally comprises orbitals 
on the metal – aryl linkage, whereas the LUMO is ligand localized  [79 – 85] . The case 
for most of the other C ∧ N complexes of Ir mirrors that of ppy; the photophysical 
properties of (C ∧ N) 2 Ir(L ∧ X) and Ir(C ∧ N) 3  are determined primarily by the C ∧ N 
ligand so long as the L ∧ X ligand has a higher triplet energy than the  “ (C ∧ N) 2 Ir ”  
fragment. As seen for the ppy - based complexes discussed above, the lowest energy 
transitions appear to be mixtures of  1 MLCT and  3 LC states.  

  3.5.4
Using Ancillary Ligands to Modify the Excited State Properties 

 The excited state properties of many organometallic phosphors are heavily infl u-
enced by the  3 LC properties of the organic ligands. In order to attain a high level 
of thermal and chemical stability, organometallic phosphors are typically prepared 
with chelating L ∧ X ligands. In a later section, tuning the phosphorescence energy 
by C ∧ N modifi cations will be discussed in detail; however, for the purpose of the 
present discussion, we will consider a single C ∧ N ligand in a heteroleptic complex, 
(tpy) 2 Ir(L ∧ X), where tpy is N,C 2  ′  - (2 -  para  - tolylpyridyl), and the ancillary ligand, L ∧ X, 
is chosen to be  “ nonchromophoric, ”  i.e., to have suffi ciently high singlet and triplet 
energies such that the excited state properties are dominated by the  “ (tpy) 2 Ir ”  frag-
ment (Fig.  3.5 ). These complexes can be used to explore the state mixing interac-
tions depicted qualitatively in Scheme  3.2 , which shows that the energy of the 
emissive excited state is dependent on the relative energies of the LC and MLCT 
states. Alteration of the ancillary ligand allows independent variation of the ener-
gies of the two states. The energy of the  3 LC state is expected to remain relatively 
constant for a related series of (tpy) 2 Ir(L ∧ X) complexes, while the energy of MLCT 
states can be altered by varying the electron withdrawing/donating ability of the 
ancillary ligand  [79] .   

 Molecular orbital calculations on the (tpy) 2 Ir(L ∧ X) complexes suggest that the 
nature of the frontier orbitals is not affected by the ancillary ligand as seen for the 
(ppy) 2 Ir(acac) complexes discussed above  [79] . The HOMO remains a mixture of 
metal and phenyl orbitals and the LUMO is predominantly localized on the pyridyl 
group. The ancillary ligand is expected to affect the ground state energies by direct 
interaction with the metal center. This role for the ancillary ligand is confi rmed 
by electrochemical measurements, which show that the oxidation potential is 
shifted by the choice of ancillary ligand, whereas the reduction potentials are rela-
tively unperturbed  [79] . The oxidation potentials of the complexes vary by over 
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400   mV for the set of ancillary ligands examined in this study, while the reduction 
potentials vary by less than 20   mV for the same set of complexes, Fig.  3.5 . The 
absorption and emission spectra of the (C ∧ N) 2 Ir(L ∧ X) complexes progressively 
shift to higher energy, in parallel with the shift in oxidation potential. Thus, the 
shift in absorption and emission energy is caused by changes in the HOMO 
energy, while the LUMO energy is relatively unperturbed. Stabilizing the HOMO 
energy leads to an increase in the MLCT energy, which decreases the amount of 
MLCT character in the lowest energy excited state. As the MLCT energy increases, 
the energy of the excited state of the complex approaches that of the  3 LC state of 
the free ligand. A question then arises: at what point does the amount of MLCT 
character in the excited state get too low for effi cient triplet emission? 

 The radiative rates for these complexes (Fig.  3.6 ) were determined from the 
photoluminescence quantum yields and the measured lifetimes. As the energy of 
emission increases, the radiative rate of emission decreases. This trend is not 
surprising when one considers the energy level diagram of Scheme  3.2 . The 
increase in energy in this system is due to a decrease in the amount of MLCT 
character in the excited state. Since the principal source of effi cient triplet emission 
is the mixing of MLCT character into the lowest excited state, a decreasing amount 
of singlet MLCT character is expected to lower the radiative decay rate. This 
decrease in radiative decay rate is compensated somewhat by a decrease in the 
nonradiative decay rate. Increasing the energy of the excited state decreases the 
coupling to the vibrational states that are the common source of nonradiative 
decay, leading to lower nonradiative decay rates  [86] . For the complexes with triplet 

Fig. 3.5     Plot of electrochemical potentials ( Ered ,  Eox ; 
Fc   =   ferrocene) versus emission energy,  ET , at room 
temperature, for a range of (tpy)2Ir(LL ′ ) complexes. Neutral 
(tpy)2Ir(LL′ ) complexes are shown with squares and cationic 
(tpy)2Ir(LL′ ) complexes with triangles. The  *  symbol indicates 
an irreversible oxidation or reduction process; otherwise the 
electrochemical process is reversible or quasireversible. 



energies below 2.6   eV, the decrease in nonradiative decay rate is greater than the 
decrease in radiative decay and the PL effi ciency increases. In contrast, the decrease 
in the radiative rate for the complexes with triplet energies greater than 2.6   eV is 
greater than the nonradiative rate, due to reduction in MLCT character in the 
excited state. The low radiative rate for these complexes leads to a signifi cant 
decrease in the luminance effi ciency; compounds 7, 10, and 11 give PL effi ciencies 
 < 0.04, while the remaining compounds give PL effi ciencies of 0.3 – 0.7. Changing 
the C ∧ N ligand will lead to a different set energies for the complexes, but the same 
basic mechanism is expected: a larger energy difference between the MLCT and 
LC states will give less MLCT character to the excited state and thus a lower radia-
tive rate.    

  3.5.5
Facial and Meridional Isomers of Tris - Cyclometallates 

 The homoleptic tris - cyclometallated complexes, such as  fac  - Ir(ppy) 3 , represent an 
example of complexes with ligands having identical triplet energies. The facial 
isomers display photophysical characteristics than are almost indistinguishable 
from derivatives with acac as an ancillary ligand. However, pronounced differences 
exist between the facial and meridional isomers due to the marked disparity 
between the formally anionic phenyl ligand and neutral pyridyl ligand. The strong 
electron donating ability of the mutually trans phenyl groups in the meridional 
isomers leads to the observation that they are easier to oxidize than their facial 
counterparts, whereas the reduction potentials are similar between the two sets of 
isomers  [57] . Consequently, the mer - isomers typically display emission energies 
that are lower than that of the facial counterparts. In addition, the luminescent 
quantum yields of the mer - isomers are generally lower than that of the fac -
 isomers. The decrease in emission effi ciency comes about from an increase in the 

Fig. 3.6     Plot of the radiative decay rate ( kr ) and relative 
quantum yield (QY) versus emission energy for ( tpy ) 2 Ir(LL ′ ) 
complexes. The ancillary ligands (LL ′ ) are numbered as in 
Fig.  3.5 . 
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nonradiative decay rate associated with a photo - isomerization process than occurs 
upon irradiation    [57, 58, 61] . The photo - isomerization, while facile at room tem-
perature in fl uid solution, is suppressed when the mer - isomers are dispersed in 
a rigid matrix. The inhibition to isomerization when confi ned in a solid matrix 
has enabled the mer - isomers to perform nearly as well as the fac - isomers when 
used as dopants in OLEDs  [87] .  

  3.5.6
Ancillary Ligands with Low Triplet Energies 

 If the ancillary ligand has a triplet energy that is lower than that of the cyclometal-
lated moiety, this ligand becomes directly involved in the emission process. When 
this ancillary ligand is another cyclometallating ligand, the emission is as intense 
as that from a homoleptic complex with this  “ ancillary ”  ligand    [60, 88, 89] . Other 
examples of complexes where emission is associated with the ancillary ligand 
include derivatives with  β  - diketonate  [50]  or N ∧ O chelate (N ∧ O   =   picolinate, quino-
linate)    [83, 90]  ligands. The emission in these complexes is often broad and can 
be relatively weak. Emission from the ancillary ligand is identifi ed most clearly in 
Ir complexes that have cyclometallated ppz ligands. The high triplet energy of the 
(ppz) 2 Ir fragment makes it likely that the ancillary ligand will be the moiety with 
the lowest triplet energy. Emission from an ancillary ligand can be easily demon-
strated in a series of cationic Ir complexes with diimine ligands. Several of these 
types of materials have been used to make light - emitting devices  [91] . DFT calcula-
tions give some insight into the electronic structure of these heteroleptic deriva-
tives. The discussion here will focus on the results for (ppz) 2 Ir(bpy) + ; however, 
other (C ∧ N) 2 Ir(N ∧ N) +  complexes gave a similar picture for the HOMO and LUMO 
surfaces. The singlet HOMO, LUMO and triplet spin - density surfaces of 
(ppz) 2 Ir(bpy) +  are illustrated in Fig.  3.7 . The HOMO surface is similar in appear-
ance to that seen in (ppy) 2 Ir(acac) (Fig.  3.2 ), being principally composed of a 
mixture of Ir - d and phenyl -  π  orbitals distributed equally between the two phenyl-
pyrazolyl ligands. On the other hand, the LUMO is predominantly localized on 
the bipyridyl ligand. The HOMO and LUMO orbitals are orthogonal to each other 
and thus, there is little electronic overlap between them. The spin - density surface 
shares the same spatial extent as the singlet HOMO and LUMO surfaces, which 
leads to a description of the lowest energy excited state as having metal – ligand to 
ligand charge transfer (MLLCT) character.   

 The spectra of representative Ir bisimmine complexes are shown in Fig.  3.8 . 
Broad, featureless emission spectra are observed in fl uid solution or neat solids 
at room temperature, with maxima ranging from 485 to 630   nm. The emission 
spectra exhibit large  “ Stokes ”  shifts (ca. 4000 – 6000   cm  − 1 ) from the lowest energy 
absorption bands. The emission properties at room temperature are consistent 
with luminescence originating from a triplet MLLCT state. All three of these 
complexes have been used to make effi cient light - emitting electrochemical cells 
(LECs)  [91] . The EL spectra of these LEC match the PL spectra of the same materi-
als. The external quantum effi ciencies of these LECs range from 4.7 to 7.4%.    



Fig. 3.7     The singlet HOMO (top left), singlet LUMO (top 
right) and triplet spin density (bottom) surface contour plots 
for the (ppz) 2 Ir(bpy) cation obtained from DFT calculations. 

Fig. 3.8     PL (open symbols) and EL (fi lled symbols) spectra of 
Ir bisimmine complexes. PL spectra were recorded for neat 
thin fi lms and EL spectra for Ir - based light - emitting 
electrochemical cells. The structures of the complexes are 
shown on the right. 
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  3.5.7
Ligand Tuning to Achieve Green to Near - Infrared Emission 

 The excited state model presented in Section  5.2 , built from MLCT/LC mixing, 
suggests another method for controlling the emission color. The fi rst color tuning 
method described in Section  5.4  involved varying the energy separation between 
the  1 MLCT and  3 LC states by using different ancillary ligands in (C ∧ N) 2 Ir(L ∧ X) 
complexes. If the energy difference is decreased ( ∆  E  in Scheme  3.2 ), the MLCT/LC 
mixing is increased, decreasing the excited state energy. Conversely, an increase 
in  ∆  E  leads to an excited state with greater  3 LC character and thus a high excited 
state energy. 

 An alternate approach to tuning the emission color of the emitting complex 
involves modifying the C ∧ N ligand. This approach has been explored in some 
depth since the fi rst report of effi cient electrophosphorescence from Ir(ppy) 3  - based 
OLEDs  [34] . For the majority of the effi cient phosphorescent materials, the lowest 
excited state is  3 LC - dominant; thus, the excited state energy can be varied over a 
wide spectral range by employing different cyclometallating ligands in the com-
plexes. A C ∧ N ligand with a  3 LC state of low energy will give red - shifted absorption 
and emission relative to a  3 LC state with a higher energy. A large number of Ir and 
Pt complexes have been reported with different C ∧ N ligands, giving emission ener-
gies ranging from the near - UV to the near - IR. The discussion of emission energy 
given here will cover both photoluminescent and electroluminescent data, but will 
focus on EL data where possible. There is typically a good correlation between the 
PL and EL spectra for a given phosphor. Exceptions to this are seen when dopant 
aggregation or a dopant - host exciplex is observed, both leading to red - shifted emis-
sion. Aggregation effects on emission color are most pronounced in square planar 
Pt complexes  [92, 93] . We will focus here on Ir complexes that emit from molecular 
states of isolated species, such that PL and EL spectra are equivalent. 

 Two different sets of complexes shown in Fig.  3.9  illustrate the role that substitu-
ent effects and the size of the C ∧ N  π  system play in determining the emission 
energy of cyclometallated complexes. These two sets of complexes are representa-
tive of the affects that a given change in the C ∧ N ligand will have on the emission 
energy. Each of the complexes in Fig.  3.9  has the same basic formula, (C ∧ N) 2 Ir(acac). 
In all cases the ancillary ligand is acac, such that the emission energy is deter-
mined by the  “ (C ∧ N) 2 Ir ”  fragment. The two sets of Ir complexes involve benzazole 
ligands (top row) and pyridy/quinoline - arene ligands (bottom row). There is a 
moderate energy difference associated with interchanging O, S, and N in the 
benzoxazole, benzothiazole, and benzimidazole complexes (bo, bt, and bi, respec-
tively), with a spread of roughly 30   nm between the bo and bt complexes. Theoreti-
cal modeling of these complexes is consistent with this observation. The HOMO 
and LUMO orbitals of an analog of (bi) 2 Ir(acac) are shown in Fig.  3.9  (the 
imidazole - N bound phenyl was removed for simplicity). The HOMO and LUMO 
orbitals have little orbital density on the uncoordinated heteroatoms of the benza-
zole ligands, so changing these heteroatoms will have a minor effect on the fron-
tier orbitals. The small shifts that are observed likely due to the differing 



Fig. 3.9     Ligand defi nitions and emission energies for a series 
of (C ∧ N) 2 Ir(acac) complexes (top). Molecular orbitals are 
shown for an analog of (bi) 2 Ir(acac) (middle left). The HOMO 
(shaded) is shown in the middle right and the LUMO (mesh) 
at the bottom. 
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electronegativities for O, N, and S, which will lead higher polarizibility and delo-
calization for the least electronegative heteroatom, S, in the bt derivative. The 
addition of electron donating and accepting groups may also affect on the emission 
energy of the complex. Adding an electron donating group (OMe) to the metallated 
phenyl gives a red shift (compare bt to obt complexes), while electron withdrawing 
groups (F) lead to a blue shift (compare bt to F 2 bt). Similar donor and acceptor 
substitution based shifts in emission energy have been observed for a number of 
other metal complexes with ppy - based ligands as well  [94, 95] .   

 Another effective means to lower the emission energy involves expanding the size 
of the  π  - system of the C ∧ N ligand. A comparison between complexes with benza-
zole ligands that have either a phenyl or naphthyl group, ( cf , bo, bt, and bi to bon, 
bsn, and nbi), shows a shift of 50 – 80   nm occurs in species with the larger  π  - system. 
The aryl  π  - system is intimately involved in the frontier orbitals of these complexes 
and expansion with a naphthyl group leads to a marked bathochromic shift. The 
manner in which the  π  - system is expanded also affects the excited state energy. 
Fused rings lead to the largest red shift. The three complexes bi, nbi, and phbi give 
emission energies of 530, 608, and 651   nm, for phenyl, naphthyl, and phenathrenyl 
groups, respectively. In contrast, the addition of phenyl groups of cbi and fbi leads 
to a modest shift in the case of fbi and no shift for the cbi complex. A conjugated 
biphenyl linkage is less effective than a fused aromatic system in lowering the triplet 
energy, attenuating the effect of the  π  - system extensions in cbi and fbi. 

 The bottom row of compounds in Fig.  3.9  further illustrates the affects of 
increasing the size of the C ∧ N ligand  π  - system as well as isomeric changes. All 
of the compounds show a marked red shift relative to the ppy analog, consistent 
with the expected bathochromic shift. Three different phenyl - quinoline isomers 
are shown, 3piq, pq, and piq. The emission energies of the Ir complexes of these 
three ligands are signifi cantly different, i.e., 562, 597, and 630   nm, respectively. 
The variation in emission energy follows a similar trend observed for Ru com-
plexes ligated with either 3,3 ′  - biisoquinoline  [102]  or 2,2 ′  - biquinoline  [103]  ligands. 
Replacing the phenyl group of piq with 1 - napthyl gives the niq ligand, which leads 
to a red shift of 34   nm in the complex. Steric repulsion is expected to prevent the 
niq ligand from adopting a planar arrangement, attenuating the red shift caused 
by the naphthyl group (cf. bt and bsn). If the naphthyl and isoquinoline groups 
are fused, an azaperylene (azp) ligand is formed. The complex with the azp ligand 
gives a marked red shift, emitting at 932   nm. This emission energy is very close 
to the phosphorescent emission from perylene (800   nm)  [104] , suggesting that the 
excited state in this complexes is predominantly ligand centered. 

 OLED data are given in Table     3.1  for all of the Ir complexes discussed in this 
chapter. The devices chosen here have the same basic structure, i.e., anode/HTL/
doped EML/HBL/ETL/cathode.    

  3.5.8
Near - UV Luminescent Cyclometallated Complexes 

 The use of electron withdrawing and donating substituents on cyclometallated ppy 
ligands can be used to blue shift the emission energy of Ir(ppy) 3  - based complexes 



   [95, 109 – 112] ; however, it is not possible to shift the energy of the green emissive 
Ir(ppy) 3  complex into the deep blue and near UV part of the spectrum ( λ  max     <    450   nm). 
This is because the emission energy of the metal complex is limited by the  3 LC 
energy of the ppy ligand itself (ppyH;  E  T    =   430   nm, 2.88   eV)  [113] . One approach 
that was pursued to blue shift the emission relative to Ir(ppy) 3  involved decreasing 
the size of the C ∧ N  π  - system, by replacing the phenyl ring with a vinyl group. 
Interestingly, this vinyl substitution led to a marked red shift, rather than the 
expected blue shift. The emission energy of the bis(2 - vinylpyridyl) 2 Ir(acac) complex 
was found to be 536   nm versus 515   nm for (ppy) 2 Ir(acac)  [114] . The decrease in 
emission energy in this case is caused by electron – electron repulsion in the triplet 
state, which increases with reduction in the size of the  π  - system, thereby lowering 
the triplet energy through increased singlet – triplet splitting (greater exchange 
energy)  [28] . The same affect is seen in simple hydrocarbons, the triplet energies 
of vinyl substituted benzene derivatives are ca. 5   kcal/mol (0.2   eV)  [115, 116]  lower 
than that of biphenyl ( E  0 - 0    =   436   nm, 2.84   eV)  [117] . 

 An effective method to blue shift the emission energy of cyclometallated com-
plexes markedly, relative to Ir(ppy) 3 , involves replacing the phenyl or pyridyl func-
tionality of ppy with other heterocyclic azole groups, such as pyrazole  [118]  or 
triazole    [109, 119, 120] , which have triplet energies that are signifi cantly higher 
than that of pyridine  [104] . One such modifi cation involves replacing the pyridyl 
of ppy with a pyrazolyl group, i.e., Ir(ppz) 3 , Scheme  3.3 . The emission energy of 
 fac  - Ir(ppz) 3  ( λ  max    =   414   nm, 77   K) is signifi cantly greater than that of  fac  - Ir(ppy) 3  

Table 3.1     Phosphorescent OLEDs based on cyclometallated Ir 
emitters, with the structure anode/HTL/doped EML/HBL/
ETL/cathode. C ∧ N ligands are shown in Fig.  3.9 . 

 Emitter1 Ir(C Ÿ N) 3 , 
(CŸ N) 2 Ir(L Ÿ X) 

 EL  lmax

(nm)
 CIE  EQE (%)  cd/A  lm/W  Reference 

 Firpic  472  0.16,0.32   5.7   –    6.3   [46] 
  fac  - Ir(ppy) 3   510  0.27,0.63   8.0  28  31   [34] 
 (ppy) 2 Ir(acac)  520  0.31,0.64  12.3  50  38   [50] 
 (4 ′ 6 ′ F 2 bt) 2 Ir(acac)  530  0.37,0.60  11.2  45.0  13.9  [105] 
 (cbi) 2 Ir(acac)  530  0.35,0.61  12.1  44  13   [97] 
 (pbi) 2 Ir(acac)  530  0.36,0.60  16.7  61  20   [97] 
 (bt) 2 Ir(acac)  560  0.47,0.52   9.28  34.0  11.4  [105] 
 (3piq) 2 Ir(acac)  562  0.49,0.51   7.17  23.9   9.38   [99] 
  mer  - Ir(ppy) 3   564  0.42,0.50   –   15.3   5.3   [87] 
 (fbi) 2 Ir(acac)  568  0.51,0.48  10.4  30   7.8   [97] 
  fac  - Ir(pq) 3   589  0.56,0.43  11  33.4  11.7  ]106] 
 (pq) 2 Ir(acac)  597  0.61,0.38  10.3  17.6   –    [52] 
 (nbi) 2 Ir(acac)  608  0.63,0.35   4.8   6.1   1.7   [97] 
 (obt) 2 Ir(acac)  610  0.63,0.37   6.5  11.0   4.3  [105] 
  fac  - Ir(piq) 3   620  0.68,0.32  10.3   –    8.0  [107] 
 (piq) 2 Ir(acac)  630  0.68,0.32   9.21   8.22   2.34  [108] 
 (niq) 2 Ir(acac)  680  0.70,0.27   0.38   0.24   –   [100] 
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( λ  max    =   494   nm, 77   K). The photophysical properties of the Ir complexes mirror 
those of the ligands themselves. The triplet energy of the ppzH ligand ( E  T    =   380   nm, 
3.26   eV)  [121]  is much higher than that of ppyH (vida supra). Unfortunately, no 
detectable emission from  fac  - Ir(ppz) 3  is observed at room temperature, in fl uid or 
solid solutions    [57, 122] . The intensity of photoluminescence of  fac  - Ir(ppz) 3  is 
strongly temperature dependent, whereas the PL intensity of  fac  - Ir(ppy) 3  is invari-
ant with temperature when dispersed in a solid matrix (at temperatures between 
roughly 100   K and 300   K)  [33] . Weak emission from  fac  - Ir(ppz) 3  is observed in fl uid 
solution at temperatures below 230   K, with the intensity increasing to 77   K. Thermal 
population of one or more higher lying nonradiative excited states prevents mea-
surable emission from  fac  - Ir(ppz) 3  at room temperature. As the temperature is 
decreased, decay through the nonradiative state(s) is diminished.   

 To achieve effi cient luminescence from cyclometallated ppz - based Ir complexes 
at room temperature, the nonradiative processes that thermally deactivate the 
excited state must be retarded or eliminated. This has been accomplished by 
replacing the phenyl ring of the ppz ligand with the extended  π  - system of a fl uo-
renyl group, i.e.,  fac  - Ir(fl z) 3  (Scheme  3.3 ). The fl uorenyl substituent lowers the  3 LC 
energy of the complex, increasing the energy difference between the emissive 
triplet and nonradiative decay states. The PL effi ciency of  fac -  Ir(fl z) 3  at room tem-
perature is high ( Φ    =   0.38) and the measured lifetime is 37    µ s  [123] . The radiative 
( k  r ) and nonradiative ( k  nr ) decay rates estimated from the lifetime and PL effi ciency 
are 1.0    ×    10 4  s  − 1  and 2.0    ×    10 4  s  − 1 , respectively. These rates are an order of magnitude 
lower than those reported for ppy - based tris - cyclometallated Ir complexes  [114 –
 116] . The low radiative rate for  fac  - Ir(fl z) 3  is consistent with a low level of  1 MLCT 
character in the emissive excited state, and is due to the large separation between 
the  1 MLCT and ligand triplet energies. 

 Considerable work has focused on the thermally activated decay processes in 
luminescent transition metal complexes  [124] . The photophysical properties of 
Ru(II) and Os(II) tris - diimine complexes exhibit strong temperature dependences, 
making them good candidates for studying this phenomenon. The temperature 
dependence observed for Ru(II) diimine complexes is characteristic of thermal 
population of ligand fi eld (dissociative) states, whereas the Os(II) analogs have 
kinetic parameters more consistent with deactivation through higher energy 

    Scheme 3.3       



MLCT states  [125] . The tris - cyclometallated Ir(III) complexes discussed here are 
isoelectronic with the Ru(II) and Os(II) tris - diimine materials, and are expected to 
mimic the photophysics of their Os(II) counterparts  [126] . Thus, the  fac  - Ir(ppz) 3  
complex could decay nonradiatively through higher energy nonradiative MLCT 
states  [125] . However, the triplet energy of  fac  - Ir(ppz) 3  is very high ( E  T    =   3.0   eV, 
70   kcal/mol) and comparable to the expected Ir - phenyl bond strength  [127] . There-
fore, thermal population to accessible ligand fi eld states may contribute to nonra-
diative luminescent decay. 

 If the thermally accessed nonradiative state is a metal - localized, ligand fi eld 
state, strengthening the metal – ligand bonds will raise its energy, since that state 
is largely comprised of antibonding counterparts to the metal – ligand bonding 
orbitals. N - heterocyclic carbene ( NHC  ) ligands form strong bonds to transition 
metals  [128] , which shifts the metal – carbene antibonding orbitals to high energy, 
thereby decreasing or eliminating decay through the ligand fi eld state. Specifi cally, 
the two  NHC  ligands discussed here are 1 - phenyl - 3 - methyl - imidazolin - 2 - ylidene 
(pmi) and 1 - phenyl - 3 - methyl - benzimidazolin - 2 - ylidene (pmb) (see Scheme  3.3 ) 
 [123] . The carbene moiety is a neutral, two electron donor, which makes the cyclo-
metallated ligand a bidentate monoanionic ligand (C ∧ C: is used here as a general 
abbreviation for a cyclometallated carbene ligand). The fi rst example of a tris -
 cyclometallated carbene complex, Ir(C ∧ C:) 3 , was reported in 1980 by Lappert et al. 
(see Ir - Lappert in Scheme 3.5)  [129] . 

 Ir(pmi) 3  and Ir(pmb) 3  have electrochemical and absorption characteristics which 
are very similar to those of Ir(ppz) 3 . The data are consistent with the Ir(C ∧ C:) 3  and 
Ir(ppz) 3  complexes having both low HOMO and high LUMO energies. The  fac  -
 isomers undergo reversible oxidation (  fac  - Ir(pmi) 3 ,  E  1/2  ox    =   0.22   V;  fac  - Ir(pmb) 3 , 
 E  1/2  ox    =   0.48   V) and no observable reduction within the accessible solvent window. 
The excited state properties of the Ir(C ∧ C:) 3  complexes are related to the Ir(C ∧ N) 3  
analogs in that both types of species emit from perturbed  3 LC states. The Ir(C ∧ C:) 3  
complexes display intense emission at 77   K in the near UV and also luminescence 
at room temperature in fl uid solution ( λ  max    =   390   nm). The emission spectra at 77   K 
are highly structured and have luminescent lifetimes between 2 to 7    µ s. The PL 
effi ciencies at room temperature for the Ir(C ∧ C:) 3  complexes are low (0.002 to 
0.05), but markedly higher than their pyrazolyl counterparts. 

 Deep blue organic electrophosphorescence has been demonstrated for both 
 facial -   and  meridional -   isomers of Ir(pmb) 3   [130] . The high triplet energy of these 
materials necessitate the use of a wide energy gap host,  p  - bis(triphenylsilyly)
benzene  [131] , in place of CBP. An electron blocking layer was also needed to 
eliminate HTL emission from this device. The highest energy electrophosphores-
cent transition occurs at a wavelength of  λ    =   389   nm for the  fac -   isomer and 
 λ    =   395   nm for the  mer -   isomer. The  fac -   and  mer -   isomers gave OLED effi ciencies 
of 2.6% and 5.8%, respectively. Both devices gave power effi ciencies of less than 
2   lum/W. The relatively low power effi ciencies compared to previously reported 
phosphor dopants refl ect the limited overlap between the deep blue EL spectra of 
these devices and the photopic response of the human eye. The photophysical and 
OLED properties of related carbene complexes have also been reported  [132] .   
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  3.6
Conclusion

 The improvements in performance of organic light - emitting diodes since the 
initial report of a heterostructure device, from an effi ciency of 1%  [133]  to an 
external effi ciency of nearly 20% or higher    [24, 134 – 136] , are truly impressive. 
These devices are now performing at close to an internal effi ciency of 100%. The 
key to these high effi ciencies in these devices is the organometallic dopant, which 
is the ultimate source of emission in these devices. These dopants have phospho-
rescence effi ciencies of nearly 100% in the solid state, allowing for effi cient har-
vesting of both the singlet and triplet excitons. Organometallic complexes are ideal 
candidates for this application, since many phosphoresce effi ciently (particularly 
complexes of Ir) and ligand modifi cations can be used to tune the emission color 
to span a range from the near - UV to the near - IR. In addition to applications where 
the ultrahigh effi ciencies are important, they will be key components in white 
emissive devices as well, where the emission energy and the spectral linewidth are 
both critical components in achieving both high effi ciency and white color balance. 
The future for phosphors based on metal complexes in organic LEDs is very bright 
indeed.  
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 Highly Effi cient Red - Phosphorescent Iridium Complexes  
  Akira   Tsuboyama  ,   Shinjiro   Okada  , and   Kazunori   Ueno   

  This chapter summarizes our recent research on molecular design, photophysics 
of highly effi cient red - phosphorescent cyclometalated iridium complexes and sub-
sequent organic light - emitting diodes (OLEDs) using the complex as an emitter. 
We designed and synthesized tris - cyclometalated iridium complexes based on the 
known green - phosphorescent complexes,  fac  - Ir(thpy) 3  and  fac  - Ir(ppy) 3  [thpy   =   1 -
 (thiophen - 2 - yl)pyridinato, ppy   =   1 - phenylpyridinato]. The Ir(thpy) 3  family (the com-
plexes with 2 - (thiophen - 2 - yl)pyridine derivatives) exhibits large bathochromic 
shifts of the phosphorescence spectra by introducing large conjugation moieties 
and appropriate substituents, methyl, trifl uoromethyl, thiophen - 2 - yl. However, 
phosphorescence quantum yield (  Φ  p  ) of the red - emissive complexes (phosphores-
cence spectrum peak ( λ  max )    >    600   nm) becomes small, caused by a signifi cant 
decrease of the radiative rate constant ( k r  ). In contrast, the complexes with 1 - 
arylisoquinoline ligands are found to yield marked bathochromic shifts of  λ  max  
and very high   Φ  p  . These complexes, Ir(piq) 3 , Ir(tiq) 3 , and Ir(fl iq) 3  [piq   =   1 - 
phenylisoquinolinato, tiq   =   1 - (thiophen - 2 - yl)isoquinolinato and fl iq   =   1 - (9,9 - dimethyl - 
9 H  - fl uorene - 2 - yl)isoquinolinato], emit through a triplet metal - to - ligand charge 
transfer ( 3 MLCT) excited state, leading to approximately one order of magnitude 
larger  k r   value than those of the Ir(thpy) 3  family. The complex Ir(piq) 3  shows pure 
red - phosphorescence ( λ  max    =   620   nm) with very high   Φ  p   (0.26) in toluene at room 
temperature. We further examined substituent effects on Ir(piq) 3  to optimize the 
performance as a red - emitting material for OLEDs. The emission energy and the 
decay kinetics of the excited state of the complexes Ir(X 1 /X 2 piq) 3  (X 1 =4F, 4CH 3 O, 
4CH 3 ; X 2 =5CH 3 ) were successfully tuned by the nature and position of the sub-
stituents on the ligands. We consequently obtained the highly red - phosphorescent 
iridium complex, Ir(4F5mpiq) 3  (4F5mpiq   =   1 - (4 - fl uoro - 5 - methylphenyl)isoquinolin
ato), ( λ  max    =   607   nm and   Φ  p     =   0.32). The OLED device using Ir(4F5mpiq) 3  as a red 
emitter shows very high electroluminescence effi ciency: power effi ciency   =   12.4   lm/
W and external quantum effi ciency,  η  ex    =   15.5% at 220   cd/m 2 . The CIE chromaticity 
coordinates were estimated to be  x    =   0.66,  y    =   0.34, which is near the National 
Television Standard Committee (NTSC) red specifi cation.     
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  4.1
Introduction

 Recently, organic light - emitting diodes (OLEDs) using phosphorescent transition 
metal complexes as emitters have been extensively studied  [1, 2] . The phosphores-
cent OLEDs produce highly effi cient electroluminescence, which signifi cantly 
exceeds the widely accepted theoretical limitation of the external quantum effi -
ciency ( η  ex ), 5%, for conventional fl uorescence - based OLEDs. In OLED devices, 
the excited states electrogenerated by recombination of holes and electrons provide 
the statistical ratio of singlet:triplet excited states of 1:3. In view of intersystem 
crossing from the singlet to the triplet state, the phosphorescent OLED can utilize 
both the singlet and triplet energy for electroluminescence. Thus, the phos-
phorescent OLEDs afford, in principle, four times higher  η  ex  than that of the 
fl uorescence - based OLEDs. Phosphorescent emitters usually used in the OLEDs 
are 5d transition metal complexes, which include both octahedral 5d 6  complexes 
[Ir(III)  [1b, 2] , Re(I)  [3] , and Os(II)  [4] ] and square planer 5d 8  complexes [Pt (II)] 
   [1a, 5] . Strong spin – orbit coupling caused by 5d metal ions incorporated in the 
complexes leads to effi cient intersystem crossing from a singlet to a triplet excited 
state. The spin - forbidden nature in the radiative relaxation from the triplet state 
is eliminated through mixing of the singlet and triplet excited state via spin – orbit 
coupling, leading to high phosphorescence effi ciency  [6] . 

 In 1999, Baldo  et al . succeeded in developing an effi cient green - phosphorescent 
OLED with  η  ex  of 8%, using the iridium complex,  fac  - Ir(ppy) 3  [ fac    =   facial, 
Ir(ppy) 3    =   tris(2 - phenylpyridinato - C 2 ,N) iridium(III)], as an emissive dopant  [1b] . 
The tris - cyclometalated iridium complex,  fac  - Ir(ppy) 3 , was fi rst reported by King 
 et al . in 1985  [7] . Lamansky  et al .  [2a,b]  reported in 2001 that a series of bis - 
cyclometalated iridium complexes with  β  - diketonato ancillary ligands such as 
(ppy) 2 Ir(acac) (acac   =   acetylacetonato) gave a wide range of emission colors with 
high phosphorescence yields comparable to those of tris - cyclometalated iridium 
complexes. Since these initial OLED reports, many researchers and groups have 
directed their attention to phosphorescent cyclometalated iridium complexes and 
OLEDs using the complexes as emitters  [2] . 

 The cyclometalated iridium complexes provide distinct features applicable to 
phosphorescent dopants used in the OLEDs    [2, 8] : The general features include 
that (1) the complexes with suitably designed ligands give high phosphorescence 
quantum yields in solutions, ranging from 0.1 to 0.5, (2) the high ligand fi eld 
strength of a carbon atom bonding to the iridium atom provides high emission 
energy, which potentially covers the whole range of visible light from blue to red, 
(3) cyclometalating ligands are formally monoanionic and can thus be used to 
prepare neutral tris - coordinated complexes, (4) the ligands afford high design 
freedom, and (5) the complexes are thermally and chemically stable under ambient 
conditions. 

 This chapter summarizes our recent research on molecular design of highly effi -
cient red - phosphorescent iridium complexes suitable for OLED devices  [2g,o] . We 
have investigated the photophysical properties and nature of the emissive excited 
state of a new class of iridium complexes for highly effi cient red - phosphorescence. 



In addition to high phosphorescence effi ciency, we have examined thermal stability 
of the complexes for the device fabrication and stable device performance.  

  4.2
Issues of Red - Emissive Materials 

 The emission quantum yield (  Φ  ) from an emissive excited state to a ground state 
is generally expressed as

   Φ =
+
k

k k
r

r nr

    (4.1)   

 where  k  r    and  k  nr    are the radiative and nonradiative rate constant, respectively. The 
rate constants have a strong dependence on the energy gap (  ∆ E ) between the emis-
sive excited state and the ground state, formulated as  [9] 

   k Enr = −α β α βexp( ) [ : ]∆ , constant     (4.2)  
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 Equation  (4.2)  is well known as  “ the energy gap law, ”  which indicates that  k nr   
increases with a decrease of  ∆  E.  A   mn    in Eq.  (4.3)  is Einstein ’ s A coeffi cient and   M   mn    
is the emission transition moment between the  m th and  n th state. It is obvious 
from these equations that red emission with small   ∆ E  tends to give larger  k  nr    and 
smaller  k  r   , leading to the lower emission quantum yield,   Φ  . Actually, from these 
reasons, effi cient red - emissive materials practicable for low - power - consumption 
OLEDs have not been developed. For obtaining an effi cient red - emissive material, 
suppressing both an increase of  k  nr    and a decrease of  k  r    with a decrease of  ∆  E  is 
essential.  

  4.3
Red - Phosphorescent Iridium Complexes 

 Figure  4.1  shows the iridium complexes and their abbreviation used in this study. 
The iridium complexes, Ir(ppy) 3  and Ir(thpy) 3 , are known to provide strong green -
 phosphorescence    [7, 10] . In this study, we designed new ligands in order to obtain 
highly effi cient red - phosphorescent iridium complexes.   

  4.3.1
Lowest Excited State of Iridium Complexes 

 In order to qualitatively understand the nature of the phosphorescent excited state 
of cyclometalated iridium complexes, the results of the HOMO/LUMO calculation 
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 [11]  on Ir(piq) 3   (6)  are shown in Fig.  4.2 . The HOMO distributes over the phenyl 
ring and the iridium atom, while the LUMO is localized at the isoquinoline ring. 
Supposing that an emissive lowest excited state is formed via the LUMO ← HOMO 
electronic transition, the excited state should be mixing of MLCT (metal - to - ligand 
charge transfer) [ π  * (isoquinoline)  ←  5d orbital (Ir)] and LC (ligand - centered)  π  –  π  *  
excited states.   

 The lowest triplet excited state,   φ  T  , responsible for phosphorescence, of the 
cyclometalated iridium complexes is principally expressed as  [2g] 

   φ φ φT T Ta b= +( ) ( )MLCT LC     (4.4)   

 where  a  and  b  are the normalized coeffi cients and   f ( MLCT ) T   and   f ( LC ) T   are the 
wavefunctions of the MLCT and the ligand - centered triplet excited state, respec-

Fig. 4.2     HOMO and LUMO of Ir(piq) 3   (6) , calculated by the Hartree – Fock method. 

Fig. 4.1     Iridium complexes and their abbreviation used in this study. 



tively. Equation  (4.4)  implies that the phosphorescent excited state,   f  T  , of the iridium 
complexes is an admixture of   φ ( MLCT ) T   and   φ ( LC ) T  . The triplet excited state is 
attributed to the predominantly  3 MLCT excited state when  a    >    b  and the predomi-
nantly  3  π  –  π  *  excited state when  a     <     b . According to the previous paper  [10] , the 
phosphorescent excited states of Ir(ppy) 3  and Ir(thpy) 3  have been ascribed to the 
predominantly  3 MLCT and the predominantly  3  π  –  π  *  excited state, respectively. 

 In general, the  k r   values of emission from the  3 MLCT - based excited state are two 
or three orders of magnitude larger than those from the  3  π  –  π  *  excited state  [12] . 
The complex Ir(ppy) 3 , with the predominantly  3 MLCT excited state, possesses 
especially large radiative rate constant,  k r   (3    ×    10 5  s  − 1 ), relative to that of Ir(thpy) 3 . 
The large  k r   of Ir(ppy) 3  leads to high phosphorescence quantum yield (0.4) in 
toluene at room temperature. Thus, we focused our attention on designing metal 
complexes that provide red emission from an  3 MLCT excited state.  

  4.3.2
Molecular Design and Structure 

 The cyclometalating ligands for red - phosphorescent iridium complexes were 
designed and synthesized based on the following design concepts. 
   (1)     For the iridium complexes having the emissive  3  π  –  π  *  excited 

state, the peak wavelength of phosphorescence is assumed 
to be essentially governed by the excited triplet energy of the 
ligand. This assumption leads to the consideration that, 
when the ligand L has a smaller triplet energy than thpyH, 
the iridium complex, Ir(L) 3 , probably gives more red - shifted 
phosphorescence than Ir(thpy) 3 . The triplet energy of the 
ligand should decrease with an increase in the  π  - conjugation 
system. Accordingly, we designed ligands with  π  -
 conjugation systems much larger than that of thpyH: 
2,5 - di(thiophene - 2yl)pyridine (t - 5t - pyH) and 2 -
 benzo[b]thiophen - 2 - yl - pyridine (btpyH).  

   (2)     Molecules having intramolecular donor – acceptor (DA) 
systems exhibit bathochromic shifts of both absorption and 
emission spectra. Originally, 2 - thiophen - 2 - yl - pyridine 
(thpyH) itself has a DA character resulting from the 
interaction between an electron - rich group, thiophen, and 
an electron - defi cient group, pyridine. Introduction of a 
methyl group (an electron donor) and a trifl uoromethyl 
group (an electron acceptor) into the thiophene and pyridine 
moieties, respectively, is considered to enhance the DA 
character of the ligand. Thus, we have synthesized the 
following ligands: 2 - (5 - methyl - thiophen - 2 - yl)pyridine (5m -
 tpyH), 2,5 - di(5 - methyl - thiophen - 2 - yl)pyridine (mt - 5mt - pyH), 
and 2 - thiophen - 2 - yl - 5 - trifl uoromethyl - pyridine 
(t - 5CF 3  - pyH).  
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   (3)     For the iridium complexes having the emissive  3 MLCT 
excited state, the HOMO level of the complex should not 
change unless the coordination structure signifi cantly varies. 
The  3 MLCT energy is expected to effectively decrease when a 
complex has a ligand with lower LUMO level. Thus, the 
isoquionoline ring, more electron - accepting moiety than 
pyridine ring, is introduced to the ligands. Accordingly, 
we designed the 1 - arylisoquinoline ligands: 
1 - phenylisoquinoline (piqH), 1 - (thiophen - 2 - yl)isoquinoline 
(tiqH), and 1 - (9,9 - dimethyl - 9 H - fl uoren - 2 - yl)isoquinolinato 
(fl iqH).    

 The complexes using the above - mentioned ligands were synthesized according 
to the previous paper  [13] , and were characterized with X - ray crystallography and 
 1 H NMR. The  1 H NMR spectra of all the complexes are consistent with a facial 
structure, which indicates that the number of coupled spins is equal to that of 
protons on one ligand as the three ligands are magnetically equivalent due to 3 - fold 
symmetry  [10] . The facial arrangement of the three ligands in Ir(piq) 3  (6) was 
confi rmed by X - ray crystallography. Selected parameters of the molecular structure 
are listed in Table     4.1 . Figure  4.3  displays the ORTEP diagram of Ir(piq) 3  (6) given 

Table 4.1     Selected structural parameters for Ir(piq) 3(6) . 

 Bond lengths ( Å ) 

 Ir(1) – N(1)  2.135(5) 
 Ir(1) – C(15)  2.009(6) 
 N(1) – C(1)  1.374(8) 
 N(1) – C(9)  1.339(8) 

 Bond angles (deg) 

 N(1) – Ir(1) – C(15)   78.5(2) 
 Ir(1) – N(1) – C(1)  124.8(4) 
 Ir(1) – N(1) – C(9)  115.1(4) 
 Ir(1) – C(15) – C(10)  116.3(4) 
 C(1) – N(1) – C(9)  119.7(5) 

 Torsion angles (deg) 

 C(15) – Ir(1) – N(1) – C(9)   10.8(1) 
 N(1) – Ir(1) – C(15) – C(14)   173.2(1) 
 Ir(1) – N(1) – C(9) – C(8)   160.7(6) 
 C(3) – C(8) – C(9) – C(10)   − 169.8(9) 
 C(8) – C(9) – C(10) – C(11)   22.9(2) 
 C(7) – C(8) – C(9) – N(1)   − 161.2(9) 



Fig. 4.3     ORTEP diagram of Ir(piq) 3   (6)  with the thermal 
ellipsoids representing a 50% probability level. Hydrogen 
atoms are omitted for clarity. 
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by X - ray analysis, showing that the sterically crowded ligand results in large defor-
mation with regard to the isoquinoline and phenyl rings. The deformation is 
caused by steric hindrance originating from the repulsion between two hydrogen 
atoms bound to the carbon atoms 7 and 11 (atom numbering is shown in Fig. 
 4.3 ). The X - ray data show not only a large dihedral angle [C(8) – C(9) – C(10) –
 C(11)   =   23 ° ] between the two rings, but also a strongly deformed isoquinoline ring 
out of the plane with a dihedral angle [C(7) – C(8) – C(9) – N(1)] of approximately 
161 ° .      

  4.3.3
Phosphorescence Spectra 

 Table     4.2  summarizes the phosphorescence properties of the iridium complexes 
in toluene at room temperature. Figure  4.4(A)  shows the phosphorescence spectra 
of Ir(thpy) 3  and of the complexes  (2) – (5) . The lowest triplet excited (T 1 ) state of 
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Fig. 4.4     (A) Phosphorescence spectra of Ir(thpy) 3  and  (2) – (5) . 
(B) Absorption and phosphorescence spectra of Ir(piq) 3   (6)  in 
N2  - saturated toluene solutions (10  − 6    M) at room temperature. 

Table 4.2     Phosphorescence properties of the iridium complexes. 

     Ir(ppy) 3   Ir(thpy) (1)    (2)    (3)    (4)    (5)    (6)    (7)    (8)

  λ  max (nm)  514  550  558  563  596  613  627  620  644  652 
  τ ( µ s)   1.3   2.4   1.0   1.1   4.0   4.6   4.7   1.1   0.7   0.7 
  Φ  p    0.4   0.17   0.08   0.19   0.12   0.12   0.08   0.26   0.17   0.19 
  k r      ×    10  − 5  (s  − 1 )  a     3.1   0.7   0.8   1.7   0.3   0.3   0.2   2.3   2.3   2.6 
  k  nr     ×    10  − 5  (s  − 1 )  a     4.6   3.5   9.3   7.2   2.2   1.9   2   6.6   11.2   10.9 
 Lowest excited state   3 MLCT   3  π  –  π  *    3  π  –  π  *    3  π  –  π  *    3  π  –  π  *    3  π  –  π  *    3  π  –  π  *    3 MLCT   3 MLCT   3 MLCT 

  All data are measured in N 2  - saturated toluene solutions (10  − 6    M) at room temperature.  λ  max
 : emission maximum 

peak,  τ : emission lifetime   Φ  p  : phosphorescence quantum yield.  
   a   k r   and  k   nr   (radiative and nonradiative rate constant) are calculated from the following equation by assuming 
  Φ   isc    =   100%:   Φ  p     =     Φ   isc  ·  k r /(k r     +    k  nr  ),  τ     =    1 / (k r     +    k nr )       



Ir(thpy) 3  has been assigned to the predominantly ligand - centered  3  π  –  π  *  state in 
terms of the distinct vibronic progression and solvent effects in the phosphores-
cence spectrum    [2g, 10] . As the phosphorescence spectrum shapes of  (1) – (5)  are 
quite similar to that of Ir(thpy) 3 , the phosphorescence of these complexes can also 
be attributed to the emission from the predominantly  3  π  –  π  *  state.     

 The phosphorescence spectra of the complexes with a large conjugation system, 
Ir(btpy) 3   (3)  and Ir(t - 5t - py) 3   (4) , are markedly red - shifted by 46 and 63   nm, respec-
tively, in comparison to that of Ir(thpy) 3 . The iridium complexes with methyl sub-
stituents, Ir(5m - tpy) 3   (1)  and Ir(mt - 5mt - py) 3   (5) , are also found to exhibit moderate 
red - shifting of the phosphorescence spectra: the phosphorescence peaks of the 
former and the latter are red - shifted by 8 and 14   nm, respectively, in comparison 
with those of the base complexes, Ir(thpy) 3  and Ir(t - 5t - py) 3   (4) . These fi ndings 
indicate that the introduction of the methyl group/s into the thienyl moiety 
enhances the DA character of the ligand in the Ir complexes, leading to the red 
shift of the phosphorescence spectra. The phosphorescence spectrum peak of the 
complex Ir(t - 5CF 3  - py) 3   (2)  is located at the wavelength longer than that of Ir(thpy) 3  
by 13   nm. These results lead to the conclusion that the phosphorescence spectra 
of the iridium complexes are red - shifted when their ligands have the large  π  - 
conjugation space and/or strong intramolecular DA interaction. 

 On the other hand, the phosphorescent T 1  states of the complexes  (6) – (8)  are 
assigned to the predominantly  3 MLCT excited state. Figure  4.4(B)  shows the 
absorption and the phosphorescence spectrum of Ir(piq) 3   (6)  in toluene solution 
at room temperature. The intense absorption band ( ε     >    10 4    M  − 1   cm  − 1 ) located at 
400 – 480   nm can be assigned to the spin - allowed  1  π  –  π  *   ←  S 0  transition. In addition, 
the weak and broad absorption bands ( ε   <  4000   M  − 1  cm  − 1 ) in the wavelength region 
longer than 520   nm were observed. According to the previous papers, these weak 
absorption bands located at longer wavelengths have been assigned to the  1 MLCT 
 ←  S 0  and  3 MLCT  ←  S 0  transitions    [2a, 10] . Thus, the broad absorption shoulders 
at 550 and 600   nm observed for the Ir(piq) 3   (6)  have been ascribed to the  1 MLCT 
 ←  S 0  ( ε    =   4000   M  − 1   cm  − 1 ) and  3 MLCT  ←  S 0  ( ε    =   2000   M  − 1  cm  − 1 ) transitions, respec-
tively. The phosphorescence spectrum of  (6)  does not have a distinct vibronic fi ne 
structure in contrast to those of the complexes  (1) – (5) . Since emission bands from 
MLCT states are generally broad and featureless  [2a] , the phosphorescence of  (6)  
can be assigned to the emission from the predominantly  3 MLCT excited state. 

 It should be noted that the complexes  (6) – (8)  with the aryl - isoquinoline ligand 
exhibit large bathochromic shifts (ca. 90   nm) compared to the base complexes, 
Ir(ppy) 3  and Ir(thpy) 3 . The 1 - arylisoquinoline ligands can effectively reduce the 
 3 MLCT excited energy of cyclometalated iridium complexes by the strong electron -
 accepting character of the isoquinoline moiety.  

  4.3.4
Phosphorescence Yield 

 Ir(piq) 3   (6)  produces the highest phosphorescence quantum yield (  Φ  p     =   0.26) with 
pure red emission ( λ  max    =   620   nm) among the red - emissive iridium complexes 
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 (4) – (8) . The  3 MLCT complexes  (6) – (8)  give 1.5 – 2 times higher   Φ  p   than the  3  π  –  π  *  
complexes  (4) – (5) . These high   Φ  p   of the  3 MLCT complexes are based on the large 
radiative rate constants,  k r  , compared to those of the  3  π  –  π  *  complexes. 

 For ease of discussion, we divided the complexes studied here into two groups: 
the Ir - thiophene family,  (1) – (5)  and Ir(thpy) 3 , and the Ir - isoquinoline family,  (6) –
 (8)  and Ir(ppy) 3 . The former and the latter produce phosphorescence from the 
predominantly  3  π  –  π  *  and the predominantly  3 MLCT excited state, respectively. 

 Figure  4.5(A)  shows the phosphorescence yield,   Φ  p  , versus the emission energy 
of phosphorescence,  E  em . It is found that (1)   Φ  p   ranges from 0.08 to 0.4 and roughly 
tends to increase with an increase in  E  em  and (2)   Φ  p   of the Ir - isoquinoline 
family is larger than that of the Ir - thiophene family in the  E  em  region 
15,000 – 16,500   cm  − 1 .   

 Figure  4.5(B)  shows the plot of  k r   versus  E  em . The  k r   values of the Ir - thiophene 
family,  (1) – (5)  and Ir(thpy) 3 , increase with an increase in  E  em , while those of the 
Ir - isoquinoline family are almost independent of  E  em . According to the electronic 
transition theory, the  k r   value is proportional to the square of the electric dipole 
transition moment,   M  T – S   (see Eq.  (4.3) ). The fi rst - order perturbation theory gives 
an approximate expression for   M  T – S    [9b] :

   M MT S n n

n

− =∑β 1 1
0ϕ ϕ     (4.5)   

 where   1  φ  n   and   1  φ  0   are, respectively, the wavefunctions of the S  n   and the S 0  state, 
and   M   is the electric dipole vector. With the use of the spin – orbit coupling opera-
tor,   H  so  , and the wavefunction of the lowest excited triplet state,   3  φ  1  ,   β  n   is formu-
lated as

Fig. 4.5     Plots of phosphorescence yield  Φp  (A) and radiative 
rate constant kr  (B), obtained with the Ir - thiophene family, 
(1) – (5)  (open circle), and the Ir - isoquinoline family,  (6) – (8)
(closed circle), represented as a function of the emission 
energy of phosphorescence, Eem  (in reciprocal centimeters), at 
298   K. 
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 where   1 E n   and   3 E 1   are the energies of the S n  state and the lowest excited triplet 
state, respectively. 

 Here, we assume a three - state model, S 1 , T 1 , and S 0 . Then, Eq.  (4.5)  is simply 
expressed as
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 Equation  (4.7)  predicts that, when   α   (= 〈   1  φ  1  |   H SO    |  3  φ  1   〉  〈   1  φ  1  |   M   |  1  φ  0   〉 ) is approximately 
constant,  k r   increases with a decrease in the energy difference, (  1 E 1      −      3 E 1  ). 

 We fi nd that  k r   of the Ir - thiophen family increases with an increase in  E  em . This 
fact is explained by assuming that the S 1  energy does not differ signifi cantly among 
the complexes  (1) – (5)  and Ir(thpy) 3 , and thus, the energy difference, (  1 E 1      −      3 E 1  ), 
increases with the decrease in  E  em . Actually, in the complexes  (1) – (5) , spin - allowed 
S 1  ← S 0  absorption bands [log( ε )   =    ∼ 4.0] are located at 460 – 482   nm  [2g] ; however, 
phosphorescence (S 0  ← T 1 ) exhibits large bathochromic shifts ranging from 558   nm 
to 627   nm. These data provide evidence that the energy difference (  1 E 1      −      3 E 1  ) 
increases with the decrease in  E  em , and therefore,  k r   increases with an increase 
in  E  em . 

 On the other hand, the  k r   values of the Ir - isoquinoline family are almost inde-
pendent of  E  em . Presumably, the energy difference (  1 E 1      −      3 E 1  ) is approximately 
constant among the complexes,  (6) – (8)  and Ir(ppy) 3 . From the absorption data of 
 (6) – (8)  and Ir(ppy) 3 , the energy differences between S 1  ( 1 MLCT) and T 1  ( 3 MLCT) 
are found to be small, ranging from 1370 to 1520   cm  − 1   [2g] . As mentioned above, 
we consider that the plot of  k r   versus  E  em  in Fig.  4.5(B)  is qualitatively interpreted 
in terms of Eq.  (4.7) . 

 The red - emissive complexes of the Ir - isoquinoline family,  (6) – (8) , give higher 
phosphorescence quantum yields than the complexes of the Ir - thiophene family, 
 (3) – (5) . The high quantum yields of  (6) – (8)  are partly ascribed to the large  k r   values, 
ca. 3    ×    10 5  s  − 1 , independent of  E  em . 

 In summary, the iridium complexes with the 1 - arylisoquinoline ligands shows 
marked red shifts of  λ  max  and very high   Φ  p   (0.19 – 0.26). These complexes are found 
to possess predominantly  3 MLCT excited states and have the  k r   values one order 
of magnitude larger than those of the Ir - thiophene family. The complex Ir(piq) 3  
 (6)  shows particularly high   Φ  p   (0.26) with pure red emission ( λ  max    =   620   nm).  

  4.3.5
Substituent Effects of Ir(piq) 3  (6) 

 Substituent effects on the photophysical properties of phosphorescent transition 
metal complexes have been widely investigated  [13, 14] . The phosphorescence 
spectra and their emissive excited states were fi nely tuned by the nature of the 
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Table 4.3     Electrochemical and phosphorescence properties of 
the iridium complexes with the substituted ligands  a

N

Ir

X1

X2

3

X1=H, CH3, F, CH3O
X2=H, CH3

        (9)    (10)    (11)    (6)    (12)    (13)
 X 1   F  F  CH 3 O  H  CH 3   H 
 X 2   H  CH 3   H  H  H  CH 3

  E  ox    b     (V)    0.67    0.54    0.43    0.45    0.44    0.32 
  E  red    b     (V)    − 2.08    − 2.17    − 2.28    − 2.18    − 2.25   –     c    
  λ  max   (nm)  598  607  610  620  621  635 
  Φ    p           0.4    0.32    0.28    0.26    0.30    0.21 
  τ   ( µ s)    2.43    1.65    1.81    1.12    1.29    0.97 
  k  r     ×    10  − 5   (s  − 1 )    1.6    1.9    1.5    2.3    2.3    2.2 
  k  nr     ×    10  − 5   (s  − 1 )    2.5    4.1    4.0    6.6    5.4    8.1 
 Hammett 

constant   d    
       0.34    0.17    0.12   –     − 0.07    − 0.17 

   a     All the phosphorescence properties are observed with 428   nm excitation in N 2  - saturated 
toluene solutions at room temperature. The   Φ  p   values measured with 428   nm excitation 
are different from those with 464   nm excitation described in the original paper  [2o] . The 
difference is due to the excitation wavelength dependence of   Φ  p  .  

   b     Redox potentials ( E  ox  and  E  red ) are measured in the following conditions: reference electrode, 
Ag/Ag + ; working electrode, glassy carbon; counter electrode, Pt; solution, 0.1   M n - Bu 4 NClO 4  
in THF solutions for  E  ox  and CH 2 Cl 2  solutions for  E  red .  

   c    Not detected.  
   d    Hammett constant ( σ   p  ,  σ   m  ) with respect to the carbon atom bonding to Ir.   

ligand substituents. We tried to optimize the performance of Ir(piq) 3   (6)  as a red -
 emissive dopant suitable for OLED devices by examining the substituent effect on 
the phosphorescence properties  [20] . 

 Table     4.3  shows the iridium complexes studied here and lists their electrochemi-
cal and photophysical properties, and Hammett substituent constant,  σ   [15] . The 
complexes,  (9) – (13) , have the 1 - phenylisoquinoline ligands substituted with methyl 
group, methoxy group, and/or fl uorine atom on the phenyl ring. For the complex 
 (10)  with the ligand di - substituted at a  meta  and  para  position, the sum of  σ   m   and 
 σ   p   was used for the Hammett constant.      

  Tuning Redox Potential and Emission Energy   The substituents have signifi cant 
infl uence on both electrochemical properties and phosphorescence energy. The 



complex with an electron - withdrawing group (F atom) shows higher  E  ox  than the 
complex with an electron - donating group (CH 3  and CH 3 O group). On the other 
hand, effects of the substituents on  E  red  are relatively weak. Since the MO calcula-
tion suggests that the HOMO of Ir(piq) 3   (6)  mainly distributes on the phenyl ring 
(see Fig.  4.2 ), the substituents attached to the phenyl ring are expected to have a 
direct effect on the electronic state of the HOMO. The oxidation potentials ( E  ox ) 
decrease along the following series:  (9)  (4F)    >     (10)  (4F5m)    >     (6)  (unsubstituted)    >     (12)  
(4CH 3 )    >     (13)  (5CH 3 ). This observation can be rationalized by the use of the 
Hammett constant,  σ , which exhibits characteristics of the electronic effect of the 
substituents. Figure  4.6  shows the plots of  E  ox  and the emission energy of phos-
phorescence ( E  em ) versus the Hammett constant ( σ ). Electron - withdrawing sub-
stituents exhibit a positive  σ  value and electron - donating ones have negative 
values. It is found from Fig.  4.6  that (1)  E  ox  tends to increase with an increase of 
the electron - withdrawing character and (2)  E  em  of the complexes changes in 
response to  E  ox . The clear correlation between  E  ox / E  em  and the Hammett constant 
demonstrates that the electron - donating/withdrawing character of the substituents 
controls the HOMO levels to change the emission energy,  E  em . In other words, the 
emission color of the relevant substituted iridium complexes can be predicted and 
designed with the use of the Hammett constant.    

  Tuning the Kinetics of the Excited State Decay   Table     4.3  shows the signifi cant 
change of   Φ  p   (0.21 – 0.40) and  τ  (0.97 – 2.43    µ s), indicating that the nature of the 
substituents also affects the decay kinetics of the excited state. 

 The nonradiative rate constant,  k   nr  , tends to increase with a decrease of the 
emission energy of phosphorescence,  E  em . Figure  4.7(A)  shows a plot of nonradia-
tive rate constant, ln( k   nr  ), as a function of the emission energy,  E  em , showing the 

Fig. 4.6     Plots of emission energy of phosphorescence ( Eem  in 
reciprocal centimeters) and oxidation potential ( Eox ) versus 
Hammett constant ( σ ). 
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relation is in good agreement with the  “ energy gap law ” (see Section 2). The 
 “ energy gap law ”  on the nonradiateive transition is based on the vibrational overlap 
between the excited state and the ground state, and  k nr   is a function of an electronic 
coupling term and a Franck – Condon overlap integral. The linear correlation sug-
gests that the iridium complexes with the substituted 1 - phenylisoqunoline ligands 
possess similar vibrational and electronic components  [14e] .   

 Figure  4.7(B)  shows a plot of  k r   versus E em . The  k r   values roughly tend to increase 
with a decrease of  E  em , but the E em  dependence of  k r   is weaker relative to that of 
 k nr  . In general, the energy gap (  ∆ E ) dependence of  k r   values is expressed by the 
Einstein A coeffi cient (see Eq.  (4.3) ). However, the  k r   values of our iridium com-
plexes have an opposite tendency against Einstein ’ s equation. This result suggests 
that, by introducing the substituents, the nature of the emissive excited states of 
the complexes varies to some extent. Figure  4.8  reproduces the phosphorescence 

Fig. 4.8     Normalized phosphorescence spectra of  (6)  (thick 
line), (9)  (closed circle),  (10)  (triangle), and  (13)  (square) in 
N2  - saturated toluene solutions at room temperature. 

Fig. 4.7     Plots of the nonradiative rate constant, ln( knr ) (A) and 
radiative rate constant kr  (B) as a function of the emission 
energy of phosphorescence, Eem  (in reciprocal centimeters). 



spectra of the iridium complexes  (6), (9), (10),  and  (13) , showing that the phos-
phorescence spectrum with higher  E  em  possesses more distinct vibronic progres-
sion. As mentioned previously, phosphorescence originating from the  3  π  –  π  *  
excited state generally shows characteristic vibronic progression. Thus, the phos-
phorescence with higher  E  em  originates from the T 1  state with a relatively larger 
contribution of the  π  –  π  *  character to the predominantly  3 MLCT excited state. In 
addition, a  3  π  –  π  *  - based phosphorescence generally gives smaller  k r   than that based 
on an  3 MLCT excited state. As a result, the phosphorescence with higher  E  em  
exhibits relatively lower  k r  .   

 From the above discussion, it follows that fl uorine substituent enhances the  3  π  –  π  *  
character in the predominantly  3 MLCT excited state. The electron - withdrawing fl uo-
rine substituent presumably changes the electronic state of the HOMO, which 
originally distributes over the phenyl ring and iridium atom, to increase electron 
density on the phenyl ring and decrease that on the iridium atom. From this point 
of view, it is likely that the electron density change in the ground state results in an 
increase of the  3  π  –  π  *  component [isoquinoline ← phenyl] as well as a decrease of the 
 3 MLCT component [isoquinoline ← Ir] in the excitation transition. 

 The phosphorescence quantum yields,   Φ  p  , listed in Table     4.3  have a tendency 
to increase with an increase of the  E  em  value. The   Φ  p   tendency is mainly attributed 
to the  k nr  – E  em  correlation based on the  “ energy gap law ”  (see Fig.  4.7(A) ). The 
complexes  (9)  and  (10)  with higher  E  em , therefore, afford higher   Φ  p   (0.32 – 0.40). 

 In summary, the substituents attached to the phenyl group of Ir(piq) 3   (6)  can 
fi nely tune the emission energy of the complexes. We also found that the substitu-
tions affect the contribution of the  3  π  –  π  *  state to the predominantly  3 MLCT excited 
state, leading to the effectual control of the phosphorescence quantum yield. We 
have consequently obtained the highly red - phosphorescent complex, Ir(4F5mpiq) 3  
 (10)  (tris[1 - (4 - fl uoro - 5 - methylphenyl)isoquinolinato - C 2 ,N] iridium(III)) (  Φ  p     =   0.32 
and  λ  max    =   607   nm).     

  4.4
OLED Device 

  4.4.1
Thermal Stability 

 A vacuum deposition method is very convenient for making OLED devices. In this 
fabrication process, compounds used for the devices are exposed to high tempera-
tures (250 – 350    ° C) when sublimed under vacuum. Thus, OLED materials should 
be stable even at high temperatures. When materials decompose in the deposition 
process, decomposition products may contaminate the OLED and cause poor 
device performance. Therefore, we have to carefully investigate thermal stability 
of the iridium complex as a phosphorescent dopant. 

 We measured the decomposition temperatures of the bis -  and tris - 
cyclometalated iridium complexes [(ppy) 2 Ir(acac) and Ir(ppy) 3 ] and Ir(acac) 3  in 
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order to examine whether or not these complexes are suitable for making OLED 
devices by vacuum deposition methods. The decomposition temperature was deter-
mined from the TG/DTA curves measured under nitrogen fl ow. The weight reduc-
tion observed in the TG curves, accompanying exothermic reaction detected in the 
DTA curve, is attributed to the thermal decomposition. The 5% weight - reduction 
temperatures ( ∆  T  5% ) of these complexes are signifi cantly different: 413    ° C for 
Ir(ppy) 3 , 341    ° C for (ppy) 2 Ir(acac), and only 243    ° C for Ir(acac) 3 . These results indi-
cate that the complexes with the acetylacetonate ligand tend to thermally decom-
pose at relatively low temperatures. It is likely that the homoleptic cyclometalated 
iridium complexes are thermally more stable than the acetylacetonate complexes. 

 Figure  4.9  shows the TG/DTA curves of Ir(piq) 3   (6)  and Ir(4F5mpiq) 3   (10) , indi-
cating that  ∆  T  5%  of the complexes are 429    ° C for  (6)  and 415    ° C for  (10) , respectively. 
The decomposition of the complexes began at 360 – 380    ° C. On the other hand, the 
sublimation temperatures of the complexes were estimated to be 280 – 300    ° C in a 
pressure of 10  − 4  Pa. The signifi cantly lower sublimation temperatures than the 
decomposition temperatures of the complexes make it possible to fabricate safely 
stable OLED devices, because very little decomposed product can be contaminated 
in the emission layers of the OLEDs. In fact, the complexes can be sublimed in a 
vacuum chamber without thermal decomposition. We concluded that the com-

Fig. 4.9     TG/DTA curves of Ir(piq) 3   (6)  (A) and Ir(4F5mpiq) 3   (10)  (B) 
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plexes, Ir(piq) 3   (6)  and Ir(4F5mpiq) 3   (10) , are the suitable red - emissive materials 
for OLEDs fabricated by the vacuum deposition method.    

  4.4.2
Red OLED using Ir(4F5mpiq) 3  (10) 

 The complex Ir(4F5mpiq) 3   (10)  shows red phosphorescence with high quantum 
yield (  Φ  p     =   0.32 and  λ  max    =   607   nm). In our experience, OLEDs doped with iridium 
complexes typically exhibit an almost linear relationship between the external 
quantum effi ciency and the phosphorescence quantum yield of the emissive 
dopant. Thus, the complex  (10)  is a promising candidate as a highly effi cient red 
dopant in OLEDs. 

 Figure  4.10(A)  shows the OLED device construction with the use of  (10)  as an 
emitter. The device is composed of four layers: a hole transporting layer (HTL), 
an emission layer (EML), an electron transporting layer (ETL), and electron injec-
tion layer (EIL). The materials used in each layer are shown in Fig.  4.10(A) .   

 The device was fabricated by a typical vacuum deposition method. The materials 
for each layer were vacuum - deposited in turn on an ITO - coated glass substrate at 
a pressure of 10  − 4  Pa, and aluminum was deposited over the KF layer as a cathode. 
The emissive layer was formed by co - deposition of the phosphorescent dopant, 
 (10) , and the host compound, CBP. The concentration of  (10)  in EML was 10   wt.%, 
which produced the optimum external quantum effi ciency,  η  ex . At concentrations 
more than 10   wt.%,  η  ex  tends to decrease probably due to concentration 
quenching. 

 Figures  4.10(B) and (C)  show the plot of luminance versus applied voltage and 
the plots of power effi ciency and external quantum effi ciency versus luminance of 
the OLED. Table     4.4  summarizes the performance comparison between the 
devices using Ir(piq) 3   (6)  and Ir(4F5mpiq) 3   (10) . The OLED device using  (10)  as 
an emitter shows very high effi ciency, power effi ciency   =   12.4   lm/W and external 
quantum effi ciency,  η  ex    =   15.5% at 220   cd/m 2 . These electroluminescence (EL) effi -
ciencies are signifi cantly larger than those of the nonsubstituted iridium complex 
 (6) . The CIE chromaticity coordinates are estimated to be  x    =   0.66,  y    =   0.34, which 
is near the National Standard Committee (NTSC) red specifi cation. To the best of 
our knowledge, the Ir(4F5mpiq) 3   (10)  device demonstrates highest published EL 
effi ciency with red emission.     

  4.5
Summary

 We have designed and synthesized cyclometalated iridium complexes suitable for 
highly effi cient red OLEDs. The phosphorescence of Ir(thpy) 3  is shifted to red by 
introducing the large conjugation moieties and the donor/acceptor substituents 
onto the ligand. The  k r   value of phosphorescence of the Ir(thpy) 3  family markedly 
decreases with a decrease in the phosphorescence energy. As a result, the 
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Fig. 4.10     (A) OLED construction and molecular formulae of 
the compounds used in each layer (Bphen: 4,7 - diphenyl -
 [1,10]phenanthroline, CBP: 4,4 -  N,N  - dicarbazolebiphenyl, 
α  - NPD: 4,4 ′  - bis - [ N  - (1 - naphthyl) -  N  - phenylamino]biphenyl), 
(B) plot of luminance versus voltage, and (C) plots of power 
effi ciency and external quantum effi ciency versus luminance of 
the OLED device using (10)  as an emissive dopant.  
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red - emissive complexes of the Ir(thpy) 3  family give relatively low phosphorescence 
quantum yield (  Φ  p     =   0.08 – 0.12). On the other hand, the Ir - isoquinoline family, 
Ir(piq) 3   (6) , Ir(tiq) 3   (7),  and Ir(fl iq) 3   (8)  produces effi cient pure - red emission 
( λ  max     >    620   nm,   Φ  p     =   0.17 – 0.26) originating from the predominantly  3 MLCT excited 
states. The substituents attached to the phenyl group of Ir(piq) 3   (6)  can fi nely tune 
the emission energy of the complexes. We also found that the substitutions affect 
the contribution of the  3  π  –  π  *  excited state to the emissive  3 MLCT excited state, 
leading to control of the phosphorescence quantum yield. We consequently suc-
ceeded in obtaining the highly effi cient red - phosphorescent complex, Ir(4F5mpiq) 3  
 (10)  (tris[1 - (4 - fl uoro - 5 - methylphenyl)isoquinolinato - C 2 ,N] iridium(III)) (  Φ  p     =   0.32 
and  λ  max    =   607   nm). The multilayered OLED device doped with  (10)  yields very high 
electroluminescence effi ciency (12.4   lm/W and  η  ex    =   15.5% at 220   cd/m 2 ) as well as 
saturated red emission ( x    =   0.66,  y    =   0.34,) that satisfi es the NTSC specifi cations. 

 This study was conducted by the material group of OD project in Leading - Edge 
Technology Development Headquarters, Canon Inc.  
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 Pyridyl Azolate Based Luminescent Complexes: 
Strategic Design, Photophysics, and Applications  
  Yun   Chi   and   Pi - Tai   Chou   

  This chapter summarizes the deliberate design of the chelating C - linked 2 - pyridyl 
azolate ligands. Attempts have been made in ligand functionalization and modifi -
cation to fi ne - tune the photophysical properties of the associated metal complexes. 
Moreover, this chapter also reports the synthetic strategies, leading to a series of 
high emissive, boron as well as osmium, ruthenium, iridium, and platinum metal 
complexes, which all possess at least one 2 - pyridyl azolate chromophore. Spectro-
scopic and dynamic measurements, in combination with theoretical analyses, have 
thus gain much insight into their electronically excited state properties such as 
the energy gap and nature of the lowest lying excited states, mechanism of inter-
system crossing, and the effi ciency of corresponding radiative decay and nonradia-
tive deactivation processes. From the application point of view, efforts have been 
made to the exploitation of these emitting materials as dopants for preparation of 
high effi ciency, true - blue and saturated - red polymer light - emitting diodes (PLEDs), 
and organic light - emitting diodes (OLEDs).     

  5.1
Introduction

 The transition - metal complexes incorporating simple diimine ligands  [1]  such as 
2,2 ′  - bipyridine (bpy) and/or cyclometalated ligands  [2]  such as 2 - phenyl pyridine 
(ppy) have attracted a great interest in recent years. Research work in this area 
was principally motivated by the use of these complexes in the study of excited -
 state electron and energy transfer  [3]  as well as the potential applications in the 
fabrication of chemical sensors, photovoltaics and organic light - emitting diodes 
(OLEDs)  [4] .     

185

Highly Effi cient OLEDs with Phosphorescent Materials. Edited by H. Yersin
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-40594-7

5

N N NN HN N

R

2,2'-bipyridine 2-pyridyl pyrazole 2-phenyl pyridine



186  5 Pyridyl Azolate Based Luminescent Complexes

 In one approach, the structural and chemical characteristics of 2 - pyridyl C - linked 
azoles such as pyrazole are akin to those of 2,2 ′  - bipyridine and the cyclometalated 
2 - phenyl pyridine ligands in which 2 - pyridyl pyrazole is capable of using two of 
its nitrogen atoms to generate a stable metal – chelate bonding interaction  [5] . 
Moreover, due to its strong acidity  [6] , the pyrazole site will readily lose a proton 
from the NH fragment to form a stable anionic ligand, consequently producing 
much stronger chelate to metal cation interaction. The strong  σ  - donor property of 
the pyrazolate, together with the  π  - accepting ability of the second pyridyl fragment 
 [7] , may provide a synergism of the electron delocalization so that the electron 
density is transferred from pyrazolate to the metal ion and back to the pyridyl side 
of the ligand, enhancing the metal – chelate interaction. For another comparison, 
although 2 - phenyl pyridine and its derivatives are effective in forming similar 
cyclometalated complexes with late transition metal ions such as Rh(III), Ir(III), 
and Pt(II)  [8] , it was rather inert to the Ru(II) and Os(II) metal ions and particu-
larly, to our knowledge, failed to afford any Os(II) metal complex  [9] . The only 
exception was the formation of [OsCl(CO)(PPh 3 ) 2 (ppy)] using bis(2 - pyridyl) phenyl 
mercury reagent via metal exchange reaction, demonstrating the relative poor 
reactivity of 2 - phenyl pyridine. Alternatively, due to the high acidity of the pyrazo-
late N – H bonding, 2 - pyridyl pyrazole is expected to be more reactive and can 
extend the chemistry of cyclometalated ligand, giving a greater possibility in isola-
tion of respective Ru(II) and Os(II) chelate complexes. 

 Moreover, the preparation of the isoelectronic transition - metal ions such as 
Ru(II), Os(II), and Ir(III), possessing a unique d 6  - electron confi guration, are found 
particularly attractive because of their strong metal – ligand interaction, long - lived 
excited states and high luminescence effi ciencies, which signifi cantly improve 
the likelihood of energy transfer prior to radiative or nonradiative relaxation. The 
strong spin – orbit coupling expected for these heavy metal ions would lead to an 
effi cient intersystem crossing from the singlet excited state to the triplet manifold. 
Furthermore, mixing singlet and triplet excited - states via spin – orbit coupling, to 
a great extent, would remove the spin - forbidden nature of the T 1   →  S 0  radiative 
relaxation, resulting in highly intense phosphorescent emission. Based on these 
concepts, the aforementioned diimine, cyclometalated, or even pyridyl pyrazolate 
chelating ligands can form rigid molecular frameworks with these heavy transition 
metal ions and then give rise to the desirable absorption and effi cient emission 
characteristics. More specifi cally, these chelate complexes would display intense 
ligand - centered  π  π  *  absorptions plus a weak, lower energy metal - to - ligand charge 
transfer (MLCT) transition, while the strong emission is expected to derive from 
 π  π  * , MLCT or a mixture of both states, respectively, making them suitable to serve 
as ideal phosphors for the OLED applications  [10] .  

  5.2
Ligand Synthesis 

 At least two distinctive synthetic strategies have been employed to prepare the 
required C - linked pyridyl pyrazole ligands, for which the optimized reaction route 
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is solely dependent on their substituents on the pyrazole segment. Alkyl, fl uorine 
substituted alkyl, and aryl substituents have been extensively employed, while the 
most frequently used architectures involve CF 3 , methyl or  t -  butyl substituted pyr-
azoles such as  L1, L2,  and  L3 . The preparation of the CF 3  substituent  L1  is best 
executed using a hydrazine cyclization reaction with a suitably prepared pyridyl 
diketone intermediate, which is  in situ  obtained from the base catalyzed Claisen 
condensation using 2 - acetyl pyridine and ethyl trifl uoroacetate  [11] . In contrast, 
preparation of alkyl substituted  L2  or   L3  is typically achieved through the conden-
sation of methyl picolinate with acetone or pinacolone, followed by treatment 
with anhydrous hydrazine using the same cyclization method  [12] . Other pyrazole 
ligands,  L4 – L6 , which are useful for executing emission color tuning, are also 
presented in Scheme  5.1 . The success of each experiment relies heavily on how 
the suitable starting materials in making the diketone intermediate are selected; 
for example, ligand  L2  can never be prepared from a treatment of 2 - acetyl pyridine 
and ethyl acetate, followed by hydrazine cyclization. However, optimized yields for 
other ligand preparations often exceed 60%, based on the 2 - pyridyl or 2 - isoquinolyl 
reagent employed.   

Scheme 5.1     Reaction sequence for the preparation of pyridyl 
pyrazole and the molecular structures of relevant ligands. 
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  5.2.1
Ligand Modifi cations 

 Attention has also been focused on preparation of the related pyridyl C - linked 
pyrrole, 1,2,4 - triazole, tetrazole and so forth, and in particular on the chemistry 
and photophysics of metal compounds in which the pyridyl pyrrolide, triazolate, 
and tetrazole constitute the chelating chromophore. C - linked pyridyl pyrrole may 
be prepared via a two - step process, which includes the prior preparation of a 1,4 -
 dicarbonyl compound via the Stetter method using methyl vinyl ketone and the 
pyridyl carbaldehydes, followed by treatment of the preformed dicarbonyl com-
pound with ammonium carbonate to give the formation of the pyrrole ring in 
ligand  L7  (Scheme  5.2 )  [13] . This pyrrole ligand will always possess a methyl group 
at the 2 - position, which is benefi cial in terms of providing steric protection. 
Replacement of the pyridyl group with other polyaromatic substituents such as 
quinolinyl and quinoxalinyl groups led to an easy functionalization, giving pyrrole 
ligands such as  L8  and  L9   [14] . The second method has afforded  L10  via the simul-
taneous dehydration following condensation of 2 - aminomethylpyridine and 1,3 -
 diketones  [15] . The wide commercial availability of the diketone reagents makes 
this a versatile approach. We also expected that the CF 3  substituted analog  L11 , 
prepared from 2 - aminomethylpyridine and hexafl uoroacetylacetone, should serve 
as an excellent chelate for all metal elements due to the enhanced acidity at the 
pyrrolic NH site  [16] .   

 Similar to the above - mentioned pyridyl pyrazole and pyrrole analogs, the related 
C - linked 1,2,4 - triazoles are also frequently used as chelates in preparing lumines-
cent metal complexes, and this may be connected to their similarity in geometry 
as well as coordinative properties. One recent review article has summarized that 

Scheme 5.2     Reaction sequence for the preparation of pyridyl 
pyrrole and the molecular structures of relevant ligands. 
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the 1,2,4 - triazole ligands show a great coordination diversity, especially when the 
triazole segment is substituted with additional donor groups  [17] . This property, 
combined with their strong  σ  donor strength, makes them very appealing for the 
design of new metal complexes with interesting properties. Other publications 
dealing with the triazolate coordination compounds can be found in a number of 
recent articles  [18] . 

 As shown in Scheme  5.3 , the synthesis of the CF 3  substituted, C - linked 
pyridyl 1,2,4 - triazole ligand  L12  was easily achieved by the condensation of 2 - 
pyridinecarboximidamide hydrochloride with the trifl uoroacetic acid hydrazide; 
the latter is generated by mixing ethyl trifl uoroacetate and hydrazine monohydrate 
 [19] . On the other hand, a convenient synthesis of the  t  - butyl substituted  L13  
entails the direct reaction of 2 - pyridinecarboxamidrazone with pivaloyl chloride in 
basic aqueous media, followed by dissolving of the resulting precipitate in ethylene 
glycol and heating of the mixture at  ∼ 210 ° C  [20] . One fundamental character of 
this class of triazoles is worth mentioning. That is, due to the presence of bulky 
CF 3  or  t  - butyl group at the C - 3 position of the triazole segment, formation of metal 
chelate tends to occur between the pyridyl site and the N - 1 nitrogen atom, rather 
than the more congested N - 4 nitrogen site due to the increased spatial interfer-
ence. Thus, the substituent at the C - 3 position may reduce the number of struc-
tural isomers generated during the reaction. This chemical behavior is in sharp 
contrast to their unsubstituted parent ligand  L14   [21] . The multicoordination 
capability of the triazole segment has induced formation of several isomers during 
reaction with the [Ru(bpy) 2 ] unit. As a consequence, effective chromatographic 
techniques were needed to separate these coordination isomers  [22] .   

 The last series of these bidentate ligands is the C - linked pyridyl tetrazole, such 
as  L15   [23] . Surprisingly, the coordination chemistry involving the tetrazoles has 

Scheme 5.3     Reaction sequence for the preparation of pyridyl 
triazole and the molecular structures of relevant triazole and 
tetrazole ligands. 
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received little attention in the past, despite the fact that tetrazole is the most acidic 
of all the azoles, with p K  a    =   4.89, and readily deprotonates to the tetrazolate ion 
 [24] . However, a recent report by Sharpless  [25]  clarifi ed their possible explosive 
nature during manipulation and, in the meantime, provides an effi cient prepara-
tion method employing 2 - cyanopyridine and sodium azide in aqueous media. The 
remaining obstacle for tetrazole chelate will be the poor solubility of the tetrazolate 
complexes, as its multicoordination behavior may eventually afford higher nuclear-
ity aggregates, incorporating bridging of the tetrazolate unit.  

  5.2.2
Fluorescent Behavior and Color Tuning 

 Most of the free ligands mentioned in the previous section show weak or even no 
fl uorescence at room temperature due to the presence of a NH fragment. However, 
it has been reported that replacement of this proton with a metal cation would 
shift the emission to the visible region and signifi cantly enhance the emission 
intensity  [26] . The role of the metal cation is to maintain the planarity in forming 
the metal – chelate interaction and to provide the necessary stability without chang-
ing the HOMO/LUMO energy difference signifi cantly  [26] . The boron - containing 
segments were demonstrated to be a suitable candidate, as they have a high chemi-
cal and thermal stability due to the high covalency of boron – chelate bonding. Fol-
lowing this principle, pyridyl pyrazolate boron compounds  1  and  2  and pyrrolide 
boron compounds  3, 4,  and  5  were synthesized by treatment of the free ligands 
with equal amounts of an appropriate BPh 3  reagent  [14] . All of these complexes 
possess a tetrahedral geometry, as demonstrated by the single crystal X - ray diffrac-
tion studies on complexes  1  and  5 . This class of complexes displays bright lumi-
nescence with colors spanning blue to red, providing a good opportunity to shed 
light on the principles embedded in color tuning.     
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 As shown in Table     5.1 , the lowest energy absorption  λ  max  of these complexes 
follows a continuous trend ranging from 320 to 492   nm for  1 – 5 , and they were 
insensitive to the solvent polarity. The characteristic absorption band can reason-
ably be assigned to a ligand - centered  π  π  *  transition. Except for  1 , which showed 
a complicated dual emission in the room temperature fl uid state, the rest of the 
complexes exhibited emission with a vibronic - like progression, and the fact that 
the entire emission band originates from a common ground state species is ascer-
tained by the excitation spectra throughout the monitored wavelengths of 500 –
 700   nm. The emission decay times for compounds  2, 3, 4 , and  5  were measured 
to be 9.9, 11.8, 8.9, and 1.9   ns, respectively, which was found to be independent to 
the oxygen concentration (0 – 1   atm)  [14] . This, in combination with the overlapping 
of the 0 – 0 onsets and the small amplitude of the Stokes shift ( < 5000   cm  − 1 ), defi ned 
as the peak - to - peak frequency between absorption and emission, led us to con-
clude that the emission originates from the prompt  π  π  *  fl uorescence.   

 Both the absorption and emission of complex  2  showed signifi cant hypsochro-
mic shifts compared with those of the pyrrolide counterpart  3 . It is reasonable to 
anticipate that the highest occupied molecular orbital (HOMO) of  2  is signifi cantly 
stabilized by the extra nitrogen atom of pyrazolate ligand versus the HOMO of 
pyrrolide complex  3 . In contrast, both absorption and emission signals underwent 
bathochromic shift from the series of pyrrolide complexes  3, 4  to  5 . This systematic 
bathochromic shift could be rationalized by the extended  π  conjugation in the 
quinoline moiety (in e.g.,  4 ) as compared to pyridine (in  3 ), so that the lowest 
unoccupied molecular orbital (LUMO) of  4  is stabilized, resulting in a smaller  π  π  *  
energy gap. Further lowering the  π  π  *  transition can thus be achieved by introduc-
ing an additional nitrogen atom to the quinoline, forming quinoxalinyl complex 
 5 , in which the nitrogen atom serves as an electron - withdrawing group to the 
LUMO, rendering a further decrease of the  π  π  *  energy gap. 

 Figure  5.1  depicts two sets of the LUMO and the HOMO mainly involved in the 
lower energy electronic transitions obtained using the TD - B3LYP method. The S 1  
state has a contribution from HOMO  →  LUMO and LUMO+1. The results pre-
dicted that the S 1  state in complexes  2 – 4  could be well ascribed using an allowed 
 π  π  *  transition located at the heterocyclic ligand of each complex. With the use of 

Table 5.1     Photophysical properties of pyridyl pyrazolate 
complexes 1 – 2  and pyrrolide complexes  3 – 5 . 

 Complex  Abs  lmax  (nm)  PL  lmax  (nm)   F    t  (ns) 

  1   320  375, 505  0.12  a     0.53, 18.3  b   
  2   340  430  0.45   9.9 
  3   327, 395  490 (490)  c    0.52  11.81 (7.8)  c   
  4   304, 442  510, 540 (572)  c    0.63   8.85 (4.96)  c   
  5   322, 492  572, 610 (591, 637)  c    0.14   1.90 (1.56)  c   

   a    Data obtained from the integration of dual emission.  
   b    Denotes the fi rst and second emission signal.  
   c    Denotes the solid - state property.   
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the TD - B3LYP method, incorporating the B3LYP/6 - 31+G (d ′ , p ′ ) optimized geom-
etry, the vertical (i.e., Franck – Condon) excitation energy from the ground state to 
the S 1 ( 1  π  π ) state was calculated to be 26,768   cm  − 1  (373   nm), 25,000   cm  − 1  (400   nm), 
23,000   cm  − 1  (435   nm), and 21,500   cm  − 1  (465   nm) for complexes  2, 3, 4,  and  5 , 
respectively, which are remarkably consistent with the corresponding experimen-
tal results of 340   nm ( 2 ), 395   nm ( 3 ), 442   nm ( 4 ), and 492   nm ( 5 ). In comparison 
to the experimental values, the results for the energy gap are within 10% error, 
despite negligence of the solvation effect in the theoretical approach.   

 Another salient feature is regarding the S 0   →  S 2  transition, which mainly involves 
the HOMO - 1 and LUMO frontier orbitals, possessing a  π  confi guration in the 
phenyl substituent and a  π  *  pattern in the pyrrolide and pyrazolate ligand, respec-
tively (see Fig.  5.1 ). Thus, one would expect that the S 0   →  S 2  transition may incor-
porate an electron transfer process from the phenyl group to the coordinated 
pyridyl moiety for all complexes. Certainly, due to the fast internal conversion to 
the S 1  state in the condense phase, i.e., Kasha ’ s rule  [27] , the corresponding charge -

Fig. 5.1     The calcuvlated frontier orbitals for complexes  1 – 5 . 



 transfer emission would be irresolvable. Nevertheless, these results provided us a 
rational clue in that if the HOMO located at the pyrrolide moiety could be further 
stabilized by switching to the pyrazolate, the HOMO - 1 originally located at the 
phenyl substituent might eventually be reversed and become the HOMO level. 
Accordingly, the lowest excited states possessing a charge transfer character with 
a gigantic dipolar change with respect to the ground state is expected  [28] . This is 
apparently the case in complex  1 , in which HOMO no longer exists in the pyrazo-
late but rather in the phenyl site due to the addition of an electron withdrawing 
CF 3  group at the pyrazolate moiety (see Fig.  5.1 ). More importantly, such a swap 
between HOMO and HOMO - 1 can be fi ne tuned. In case of replacing CF 3  by an 
electron donating  t  - butyl group, forming complex  2 , HOMO is taken back to the 
pyrazolate site. In consistence with the theoretical approach, among these com-
plexes,  1  exhibits anomalous dual emission, in which the lower energy band 
originates from the photoinduced charge transfer between pyridyl and phenyl 
ring  [28] . 

 With respect to the OLED application, a simple EL device with a multilayer 
confi guration ITO/NPB(40   nm)/ 5 (30   nm)/BCP(10   nm)/AlQ 3 (30   nm)/MgAg was 
fabricated  [14] . This device shows an onset voltage of 8   V, and gives a saturated 
red – orange emission with peak maximum at 580   nm, and a maximum brightness 
of 5000   cd/m 2  at a driving voltage of 15   V. The external quantum yield is estimated 
to be 0.5%, showing faint potential to serve as an emitting material for fl uorescent 
OLED applications.   

  5.3
Phosphorescent OLED Applications 

 Organometallic complexes possessing a heavy transition - metal element are crucial 
for the fabrication of phosphorescent organic light - emitting diodes (OLEDs)    [10, 
29] . The strong spin – orbit coupling effectively promotes singlet - to - triplet intersys-
tem crossing as well as enhances the subsequent transition from the triplet excited 
state to the ground state, which then facilitates strong electroluminescence by 
harvesting both singlet and triplet excitons following the initial charge recombina-
tion. Because an internal phosphorescence quantum effi ciency ( η  int ) as high as 
 ∼ 100% can theoretically be achieved, these heavy metal - containing emitters are 
superior to their fl uorescent counterparts in future OLED applications. As a result, 
there is a continuous trend of shifting research endeavors to the heavy transition 
metal based emitters. 

  5.3.1
Osmium - Based Emitters 

5.3.1.1  Blue - Emitting Materials 
 The 2 - pyridyl pyrazole ligand  L1  can readily react with BPh 3  or fl uorinated B(C 6 F 5 ) 3  
to form boron complex  1  or a related perfl uorophenyl derivative [B(L1)(C 6 F 5 ) 2 ], both 
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of which display very high energy fl uorescence in the near UV region ( ∼ 380   nm) 
(Fig.  5.2 )    [28, 30] . This observation strongly suggests that the chelating pyrazole 
 L1  is suitable for preparation of high effi ciency blue - emitting phosphorescent 
complexes upon linking to a third row transition metal element such as osmium. 
We then made use of the high reactivity of pyrazole chelate  L1 , and triazole analogs 
 L2  and  L3  toward carbonyl reagent Os 3 (CO) 12  at high temperature, to prepare the 
required heavy metal complexes. As expected, the mononuclear products with two 
mutually orthogonal chelates and two  cis  CO ligands were isolated and character-
ized  [30] . Their structural drawing is depicted below:       
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 The corresponding photophysical data are summarized in Table     5.2 , which shows 
the respective emission wavelengths, quantum effi ciencies, and lifetimes; they are 
all depending on the identity of the chelate ligands and the relative ligand orienta-
tion around the central osmium atom.   

Fig. 5.2     The UV/Vis and emission spectra of [B(L1)(C 6 F 5 ) 2 ] 
(solid line) and 6  (dashed line) in CH 3 CN at RT. 



 The absorption and emission spectra of osmium complex  6  are also depicted in 
Fig.  5.2 . The dominant absorption bands in the 254 – 316   nm region were ascribed 
to the ligand - centered  π  π  *  transitions, but no absorption bands could be resolved 
in the region of  ≥ 360   nm, suggesting that the possible MLCT transitions in  6  could 
be hidden in the UV region of the strong intraligand  π  π  *  transitions. The emission 
spectrum exhibits a distinct vibronic feature with  λ  max  at 430, 457, and 480   nm in 
CH 3 CN. The fact that the entire emission band originates from a common ground 
state species is ascertained by the same phosphorescence excitation spectra 
throughout the monitored wavelengths of 420 – 600   nm. Furthermore, the peak - to -
 peak frequency between absorption and emission is as large as 9000   cm  − 1 . This 
observation, in combination with the lack of the 2 - pyridyl pyrazolate fl uorescence 
in the region of 370   nm and the occurrence of a lower energy structured emission 
profi le with long excitation lifetime, leads us to propose that the emissive state of 
these chelate complexes should possess a very high percentage of ligand centered 
 3  π  π  *  character. This observation is in sharp contrast to those of the boron complex 
[B(L1)(C 6 F 5 ) 2 ], which displays a  π  π  *  fl uorescence at 380   nm with  Φ    =   0.88, while 
showing an essentially identical UV/Vis spectrum (Fig.  5.2 ). 

 Moreover, similar phosphorescence properties can be ascribed to complexes  7  
and  8 . However, due to the relatively small radiative decay rate, the radiationless 
decay pathway induced by methyl (or CF 3 ) torsional motion may play a key role in 
the quenching of phosphorescence. Accordingly, among compounds  6 – 8,  the 
smallest phosphorescence quantum yield for  8  can be rationalized because of its 
bearing two methyl - like rotors, such as  – CH 3  and  – CF 3 . Likewise, the phosphores-
cence quantum yield of  7  with C 2 F 5  substituent, being smaller than that of  6  with 
CF 3  substituent, is plausibly due to the larger torsional degrees of freedom in the 
C 2 F 5  group. 

 For the related  t  - butyl substituted triazolate complexes, two complexes with 
identical stoichiometry were observed for the direct treatment of  L13  with Os 3 (CO) 12  
 [31] . Separation was achieved by using their marked differences of solubility in 
acetone, where the less soluble isomer  9  can be readily obtained as a crystalline 
solid, while isolation of the second complex  10  required repeated extraction and 
slow diffusion of hexane vapor into a saturated acetone solution at room 
temperature. 

Table 5.2     Photophysical properties of complexes  6 – 11  in 
degassed CH 3 CN at room temperature. 

 Complex  Abs  lmax  (nm)  PL  lmax  (nm)  Q.Y.  F    t  ( µ s) 

   6   311  430, 457, 480  0.14  18.5 
   7   314  430, 455, 480  0.087  13.4 
   8   306  428, 455, 480  0.041   6.3 
   9   333  455, 480, 507  0.42  39.9 
  10   340  460, 483, 515  0.00046   0.026 
  11   307  420, 446, 468  0.23   2.9 
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 Figure  5.3  shows the UV - visible absorption and emission spectra of both  9  
and  10  in acetonitrile. In general, the dominant absorption band in the spectral 
region of 225 – 280   nm is attributed to the ligand - centered  π  π  *  transition of the 
pyridine and/or triazolate fragment. The broad, structureless band maximized at 
310 – 334   nm can be assigned to a triazolate - to - pyridine intraligand  π  π  *  mixed with 
the  1 MLCT transition.   

 Their normalized emission spectra are also depicted in Fig.  5.3 . Despite the 
diffusive ligand - centered  π  π  *  absorption band, complex  9  exhibits strong emission 
with a quantum yield of 0.42, for which distinct vibronic peak maxima appeared 
at  ∼ 455, 480, and 507   nm in degassed CH 3 CN at 298   K. The luminescence intensity 
is linearly proportional to the increase in concentration, ruling out a possible 
association with any high - order aggregation. In addition, the emission is nearly 
solvent independent, with only a slightly hypsochromic shift from 478   nm in 
cyclohexane to 475   nm in CH 3 CN. Thus, the possibility of the emission being 
associated with a large solvent dipolar relaxation can also be eliminated  [32] . 

 Remarkable differences in emission properties were observed for  10 . Although 
its emission profi le looks quite similar to that of  9 , this complex is nearly nonemis-
sive, showing quantum effi ciency as low as 4.6    ×    10  − 4  in degassed CH 3 CN solution 
at 298   K. The weak phosphorescence also correlates well with the observed fast 
relaxation dynamics, in which the lifetime of phosphorescence for  10  was mea-
sured to be as short as 26   ns. Quenching by O 2  is negligible due to a fast nonra-
diative decay rate, as indicated by the nearly unchanged emission intensity and 
relaxation dynamics before and after the aeration. 

 To account for the distinctive difference in emission behavior, one possibility is 
that there exists certain excited states, possibly a metal - centered  dd  transition (i.e., 
ligand fi eld, LF transition), which results in weakening of the metal – ligand interac-
tion due to its antibonding character and may thus act as an activator for the overall 

Fig. 5.3     UV/Vis absorption and emission spectra of  9  ( -  -  - ) 
and 10  ( — ) in CH 3 CN solution at room temperature. 



radiationless transition  [33] . However, this possibility was ruled out, as none of 
the four lowest excited states, including two singlet and two triplet manifolds that 
were examined, possess an anticipated  dd  character. The inaccessibility of the  dd  
excited state is believed to come from the strong ligand fi eld strength of the 
triazolate chelates as well as the CO ligands. 

 On the other hand, according to the DFT calculation  [34] , a T 1  confi guration in 
 10  could be reasonably attributed to a  3  π  π  *  manifold, mixed to a great extent with 
small amounts of the  3 MLCT character. Populating the T 1  excited state causes the 
shift of the electron density from the metal center, CO ligands and the triazolate 
to the pyridine moiety, resulting in a further reduction of the already weakened 
Os - pyridine interactions in  10 , for which the weakened bond distances have been 
confi rmed by single crystal X - ray analysis. As a result, in  10 , the potential energy 
surface (PES) of T 1  might be so shallow that, under extreme conditions, a surface 
crossing of PES between S 0  and T 1  is possible. As shown in Fig.  5.4 , upon excita-
tion, fast S 1  – T n  intersystem crossing (ISC) must take place. It is plausible that ISC 
proceeds from S 1  to T 2  due to their closeness in energy, followed by a fast rate of 
T 2  to T 1  internal conversion ( ≤ 1   ps  − 1 ). After population equilibrium,  10  can be 
thermally activated to certain vibrational levels close to the section of surface cross-
ing to execute the radiationless deactivation through facile metal – ligand bond 
stretching. Thus, a dominant T 1   →  S 0  radiationless transition caused by a  “ loose 
bolt ”  effect might take place upon thermal activation  [35] .   

 This discovery may allow a parallel comparison with the behavior of tris - 
cyclometalated iridium complexes, for which isolation of two geometrical isomers 
has been documented in the literature  [36] . Structural and spectroscopic data 
suggest that the facial isomers have the stronger and more evenly distributed 
metal – ligand bond interactions, and are highly emissive in both the fl uid and solid 
states at room temperature. In contrast, the meridional isomers have much greater 

Fig. 5.4     Energy levels of the lower lying excited states and the 
proposed relaxation pathway for complex 10 . ISC: intersystem 
crossing, IC: internal conversion. SC: surface crossing. 
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bond length alternations caused by the differing trans infl uences of anionic phenyl 
and neutral nitrogen donors such as pyridine or  N  - substituted pyrazole, and are 
signifi cantly less emissive under the identical conditions at room temperature. 
Naturally, this greater bond strength alternation of the meridional isomers then 
induces a similar  “ loose bolt ”  effect upon electronic excitation, which is more likely 
responsible for the rapid radiationless deactivation observed in this Ir(III) system. 

 Finally, complex  11  was obtained as the only isomer by substituting the 
electron donating  t  - butyl with an electron - withdrawing CF 3  group. The electron -
 withdrawing property of the CF 3  group stabilizes the HOMO of the triazolate 
moiety, and causes a shift of the corresponding  3  π  π  *  phosphorescence to a 
 λ  max    =   446   nm and  Φ    =   0.23 as depicted in Table     5.2 . However, up to this stage, 
none of these complexes presents opportunities for good applications for fabrica-
tion of blue phosphorescent OLEDs. To our viewpoint, this is in part attributed to 
the lack of suitable host materials with suffi ciently large triplet energy gap.  

5.3.1.2  Red - Emitting Materials 
 Preparation of the red - emitting Os(II) complexes requires the exploitation of the 
previously discussed blue - emitting complexes  6 – 11 . A desired synthesis was then 
initiated by the treatment of respective osmium complexes  6 – 11  with Me 3 NO to 
eliminate the CO ligands in anhydrous diethylene glycol monoethyl ether (DGME) 
at 180 – 190 ° C, followed by addition of phosphine ligands  [37] . A related one - pot 
synthetic strategy gives us the desired Os(II) complexes  12 – 17  in much improved 
( > 70 %) yields, and hence has a great advantage in scaling up for the possible 
industrial application  [38] .     
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 Figure  5.5  shows an ORTEP diagram of  12 , for which the metal atom is located at 
a crystallographic center of inversion. The two chelating pyrazolate ligands estab-
lish a nearly planar OsN 4  basal arrangement, together with two PPh 2 Me ligands 
located at the trans positions. The planar ligand arrangement is analogous to those 
of the porphinato ligand in metalloporphyrins such as [Os(T TP)(PPh 3 ) 2 ], T TP    
=   meso - tetraphenylporphinate, and [Os(TPP)(CO)(Im)], Im   =   1 - methylimidazole 



 [39] . The measured Os – N (pz)  distances of 2.073(2)    Å  in  12  are slightly shorter than 
the respective Os – N (py)  bonds of 2.090(2)    Å ; both lengths fall in the range expected 
for a typical N →  Os(II) dative bond. Of particular interest are the relatively weak 
nonbonding contacts (N3A – H1  ∼ 2.50    Å ) observed between the  ortho  - hydrogen 
atom of the pyridyl moiety and the N atom of the nearby pyrazolate fragment. It is 
speculated that this hydrogen bonding, to a certain extent, is akin to that observed 
in the cobaloxime complexes  [40] . 

 As indicated in Table     5.3 , the UV/Vis spectra of these osmium complexes 
showed similar patterns, with three notable absorption maxima. The highest 
energy band, observed at  ∼ 400   nm, is naturally assigned to the spin - allowed  1  π  π  *  
transition. The next lower energy absorption band, around 454 – 466   nm, can be 
ascribed to a spin - allowed metal - to - ligand charge transfer ( 1 MLCT) transition, 
while the third lowest energy band can be assigned to a state involving a mixture 
of both  3  π  π  *  and  3 MLCT characters.     

 For the emission spectra, in comparison to  12,  which is coordinated by two 
PPh 2 Me ligands, complex  13,  bearing the PPhMe 2  groups, reveals a  ∼ 15   nm batho-
chromic shift in  λ  max  and can qualitatively be rationalized by an increase of the 
Os(II) d  π   energy level due to the poor  π  - accepting strength of the PPhMe 2  ligands 
(see Table     5.3 ). Based on the small variation of the emission peak wavelengths 
between  13  (632   nm) and  17  (629   nm), or  12  (617   nm) and  15  (617   nm), which 

Fig. 5.5     ORTEP diagram of  12 ; selected distances: Os –
 P(1)   =   2.3616(5), Os – N(1)   =   2.090(2), Os – N(2)   =   2.073(2), 
N(2) – N(3)   =   1.349(2), N(3) – H(1A)   =   2.508    Å  and angles: 
N(1) – Os – N(2)   =   76.48(7) ° , N(1) – Os – N(2A)   =   103.52(7) ° . 
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possess identical phosphine ligands, we concluded that the triazolate ligand 
showed only a small amount of hypsochromic shift, although its  π  - accepting char-
acter should be considerably greater than that of the corresponding pyrazolate. On 
the other hand, changing the substituent on the triazolate from  t -  butyl to CF 3  and 
then to C 3 F 7  has caused a notable blue shifting due to the increase of energy gap 
by lowering of both metal d  π   and ligand  π  energy level, and is revealed by the 
notorious decrease of emission  λ  max  of complexes  14, 15,  and  16 . Finally, the 
observed lifetimes of ca. 0.6 – 0.9    µ s in degassed CH 2 Cl 2  solution are considerably 
shorter than those of most reported red - emitting Ir(III) complexes, implying that 
the OLED devices fabricated using this class of osmium complexes could exhibit 
reduced triplet – triplet annihilation at higher driving voltages  [41] . 

 These Os(II) complexes were utilized for preparation of OLEDs that use poly-
mers as the host materials, as such technologies have the potential for applications 
in large - area devices prepared with simple processes  [37] . Preliminary EL polymer -
 based devices have been prepared by doping poly( N  - vinylcarbazole) (PVK) with 
Os(II) complexes. For charge balance purposes, some electron - transporting mate-
rials, such as 2 - (4 - biphenylyl) - 5 - (4 -  tert  - butylphenyl) - 1,3,4 - oxadiazole (PBD), have 
also been introduced to compensate for the poor electron - transporting ability of 
the host polymers  [42] . Generally speaking, the energy transfer from PVK to the 
Os(II) emitters is very effi cient, as supported by the lack of any PVK emission in 
the EL spectra. The EL with  13  reached a maximum effi ciency ( η  max ) of 3.0   cd/A 
at 21   V with a luminance of 615   cd/m 2 . Its EL  λ  max  appeared at 640   nm, showing 
good potential for generation of saturated red emission. 

 In a second study,  PF - Q , a copolymer containing polyfl uorene backbones and 
2,4 - diphenylquinoline (DPQ) as electrontransporting side chains, was used as host 
material and doped with 2.4   wt % of  13  to realize red EL  [43] . Upon photoexcita-
tion, the PL profi le of the blend consists of two emission bands: one originates 
from the remaining emission of the  PF - Q  host, whereas the other, at about 
624   nm, corresponds to the emission signal of  13 . In contrast, the host emission 
is quenched completely when stimulated by the EL excitation, giving red triplet 
emission from  13  that had Commission Internationale de L ’ Eclairage (CIE) 
color coordinates of (0.66, 0.34) at 11   V. These results suggest that both F ö rster 
energy transfer and direct charge trapping/recombination on the dopant  13  are 

Table 5.3     Photophysical properties of complexes  12 – 17  in CH 2 Cl 2  and solid state at RT. 

 Complex  Abs  lmax  (nm)  PL  lmax  (nm)  Q.Y.  F    t  (ns) 

  12   405, 454, 542  617 (618)  a    0.50 (0.21)  a    855 (631)  a   
  13   411, 456, 553  632 (655)  0.19 (0.29)  725 (610) 
  14   406, 466, 560  649 (670)  0.25 (0.10)  634 (440) 
  15   405, 457, 543  617 (631)  0.62 (0.24)  960 (180) 
  16   403, 457, 545  614 (618)  0.76 (0.36)  940 (580) 
  17   410, 465, 550  629 (634)  0.50 (0.21)  810 (910) 

   a     Data in parentheses are measured in solid state at RT.   



responsible for the observed EL. The much enhanced maximum external quantum 
effi ciency of 6.63% (corresponding to a luminance effi ciency of 8.71   cd/A) is 
obtained from this doped device at a current density of 47.8   mA/cm 2 , together with 
a brightness of 4163   cd/m 2 .     
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 In the third approach, we incorporated the osmium phosphor  13  into a tailor - made 
blue - emitting polyfl uorene derivative  PF – TPA – OXD   [44] . This host polymer, 
which contains both hole -  and electron - transporting side chains, is capable of 
facilitating charge injection and transport, and suitable for matching the dopant -
 host energy level to achieve the direct formation and confi nement of an exciton at 
the dopant. This confi guration leads to a reduction in the excitation of the host 
polymer, which in turn decreases the degree of exciton loss arising from nonradia-
tive decay of the host triplet. In practice, PLED devices having the confi guration 
ITO/poly(styrenesulfonate) - doped poly(3,4 - ethylenedioxythiophene) (PEDOT) 
(35   nm)/polymer emitting layer (50 – 70   nm) and dopant  13 /TPBI (30   nm)/Mg:Ag 
(100   nm)/Ag (100   nm) were fabricated, keeping the optimized dopant concentra-
tion of  13  being ca. 1   mol %. Again, the PL profi le of this device contains two 
components, which are attributed to the polyfl uorene emission of the  PF – TPA –
 OXD  host and the triplet emission of  13 , respectively; while the corresponding EL 
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spectra indicate an exclusively dopant emission. The dramatic difference between 
the PL and EL spectra reveals that the emission originates from the direct charge 
trapping, followed by recombination with opposite charges at the dopant sites  [45] . 
To understand the details of the charge - transporting mechanism, the HOMO and 
LUMO energy of  13  were estimated using the onset potentials of the oxidations 
and reductions obtained using cyclic voltammetry (CV). As shown in Fig.  5.6 , holes 
in this device can easily be injected from PEDOT ( − 5.2   eV)  [46]  into the HOMOs 
( − 5.3   eV) of the  PF – TPA – OXD  host upon overcoming a small energy barrier 
(0.1   eV). For complex  13 , the estimated ionization potential of  − 4.5   eV is 0.8   eV 
above the HOMO of  PF – TPA – OXD ; therefore, holes can be trapped at the dopant 
site, followed by recombination of opposite charges (electrons) to form excitons 
 [44] . For a comparison, this device reached a maximum external quantum effi -
ciency of 8.37% with a peak brightness of 16 720   cd/m 2 . Moreover, the highest 
record of   η   ext  12.8% was achieved using a similar device confi guration, employing 
 13  as phosphorescent dopant,  PF – TPA – OXD  as host polymer, and  PS – TPD – FTV  
as hole - transporting layer  [47] .  PS – TPD – TFV  is a cross - linkable polystyrene copo-
lymer with both thermally curable trifl ororovinyl ether (TFV) group and hole -
 transporting tetraphenylenebiphenyldiamine (TPD) group as side branches. 

 For a comparative study, we also took advantage of the high volatility of this 
class of neutral complexes to prepare OLEDs using direct thermal evaporation  [38] . 
Thus, complex  15  was selected in fabricating a series of multilayer devices of 
the confi guration ITO/HTL(40   nm)/CBP: 15 (30nm)/BCP(10   nm)/Alq 3 (30   nm)/
LiF(1   nm)/Al(150   nm), where CBP, BCP and Alq 3  stand for 4,4 ′  -  N,N  ′  - dicarbazolyl -
 1,1 ′  - biphenyl, 2,9 - dimethyl - 4,7 - diphenyl - 1,10 - phenanthroline, and tris(8 - hydroxy-

Fig. 5.6     Proposed energy level for the devices 
having the confi guration ITO/PEDOT/ 13:PF –
 TAP – OXD /TPBI/MgAg and the cyclic 
voltammograms of 13 . Note: the ionization 
potential Ip  and electron affi nity  Ea  (with 
respect to the vacuum level) are estimated 

using the expressions: Ip    =   ( E′ox    +   4.8) and 
Ea    =   [ E′red    +   4.8] eV, in which  E′x  and  E′red  are, 
the onset potentials for oxidation and 
reduction relative to the Fc/Fc +  reference, 
respectively.



quinolinato) aluminum(III), respectively. The molecular structure of the relevant 
compounds used in this investigation and confi guration of the OLED device are 
present in Scheme  5.4 . Interestingly, upon changing the hole - transporting layer 
(HTL) from 4,49 - bis[ N  - (1 - naphthyl) -  N  - phenylamino]biphenyl (NPB) to 9,9 - bis{4 -
 [di - ( p -  biphenyl)aminophenyl]}fl uorene (BPAPF)  [48] , a very high initial external 
quantum effi ciency of  ∼ 20% and a luminous effi ciency of 27.8   cd A  − 1  were obtained 
at 1   mA   cm  − 2 . Considering the coupling out factor, this device is reaching nearly 
100% internal phosphorescence effi ciency  [49] , making them very suitable dopant 
emitters for phosphorescent OLED applications.       

  5.3.2
Ruthenium - Based Emitters 

 One major obstacle to the commercialization of phosphorescent OLED technolo-
gies lies in the prohibitive cost of the noble metals such as osmium, platinum, 
and even iridium. Thus, from a technological standpoint, there is an urgent need 
to develop phosphorescent emitting materials using less expensive metals such as 
ruthenium. 

Scheme 5.4     The molecular structure of the relevant 
compounds used in OLED fabrication and the confi guration 
of OLED device. 
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 As for a rational design, it is indispensable to have nonionic, neutral Ru(II) 
complexes in view of suitable volatility and balanced charge mobility. Secondly, 
the weaker ligand fi eld strength for the second row elements leads to the exploita-
tion of strong bonding bidentate ligands being inevitable. Thirdly, strong fi eld 
ancillary ligands such as phosphine are required to increase the energy gap of the 
metal - centered  dd  transition so that the radiationless deactivation can be sup-
pressed  [50] . Finally, the relatively high oxidation potential in Ru(II) requires the 
employment of extensively conjugated 1 - isoquinolyl substituted chromophores  L5  
and/or  L6  to compensate the unfavorable metal oxidation potential in generation 
of highly effi cient, saturated red emission.     
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 Similarly, a series of Ru(II) complexes,  18 – 24,  were synthesized following the 
synthetic scheme established for their osmium counterparts  [51, 52] . The emission 
spectra are depicted in Fig.  5.7 , while photophysical data are listed in Table     5.4 . 
Moderate to highly intense luminescence in solid state was obtained for complexes 
 18 – 20  with  λ  max  at 709   nm, 682   nm, and 632   nm, respectively. In good agreement 
with the  3 MLCT emission, the PPh 2 Me derivative  19  exhibits a  ∼ 27   nm hypsochro-
mic shift in  λ  max  in comparison to the PPhMe 2  anchored  18,  the result of which 
can qualitatively be rationalized by a decrease of the Ru(II) d π  energy level due to 
the increase of  π  - accepting strength. For complex  20 , an even more notable hypso-
chromic shift of 50   nm was achieved. This is apparently caused by the electron -
 withdrawing effect of the CF 3  substituents on pyrazolate, which has a function of 
further lowering the electron density at both the pyrazolate moieties and the Ru(II) 
metal center. Upon changing the trans PPh 2 Me arrangement to a dppe ligand, 
i.e.,  cis  - 1,2 - bis(diphenylphosphino)ethylene, the emission underwent a further 
blue shift, which was revealed by emissions occurring at 609 and 559   nm for 
complexes  21  and  22 , respectively  [52] . Moreover, the emergence of an intraligand 
 3  π  π  *  contribution for  22  is supported by the second emission peak at  λ  max    =   581   nm, 
concluded from the observation of the vibronic coupling. This is apparently caused 
by the better  π  - accepting dppe ligand, which has effectively reduced the MLCT 
character at the lowest energy excited states.     



 To study the photophysics of reduced ligand  π  conjugation, replacement of the 
1 - isoquinolyl ligands  L5  and  L6  with less conjugated 2 - pyridyl counterparts  L1  and 
 L3  has afforded the pyridyl complexes  23  and  24   [52] . Although  23  has a low chemi-
cal stability upon contact with chlorinated solvent in air, its solid sample gives a 
faint orange emission at  λ  max    =   568   nm at room temperature, a result of increasing 
the emission gap from that of  18  ( λ  max    =   709   nm) by reducing the  π  - conjugation of 
the ligands. 

 A further increase of the S 0  → T 1  energy gap for  24  is expected due to the presence 
of electronegative CF 3  substituent on ligand  L1 , which is expected to stabilize the 
metal d π  orbitals by lowering its electron density. However, no emission was 
noted even at 77   K in solid matrices, as the pyridyl motif not only renders large 
structural deformation between the ground and excited states, but also increases 

Fig. 5.7     Photoluminescence of Ru(II) phosphors as solid fi lm at room temperature. 

Table 5.4     Photophysical properties of complexes  18 – 24  in CH 2 Cl 2  and solid state at RT. 

 Entry  UV/Vis absorption (nm) ( e     ×    10 3 )  PL  a    lmax  (nm)   Fa     tobs  ( µ s) 

  18   336 (20), 363 (14), 462 (13),  ∼ 580 (0.9, br)  b    718 (709)   –  (0.02)   –  (1.06) 
  19   332 (20), 361 (15), 455 (12),  ∼ 566 (1, br)  700 (682)   –  (0.02)   –  (0.64) 
  20   320 (25), 353 (13), 446 (17),  ∼ 523 (1, br)  636 (632)  0.01 (0.24)  0.10 (1.82) 
  21   316 (23), 356 (20), 368 (20), 408 (9),  ∼ 470 (4, br)  637 (609)  0.08 (0.21)  0.06 (2.1) 
  22   307 (22), 345 (16), 369 (18), 390 (10),  ∼ 445 (3, br)  596 (559, 581)  0.002 (0.02)  0.02 (0.56) 
  23   309 (19), 395 (10), 443 (1),  ∼ 493 (1, br)   –  (568)   –  (0.001)   –  (0.16) 
  24   297 (22), 392 (12),  ∼ 460 (0.7, br)     –      –      –  

   a    Data in parentheses are measured in solid state at RT.  
   b    br is an abbreviation for broad.   
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the possibility of the population to the upper  dd  excited states, which leads to strong 
radiationless deactivation. This viewpoint can be fi rmly supported by the TDDFT 
calculation. As shown by the absorption data listed in Table     5.4 , complex  24  appar-
ently possesses the highest  1 MLCT energy gap among all the Ru(II) complexes 
prepared. The results of TDDFT calculation (Fig.  5.8 ) on  24  show that the lowest 
energy triplet state involves a substantial contribution of the metal  dd  character, 
while the typical  3 MLCT state has moved up in energy and becomes the second 
lowest excited state  [52] .   

 As for the OLED applications, a multilayer device using 24   wt% of  20  as a dopant 
emitter in a CBP host and with NPB as a hole - transporting layer exhibits saturated 
red emission with an external quantum effi ciency of 5.10%, luminous effi ciency 
of 5.74   cd/A, and power effi ciency of 2.62   lm/W, while incorporation of a thin layer 
of PEDOT/PSS between ITO and NPB gave an optimized result with external 
quantum effi ciency of 7.03%, luminous effi ciency of 8.02   cd/A, and power effi -
ciency of 2.74   lm/W at 20   mA/cm 2 . The nonionic nature, high emission quantum 

Fig. 5.8     The calculated lowest energy triplet transition and the 
associated frontier orbitals of 24 . 



effi ciency, and short radiative lifetime are believed to be key factors for this unprec-
edented achievement.  

  5.3.3
Iridium - Based Emitters 

 It has been reported that the replacement of one cyclometalated C ∧ N chelate in 
the trisubstituted iridium complex [Ir(C ∧ N) 3 ] with a bidentate ancillary ligand (LX) 
afforded heteroleptic complexes [(C ∧ N) 2 Ir(LX)], where C ∧ N   =   cyclometalated ligand 
and LX   =   acetylacetonate (acac),  N  - methylsalicyliminate (sal), and picolinate (pic) 
 [53] . In these iridium complexes, even though the emissions retain the main 
characteristics of their parent complexes [Ir(C ∧ N) 3 ] in most cases, a minor depen-
dence on the emission peak wavelength was also noted, which varies according to 
the nature of the ancillary ligand LX. For instance, the observed emission  λ  max  
changes according to an order of pic  < sal  ∼ acac, which is proportional to their 
electron donor strengths, resulting in a reduction of the energy gap. Accordingly, 
the pyrazole ligands such as  L1  and  L3  and triazole ligand such as  L12  and  L13  
were utilized to serve as the third LX ligand in conducting the color tuning. As 
their donor strengths are expected to follow a qualitative trend of  L3    ≥    L13    >>    L1    ≥    L12 , 
it is not surprising to see that complexes with either LX ligands  L1  or  L12  display 
more blue - shifted emission signals. Conversely, complexes with LX   =    L3  or  L13  
would give rise to red - shifted emissions relative to their trisubstituted counterpart 
[Ir(C ∧ N) 3 ]. 

5.3.3.1  Tuning the Color to Red 
 Cyclometalated [Ir(ppy) 3 ] and its heteroleptic analog such as [Ir(ppy) 2 (acac)] have 
been extensively applied in fabricating green emitting electrochemiluminescent 
devices  [54] , while the strong emission occurring at  λ  max   ∼ 514   nm is believed to 
originate from the mixed triplet states possessing both intraligand  π  π  *  and MLCT 
characters  [55] , or with a greater contribution from MLCT  [55d] . From the view-
point of ligand chromophores, it is anticipated that the LUMO and HOMO of the 
ppy ligand are mainly located at the pyridyl part and the phenyl segment of the 
ppy ligand, respectively  [34] . This is because that the phenyl group of ppy ligand 
carries a formal negative charge, and the pyridine is formally neutral. Accordingly, 
as shown in Scheme  5.5 , replacement of one CH group at the pyridyl fragment 
by a nitrogen atom would give a pyrazine (route A) or a pyrimidine substituted 
ligand fragment (route B), showing a decreased LUMO energy level  [56] . On the 
other hand, the HOMO of these ligands remain unchanged, as they are mainly 
located at the relatively electron rich phenyl group. Thus, after formation of the 
iridium metal complexes, such a hypothetical nitrogen atom substitution at the 
cyclometalated ligand will cause an appreciable reduction of the energy gap for 
the expected  3  π  π  *  and  3 MLCT emission. Further attachment of an extra aromatic 
ring into the ligand  π  framework, e.g., using quinoxaline to replace the hypotheti-
cal pyrazine fragment (routes A1 and A2), quinazoline to replace pyrimidine (route 
B1), or even using naphthalene to replace phenyl group (routes B2 and B3), should 
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extend the  π  - conjugation, giving a further decrease of the energy gap. Therefore, 
continuously tuning the emission to the saturated red can be rationalized by 
employing these cyclometalated ligands and using pyridyl azolate as the third 
chelating LX ligand; see the molecular drawing for complexes  25, 26,  and  27 .   

 The OLED applications were fi rst examined using  25  doped in a tetraphenyl-
diamine based hole - injection/transporting layer (HTL) and poly(BTPD - Si - PFCB) 
as an electron - blocking and an exciton confi nement layer at the anode  [57] . To 
realize optimum effi ciency, a layer of 1,3,5 - tris( N  - phenylbenzimidazol - 2,yl)benzene 
electron - injection/transporting layer (ETL) was also applied at the cathode for 
hole blocking and exciton confi nement  [58] . The device fabricated from a blended 
polymer involving 5   wt% of  25  in previously mentioned graphed copolymer  PF –
 TPA – OXD  gave a maximum external quantum effi ciency of 7.9 % and a maximum 
brightness of 15800   cd/m 2 , with CIE chromaticity coordinates of  x    =   0.65 and 
 y    =   0.34  [59] . These results are outstanding for red polymer OLEDs using iridium -
 based dopant in conjugated polymer. 

Scheme 5.5     Strategy for tuning the ligand emission to red 
color and the structural drawing for relevant red - emitting 
iridium complexes.  



 Complex  26 , which exhibited an emission  λ  max  at 640   nm, was also utilized for 
the preparation of polymer OLEDs  [56] . These devices consist of a multilayer 
confi guration ITO/PEDOT:PSS/PVK - PBD (30   wt%): x  wt%  26 /TPBI/Mg:Ag/Ag 
(100   nm), where ITO, PEDOT:PSS, PVK, PBD, TPBI, and Mg:Ag denote indium 
tin oxide, poly(styrenesulfonate) doped poly(3,4 - ethylenedioxythiophene), 
poly(vinylcarbazole), 2 - (4 - biphenylyl) - 5 - (4 -  tert  - butylphenyl) - 1,3,4 - oxadiazole, 
2,2 ′ ,2 ″  - (benzene - 1,3,5 - triyl)tris[1 - phenyl - 1 H  - benzimidazole], and magnesium:
silver alloy (ca. 10:1), respectively. At the doping concentration of 1.8   wt%, the 
device exhibited a maximum external quantum effi ciency of 3.15%, a brightness 
of 1751   cd/m 2  at 67.4   mA/cm 2 , and a maximum brightness of 7750   cd/m 2  at 21   V. 
These performance data deteriorate substantially upon increasing the doping level 
to 5.3   wt% of  26 , which is attributed to concentration quenching and triplet – triplet 
annihilation. The radiative lifetimes of 4.8    µ s, calculated using observed lifetimes 
of ca. 1.9    µ s and quantum yield of 0.4 in degassed CH 2 Cl 2 , may serve as one major 
factor to account for this concentration dependence. 

 Preparation of OLEDs using coevaporation was also realized using the third 
complex  27   [60] . The multilayer devices of the confi guration ITO/NPB (40   nm)/
CBP: 27  (30nm)/BCP (10   nm)/Alq 3  (30   nm)/Mg:Ag were prepared, with doping 
concentrations varying from 7%, 14%, and 21% to a 100% neat fi lm composition, 
for which the confi guration was adopted from those reported by Thompson and 
Forrest  [61] . Very bright emission was observed for all doping levels, among which 
the best performance was achieved using 14   wt% of  27 , exhibiting a maximum 
brightness of 12370   cd/m 2  and an external quantum effi ciency of 8.1% at 10   V and 
20   mA/cm 2 , but a slightly inferior CIE value of 0.62 and 0.37. However, it is notable 
that, in contrast to that of a typical phosphorescent OLED, the nondoped device 
employing  27  also showed electroluminescence as high as 5780   cd/m 2 , an external 
quantum effi ciency of 5.5% at 10   V and a current density of 20   mA/cm 2 . Reduced 
 π  –  π  stacking in solid state and a relatively short radiative lifetime ( ∼ 1    µ s) may have 
caused such exceptional performances.  

5.3.3.2  Blue - Emitting Materials 
 Design and preparation of blue - emitting phosphorescent complexes have pre-
sented considerable challenges in recent years  [62] . This task is far more diffi cult 
than those for preparing green and red - emitting complexes. The key lies in the 
selection of chelating chromophores that are suitable to form complexes as well 
as to have large intraligand  π  π  *  and/or MLCT transition. To achieve the required 
high effi ciency, a few attempts have been made through the use of strong fi eld 
ancillary ligands such as CO, phosphines, and isocyanide together with cyanide 
with an aim to increase the HOMO – LUMO gaps and minimize radiationless decay 
via elevating metal - centered  dd  transitions at the same time  [63] . More recently, 
the blue - emitting iridium complexes [(dfppy) 2 Ir(LX)], dfppy   =   2 - (2,4 - difl uorophe-
nyl) pyridine and LX   =   picolate,  FIrpic   [64] , as well as [(tpy) 2 Ir(LX)], tpy   =   2 -  p  - tolyl-
pyridine; LX   =   acetylacetonato, picolate, bis(pyrazolyl)borate ligands and their 
analogs were also reported  [65] . These results clearly demonstrate the feasibility 
for obtaining blue phosphorescence (Fig.  5.9 ).       
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 The pyridyl azolate based ligands were found to be highly useful for such inves-
tigation. The fi rst reported example is complex  28 , which showed an almost blue 
emission with the fi rst emission  λ  max  located at 461   nm, and exhibited a hypso-
chromic shift of  ∼ 10   nm vs. that of  FIrpic   [66] . This notable behavior is consistent 
with the much greater  π  - accepting properties of pyridyl triazolate chelate in  28  vs. 
that of the picolate ligand in  FIrpic , and further lowering the electron density at 
the iridium metal center. In the case of CF 3  substituted complex  29 , although the 
CF 3  group may exert a greater electron - withdrawing effect, it showed a slightly 
blue - shifted emission ( λ  max    =   459   nm) with respect to that of  28 , while replacing the 
triazolate with tetrazolate chelate ligand gave complex  30 , also showing the emis-
sion  λ  max  at 459   nm  [67] . 

Fig. 5.9     Photoluminescence of iridium phosphors at room temperature in CH 2 Cl 2 . 



 It is interesting to note that the room temperature emission of osmium complex 
 11 , which is attributed to the  3  π  π  *  excited state of the triazolate ligand  L12 , 
occurred at the much higher energy with onset at 420   nm  [31] . In addition, the 
emission of complexes  28 – 30  are highly structured and the spectra are barely 
shifted when recorded at temperatures as low as 77   K. Based on these observations, 
the lowest energy excited state of  28 – 30  must possess a mixed  3  π  π  *  and  3 MLCT 
character that is principally localized at the cyclometalated dfppy ligand and is thus 
less sensitive to the change of the azolate based chelates. A recent DFT calculation 
on  FIrpic  showed good agreement with this delineation  [68] . 

 Moreover, Chi, Chou, and coworkers have also prepared an analogous iridium 
complex,  31 , in an attempt to synthesize the so - called true blue phosphors  [69] . It 
is anticipated that the dfppz ligand will display an energy gap far greater than the 
typical blue radiation, which was revealed by the emission envelop of [Ir(dfppz) 3 ] 
starting from  λ  max   ∼ 390   nm at 77   K, (dfppz)H   =   2,4 - difl uorophenyl pyrazole. Thus, 
after attaching the pyrazole chelate  L3  to a [Ir(dfppz) 2 ] unit as the ancillary ligand 
in giving  31 , the ligand character of  L3  would dominate the excited state manifolds, 
showing the required blue phosphorescence with an additional  ∼ 30   nm blue shift 
compared to that of complexes  28 – 30 . Unfortunately, the emission quantum yield 
turned to a very low value ( Φ    =   0.007) in solution, making this molecular design 
somewhat useless for fabricating OLEDs. The DFT calculation has again ruled out 
the participation of the  dd  transition in the fast deactivation process that causes 
low quantum yield. On the contrary, we speculate that, because the triplet states 
were in a high energy blue region, it would display a relatively shallow potential 
energy surface (PES) and may allow a fast surface crossing to the ground state. 
Subsequently, radiationless deactivations are executed via thermal activation to 
certain vibrational levels close to the section of a triplet – singlet surface through 
facile metal – ligand bond stretching motion. Although detailed insights into the 
deactivation mechanism are still pending, the experimentally extracted activation 
energy of 4.43   kcal/mol ( ≈ 1550   cm  − 1 ) of a related complex provides an estimate of 
the gap between the ground vibrational level of T 1  and the surface crossing section, 
while the pre - exponential factor of 1.25    ×    10 12  s  − 1  refl ects the vibrational frequency 
of the weakly - bonding modes channeling into the major radiationless pathway. 

 The fabrication of OLEDs employing  29  and  30  and their electroluminescence 
characterization have been described, using a multilayer structure of ITO/NPB 
(30   nm)/mCP:  29  or  30  (30   nm, 7%)/TPBI(30   nm)/LiF (0.5   nm)/Al, where 
mCP   =   1,3 - bis(9 - carbazolyl) benzene  [67] . It is notable that both EL spectra exhibit 
three vibronic shoulders at  ∼ 460, 490, and 520   nm, which are analogous to their 
PL spectra. However, the device employing  30  exhibited a much more intense side 
band at  ∼ 490   nm that reduces the color purity, eventually shifting the CIE coordi-
nates to 0.15, 0.24. On the other hand, the device employing  29  showed a signifi -
cantly reduced emission shoulder at  ∼ 490   nm that allows the electroluminescence 
to appear in the deep - blue region with CIE   =   0.14, 0.18. When an octyl chain is 
introduced at the 4 - position of the pyridyl ring of  L12 , the resulting chelate ligand 
can be used to prepare analogous octyl substituted iridium complexes for PLEDs 
using PVK blends  [70] . The maximum brightness is 110   cd   m  − 2  at 18   V, and the 
luminous effi ciency at 100   cd   m  − 2  is 0.06   cd   A  − 1 , with CIE coordinates being 0.14, 
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0.26. Direct charge trapping on the triplet emitter is found to be the dominant 
recombination process in these electrophosphorescent devices.   

  5.3.4
Platinum - Based Emitters 

 Neutral Pt(II) complexes with cyclometalating ligands, which exhibit a square 
planar d 8  confi guration, have shown strong emissions in the fl uid and solid states 
and have attracted a great deal of fundamental interest. Their square - planar geom-
etry, which allows formation of dimer, excimer and even aggregate through axial 
coordination, results in distinctive photophysical properties when compared to the 
d 6  octahedral coordinated metal complexes  [71] . Thus, in addition to the typical 
MLCT and ligand - centered  π  π  *  transition that occurred in the d 6  complexes  [10c] , 
a new type of electronic transition, denoted as metal - metal - to - ligand charge trans-
fer (MMLCT), became possible; this type of transfer involves a charge transfer 
between the fi lled Pt – Pt antibonding orbital and a vacant, ligand - based  π  *  molecu-
lar orbital  [72] . The pyridyl azolate based Pt(II) complexes showed no exception 
from such behavior, and their photophysical properties will be elaborated by sys-
tematically changing the ligand design. 

 These Pt(II) complexes can be obtained via treatment of the  in situ  generated 
pyrazolate anion with [PtCl 2 (DMSO) 2 ] in THF, or via a direct combination of the 
respective pyrazoles with K 2 PtCl 4  in refl uxing ethanol  [73] . Both methods gave the 
anticipated products in good yields, and their structures can be seen in the struc-
tural drawings depicted below:     
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 Table     5.5  summarizes the important photophysical data for complexes  32 – 37 . 
The room temperature UV - Vis and emission spectra of complexes  32 – 34  in THF 



solution are shown in Fig.  5.10 . For the fi rst two complexes  32  and  33 , the lower 
lying absorption bands ( 32 : 416   nm;  33 : 473   nm) are assigned to the transition 
incorporating a state mixing singlet and triplet MLCT transitions and, to a certain 
extent, the intraligand  3  π  π  *  transitions. The strong singlet – triplet mixing is con-
fi rmed by the signifi cant overlap between the UV - Vis absorption bands and the 
leading edge of their emission peak profi le.     

Table 5.5     Photophysical properties of platinum(II) complexes  32 – 37 . 

 Entry labs
max  ( e     ×    10 3 , M  − 1  cm  − 1 )  PL  lmax  (nm)  a     F    t  ( µ s) 

  32   268 (19), 320 (13), 340 (10),
416 (2.2), 442 (2.1) 

 494, 518 b 
[489, 518, 550  b  ] 

 0.19 [1.1    ×    10  − 2 ]  0.4 [0.4] 

  33   271 (23), 313 (12), 340 (12),
375 (13), 473 (2.2), 502 (2) 

 576, 596 b  [626]  0.82 [6    ×    10  − 4 ]  2.4 [0.03] 

  34   283 (31), 206 (27), 351 (30),
371 (21), 403 (5.2), 484 (4.6) 

 584, 632, 685 b 
[593, 634, 680  b  ] 

 0.74 [4    ×    10  − 4 ]  13 [0.04] 

  35   256 (24), 310 (20), 330 (12),
377 (2.9), 389 (2.5) 

  –    c   [595]  [0.24]  [0.3] 

  36   256 (23), 310 (19), 328 (12),
376 (2.9), 388 (2.5) 

  –    c   [552]  [0.2]  [0.3] 

  37   258 (22), 296 (13), 318 (12),
360 (3.5), 376 (3.2) 

  –    c   [544]  [0.33]  [0.3] 

   a    The solid state spectra are listed in square brackets.  
   b    Shoulder.  
   c    Too weak to be observed.   

Fig. 5.10     UV - Vis absorption and emission spectra of complexes  32 – 34  in THF at RT. 
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 Moreover, the emission of the fi rst two complexes,  32  and  33,  occurred at 494   nm 
( Φ    =   0.19;  τ    =   0.4    µ s) and 576   nm ( Φ    =   0.82;  τ    =   2.4    µ s) in degassed THF, respectively. 
The red shift for  33  is a result of pyrazine substitution, for which the extra nitrogen 
atom of pyrazine lowers the ligand  π  *  energy level of Pt(II) metal complexes. For 
a further comparison, the emission of isoquinolyl complex  34  not only possesses 
a distinctive vibronic - like progression with peak wavelengths at 584, 632, and 
685   nm, but also reveals a much larger peak – peak (absorption – emission) differ-
ence. The observed lifetime for  34  in THF ( τ    =   13    µ s,  Φ     ∼    0.74) is also substantially 
longer than those of  32  and  33  as well as those complexes with a  3 MLCT in the 
lowest lying manifold incorporating other Os(II), Ir(III), or Pt(II) heavy ions and 
with a  1 MLCT state in proximity. Thus, for the case of  34 , a signifi cant amount of 
the ligand - centered  3  π  π  *  transitions is anticipated  [74] . This can be rationalized by 
raising the  π  energy level due to the extensive  π  conjugation in  34 , while the pro-
gression of  ∼ 1300   cm  − 1  is akin to that corresponding to the C – C stretching modes 
(1270 – 1300   cm  − 1 ) for terpyridyl Pt(II) complexes [75] . 

 On the other hand, the solution absorption and solid - state emission spectra of 
the second group of Pt(II) complexes,  35 – 37 , are depicted in Fig.  5.11 , along with 
the spectra of  32 , which served as the reference. It is notable that this group of 
complexes possesses ligands composing both 2 - pyridyl and fl uoroalkyl substituted 
azolate fragments. Signifi cant blue shift of the MLCT absorption was noted in 
their UV/Vis absorption spectra. The increase in energy gap of MLCT transitions 
is apparently caused by either the electron withdrawing effect of CF 3  and C 3 F 7  
substituents, or the additional nitrogen atom in the case of triazolate, which induce 
an increase of the  π  *  acidity of the azolate and lower the Pt(II) metal 5d energy 

Fig. 5.11     UV - Vis absorption spectra of complexes  32  and 
35 – 37  recorded in THF at RT and the respective solid - state 
emission spectra obtained from thin fi lm samples at RT. 



level. Concomitantly, the higher energy  π  π  *  transitions, which are located at the 
UV region, also display a similar hypsochromic shift due to the increase of the 
intraligand  π  π  *  energy gap  [73] .   

 The poor solubility of these complexes in organic solvents indicates their high 
tendency to form aggregation, for which the linear stacking arrangement with 
short Pt – Pt separation of 3.442    Å  was confi rmed by single crystal X - ray diffraction 
study on  36 . As a result, the featureless solid state emissions observed for  35 – 37  
are assigned to the MMLCT transition  [76] , which is in sharp contrast to that of 
the emission profi le of  32,  showing three distinct vibronic peaks in the solid state. 
Moreover, complex  35 , possessing the CF 3  substituents, exhibits a 43   nm (or 
1310   cm  − 1 ) bathochromic shift in emission peak  λ  max  vs. that of complex  36,  bearing 
C 3 F 7  substituents. This result can be rationalized by an increase of the columnar 
 π  π  stacking interaction due to the decrease of steric hindrance for the CF 3  groups, 
as their electron withdrawing character was somewhat comparable or slightly less 
than that of C 3 F 7 . In contrast, for complex  37 , an even more notable hypsochromic 
shift of 51   nm (1575   cm  − 1 ) was observed vs. that of  35 . This is apparently caused 
by the blue shift of the corresponding MLCT absorption while maintaining a 
similar degree of  π  π  stacking interaction. 

 As for the possible OLED application, complex  35  was tested by fabricating the 
typical multilayer OLED devices with doping levels varying from 7%, 20%, and 
50% to 100%, using direct vacuum deposition  [73] . The best device performances 
are achieved at  ∼ 20% of dopant concentration with an external quantum effi ciency 
of 6.0% and a luminous effi ciency of 19.7   cd/A at 20   mA/cm 2 . Among other char-
acteristics, the most interesting observation is the notable red shift in EL  λ  max  from 
552   nm to 616   nm with increases in the doping concentration from 7% to 100%. 
As similar red - shifted EL emission was observed in the doped CBP fi lms involving 
 35 , this concentration dependence is undoubtedly caused by the self - aggregation 
of the Pt(II) dopant within CBP host matrices. 

 Moreover, the achievement of high luminescence effi ciency can be attributed, 
in part, to a rationally designed structure that greatly suppresses the aggregation 
effect. As a result, a rigid steric blocker such as camphor - like functionality was 
incorporated into the abovementioned square planar Pt(II) complexes, to reduce 
the solid - state aggregation and to suppress  3 MMLCT transitions  [77] . Two Pt(II) 
complexes were prepared and showed unprecedented emission brightness (e.g., 
 38 :  λ  max    =   553   nm;  Φ    =   0.64 and  39 :  λ  max    =   635   nm;  Φ    =   0.81 in degassed CH 2 Cl 2  
at RT).     
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 Their superior photoluminescent quantum yields are attributed to the high 
rigidity of camphor substituted indazole and extended  π  conjugation of the iso-
quinolinyl ligand, affording a reduction of radiationless deactivation. OLED devices 
fabricated using  39  as a dopant emitter have been achieved in a typical multilayer 
confi guration of ITO/NPB/CBP: 39 /BCP/Alq 3 /LiF/Al. At a dopant concentration 
of 12%, the device gave a bright red emission with  λ  max  at 612   nm and a very high 
external quantum effi ciency of  ∼ 7% at a driving current of 20   mA. Upon increasing 
the doping level to 100%, electroluminescence peaked at 630   nm, with an external 
quantum effi ciency of 3.2%, and a luminance effi ciency of 3.5   cd/A, and a power 
effi ciency of 1.52   lm/W was achieved at 20   mA  [77] . The reduced red shift (18   nm) 
for the 100% doped device confi rmed the nonexistence of aggregation for  39  in 
the solid state.   

  5.4
Concluding Remarks 

 The research subject of organic light - emitting diodes offers immense opportunity, 
for which fi nding the most suitable emitter remains as one of the pivotal factors. 
It is remarkable that the pyridyl azolate based ligands can react with a variety of 
metal elements, covering second row element Ru(II) and third row transition 
metal elements such as Os(II), Ir(III), and Pt(II), to form various neutral, stable 
and highly luminous coordination complexes. We also demonstrate the power of 
merging theoretical and experimental measures in rational design of a new series 
functionalized luminescent complexes. A broad spectrum of color tuning from 
red to blue has been achieved by derivatization of either pyridine or azolate 
segment as well as by variation of the electronic properties of the central metal 
atom via adjusting the ancillary ligands. In this chapter, we also bring out a critical 
issue in that the quantum effi ciency, hence the radiationless deactivation process, 
can be qualitatively predicted via the theoretical frontier orbital analyses in com-
bination with, e.g., X - ray structural determination. In the case of neutral Ru(II) 
complexes, we trust that the strategy for averting the incorporation of metal  dd  
character into the lowest triplet state should be equally applicable to other systems 
involving second - row transition metal elements. 

 As for the application, we have successfully applied numerous pyridyl azolate 
based transition metal complexes toward making OLEDs with excellent perfor-
mance. On one hand, it is possible that these pyridyl azolate based metal com-
plexes, after full optimization, will eventually fi nd certain industrial applications 
in the development of OLED devices. On the other hand, the results as well as the 
perspectives of our study should spark a continuous interest in the design and 
preparation of luminescence materials incorporating both main group and transi-
tion metal elements and for the future development of inorganic and organometal-
lic photochemistry. For example, on the basis of a similar principle, we believe 
that coarse as well as fi ne tuning of the pyridyl azolate based complexes toward 
near - IR region with high luminescent effi ciency is feasible, rendering their future 
applications in other arenas such as solar cell and near - IR imaging, etc.  
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 Physical Processes in Polymer - Based 
Electrophosphorescent Devices 
  Xiao - Hui   Yang  ,   Frank   Jaiser  , and   Dieter   Neher   

  This book chapter is devoted to the understanding of physical processes in polymer -
 based phosphorescent devices. It has been recognized that doping the phospho-
rescent emitter into a charge - conducting matrix is necessary to spatially separate 
the dyes and to reduce the rate for non - radiative intermolecular decay channels. 
Therefore, the design of highly - effi cient devices requires understanding and 
control of the processes leading to the excitation of the phosphorescent guest. This 
chapter primarily discusses mechanisms leading to electrophosphorescence in 
devices based on the non - conjugated host poly(vinylcarbazole) (PVK). Different 
transfer processes such as charge trapping, F ö rster and Dexter transfer are 
addressed. In addition, selected examples of devices with the red - emitting dye 
PtOEP doped into conjugated polymer hosts are presented.     

  6.1
Introduction

 Driven by the commercial interest in the development of displays and large - area 
light sources, the understanding of physical processes in polymer - based light -
 emitting diodes (PLEDs) has signifi cantly advanced since electroluminescence 
from a  π  - conjugated polymer was reported in 1990  [1] . Because of the complexity 
of the overall process leading to the emission in PLEDs, most theoretical and 
experimental studies focused on simple device architectures with one fl uorescent 
polymeric component  [2 – 6] . Despite the simplicity of fabrication of these electro-
fl uorescent devices, effi cient blue, green and red emission from PLEDs has been 
reported  [7, 8] . 

 According to simple spin statistics, the recombination of uncorrelated electrons 
and holes in organic media forms triplet states with a 3 - fold higher probability 
than singlet states  [9] . Though this simple prediction of quantum statistics has 
been questioned in case of polymer - based electrofl uorescent devices  [10 – 13] , only 
few LEDs based on single - component active polymer layers exceeded the quantum 
limit of 5%  [14, 15] . Electrophosphorescence offers the potential to construct 
devices in which every injected charge leads to the emission of a photon. In the 
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fi rst examples published in 1998 by Baldo et al.  [16] , the phosphorescent dye octa-
ethyl - porphine platinum (PtEOP) was doped into a small molecule host at a low 
concentration. This electrophosphorescent device emitted red light with an exter-
nal quantum effi ciency of 4%. Shortly after this, the fi rst polymer - based electro-
phosphorescent diode was published  [17] . In this case, PtOEP was added at low 
concentration to the polymer poly[4 - ( N  - 4 - vinylbenzyloxyethyl, N  - methylamino) -  N  -
 (2,5 - di -  tert  - butylphenylnaphthalimide)] PVP. Since then, the performance of small 
molecule and polymer - based electrophosphorescent devices has been largely 
improved, with high effi ciencies for blue  [18 – 20] , green  [21 – 25] , red  [25 – 27] , and 
white  [28 – 30]  emission. 

 It is generally accepted that doping the phosphorescent emitter into a charge -
 conducting matrix is necessary to spatially separate the dyes and to reduce the rate 
for nonradiative intermolecular decay channels such as triplet – triplet annihilation 
(TTA) (see e.g.,  [31] ). Transfer of excitation to the guest is then promoted by three 
processes (Fig.  6.1 ): (a) F ö rster transfer of singlet excitons generated on the matrix 
to the guest, (b) Dexter transfer of both singlet and triplet excitons generated on 
the host to the dopant, and (c) direct generation of singlet and triplet excitons on 
the guest by sequential trapping of charges. In the fi rst cases, excitons are fi rst 
generated on the host and then transferred to the dopant while in the latter case, 
the host only functions as the charge transporting matrix. F ö rster transfer requires 
a signifi cant overlap of the emission of the matrix and the absorption of the guest. 
Most phosphorescent dyes used in LED applications have the most prominent 
absorption in the blue/deep blue wavelength region. Therefore, host materials 
with high - energy excited states ( “ wide band gap ” ) need to be used to ensure effi -
cient energy transfer in electrophosphorescent devices. Effi cient Dexter transfer 
requires an overlap of the host and guest wavefunctions and that the energy of the 
(singlet and triplet) exciton on the host matches the exciton energy on the guest. 
Finally, the phosphorescent dopant itself might function as a carrier trap and 
recombination site if there is a signifi cant offset between the HOMO or LUMO 

Fig. 6.1     Scheme illustrating various transfer processes from 
the host to the guest: F ö rster - type energy transfer between 
singlet states, Dexter - type energy transfer from the host to the 
guest triplet state, and electron (hole) transfer from the host 
LUMO (HOMO) to the guest LUMO (HOMO). 
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levels, respectively, of the host and the guest. Irrespective of the process leading 
to the excitation of the dye, confi nement of the triplet exciton on the dye is only 
guaranteed if the T 1  energy of the guest is smaller than that of the host.   

 It has been shown that the singlet – triplet splitting in conjugated polymers is 
quite large. According to results by Monkman et al. the energy of the lowest triplet 
state T 1  of fully - conjugated polymers is ca. 1   eV lower than the lowest singlet excited 
sate S 1   [32] . Though others reported a smaller singlet – triplet splitting of ca. 0.7   eV 
 [33, 34] , these results imply that only wide - gap polymers are applicable as host 
materials for phosphorescent dyes. Nevertheless, a large variety of polymers with 
charge - transporting moieties in the side chains  [17, 35, 36]  or fully conjugated 
polymers  [37 – 45]  have been demonstrated to function as hosts in electrophospho-
rescent devices and more recently, copolymers with covalent binding of the phos-
phor have been demonstrated in effi cient OLED structures  [46 – 51] . 

 This chapter is divided into four sections. In Section  6.2 , physical mechanisms 
leading to the emission in devices based on the nonconjugated host 
poly(vinylcarbazole) (PVK) will be discussed. Different transfer processes such as 
charge trapping, F ö rster, and Dexter transfer will be addressed. The following 
section presents selected examples of devices with the red - emitting dye PtOEP 
doped into two different conjugated polymer hosts. The chapter ends with a con-
clusion. Note that this review does not contain a detailed discussion of the photo-
physical properties of the phosphors. This issue has been addressed in previous 
review articles  [52 – 55] .  

  6.2
Phosphorescent Devices Based on PVK 

 Polyvinylcarbazole is one of the most widely studied host polymers for electro-
phosphorescent diodes. Because of its high T 1  state, the polymer can host blue, 
green, and red phosphors. Various values have been reported for the HOMO and 
LUMO positions of PVK. In the following we will refer mostly to energies deter-
mined by cyclic voltammetry in solution versus the ferrocene/ferrocenium redox 
pair (setting the absolute energy of the ferrocene/ferrocenium redox reaction of 
4.8   eV below vacuum  [56] )  [25] . This yields values for the absolute HOMO and 
LUMO energy of PVK of 5.6   eV and 2.2   eV, respectively, below vacuum. For pure 
PVK, hole mobilities of up to 10  − 5    cm 2 /Vs have been reported  [57] , but the electron 
mobility of PVK is rather poor. Therefore, most PVK - based devices have an appro-
priate electron - transporting component added to the emission layer. One com-
monly used molecule is 2 - (4 - biphenylyl) - 5 - (4 -  tert  - butylphenyl) - 1,3,4 - oxadiazole 
(PBD),  [23, 36, 58 – 61]  with the LUMO at 2.3   eV and the HOMO lower than 6   eV. 

 Without addition of a dye, the PVK   :   PBD matrix exhibits a broad emission with 
maximum at ca. 430   nm. This has been assigned to an exciplex, which forms 
rapidly after excitation of the PVK   :   PBD matrix  [62, 63] . The quantum effi ciency 
of this exciplex emission is ca. 10%  [64] . Details about the kinetics of the excitation 
in the PVK   :   PBD blend matrix can be found in  [63] .   
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  6.2.1
Charge Trapping in Devices with Ir(ppy) 3

  fac -  tris(2 - phenylpyridine)iridium (Ir(ppy) 3 ) is a well - known effi cient green - emit-
ting phosphor. In fact, one of the fi rst examples for PVK - based electrophospho-
rescent diodes used Ir(ppy) 3  as the phosphorescent dye  [35] . Strong spin – orbit 
coupling induced by Ir 3+  gives the formally spin - forbidden transition form the 
lowest  3 MLCT to the singlet ground state a signifi cant transition dipole strength, 
resulting in a short phosphorescence life time of ca. 1.5    µ s in a PVK matrix. For 
application in solution - processed devices, various well - soluble derivatives of 
Ir(ppy) 3  have been tested in PVK   :   PBD. In the following, we will discuss the prop-
erties of devices with the dye tris(2 - (4 - tolyl)pyridine)iridium, Ir(mppy) 3 . This dye 
has the emission maximum at ca. 512   nm, corresponding to a triplet energy of 
2.4   eV. The HOMO and LUMO energy is at 5.0 and 2.2   eV, respectively. Thus, 
Ir(mppy) 3  will constitute a deep hole trap in PVK   :   PBD (Fig.  6.2 ). 

Fig. 6.2     Chemical structure of PVK, PBD, and Ir(mppy) 3 , 
the HOMO and LUMO positions determined by cyclic 
voltammetry  [25]  and the triplet energies  [50, 65] . (Note that 
the triplet level positions are depicted simplifi ed as being 
relative to the HOMO energies).   
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 Evidence for severe carrier trapping in the Ir(mppy) 3  based devices with a Ca 
cathode comes from the comparison of current – voltage characteristics for differ-
ent Ir(mppy) 3  concentrations. As shown in Fig.  6.3 , the current – voltage curves 
shift to signifi cantly higher voltages when increasing the dye concentration from 
1   wt% to 2   wt%. Interestingly, the driving voltage decreases again when increasing 
the concentration further to 8   wt%. This fi nding is consistent with reports on 
related blend systems  [39, 65] . One possible reason is that direct jumps of holes 
between the Ir dyes become possible at higher concentrations, without the need 
for detrapping to the PVK host. Even larger shifts in voltage have been reported 
by X. Gong et al. for a related dye, tris[9,9 - dihexyl - 2 - (pyridinyl - 2 ′ )fl uorene iridium 
(Ir(DPF) 3 ) in a PVK   :   PBD (40   wt%) matrix. In this case, the bias to drive the device 
at a current density of 1   mA/cm 2  increased from 11   V for a Ir(DPF) 3  concentration 
of 0.05   wt% to 37   V for a device with a 5   wt% dye concentration.   

 Figure  6.3  also shows the PL spectra of PVK   :   PBD   :   Ir(mppy) 3  for different dye 
concentrations. Emission spectra were recorded with excitation at 325   nm, which 
almost exclusively excites the matrix. At 1   wt%, one can clearly distinguish the 
emission from the PVK   :   PBD host with maximum at 425   nm and the dye emission 
which peaks at 510 – 515   nm depending on concentration. The fi gure shows that 
an Ir(mppy) 3  concentration of more than 4   wt% is needed to fully quench the host 
emission. Detailed studies on a related green - emitting dye in a PVK   :   PBD matrix 
showed that the dependence of the host PL intensity on dye concentration is con-
sistent with F ö rster energy transfer  [67] . In contrast to this, the EL spectrum of 
single layer devices with a PVK   :   PBD   :   Ir(mppy) 3  emission layer is fully determined 
by the phosphorescence from the dye even at a concentration as low as 0.3   wt%. 
For a related system, Gong et al. observed pure dye emission even for a concentra-

Fig. 6.3     (left) Current – voltage characteristics 
of single layer PVK   :   PBD   :   Ir(mppy) 3
electrophosphorescent devices comprising an 
ITO/PEDOT   :   PSS anode. Also shown is the 
characteristics of a diode with an annealed 
emission layer and a LiF/Ca cathode  [61] . 

(right) PL spectra of blends of 
PVK   :   PBD   :   Ir(mppy) 3  with a phosphor 
concentration of 1, 4, or 8   wt% relative to 
PVK. Excitation was at 325   nm, which almost 
exclusively excites the PVK   :   PBD host  [66] . 
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tion of 0.01   wt%. This fi nding is consistent with carrier trapping as the main 
mechanism for populating the dye  [60, 67] . 

 In general, the kinetics of charge trapping in a doped system is determined by 
both the diffusion - controlled random motion of the carriers on the host and the 
rate of charge transfer from the matrix to the charge - trapping dopant. Because 
the rate for the latter process decreases exponentially with the distance between 
the electron donor and electron acceptor, only the transfer from the nearest host 
molecule is expected to lead to the population of the trap. Therefore, for close 
proximity of host and guest molecules, the motion of the charges on the host 
toward the guest should be the rate - limiting step. Following the theoretical treat-
ment by T.R. Waite, trapping of, e.g., holes with the density  p  by neutral traps 
(guests) of total density  T  should follow the kinetics  [68] 
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 where   k     =   4  p r  o  D p  . Here,  T  +   is the density of occupied traps,  D p   is the diffusion 
coeffi cient for holes, and  r  o  is the distance between a hole and the trap below which 
trapping occurs  irreversibly . (Note that the original work by Waite considers the 
kinetics of diffusion - limited chemical reactions.) In the simplest case,  r  o  is deter-
mined by the size of the charge - trapping molecule. For steady - state conditions, 

Eq.  (6.1)  simplifi es to   
dp

dt
p t T t T tT= − − +γ ( )( ( ) ( ))  with   g  T     =   4 p  r  o  D p   the coeffi cient 

for carrier trapping. For carriers moving in a device with a drift velocity  v   =    µ  p E  
(with   µ  p   being a constant hole mobility), trapping will limit the penetration depth 
 L T   into the charge - conducting layer. In the limit of low trap occupation ( T   +     <<    T  ), 
the penetration depth is simply given by
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 Further, using Einstein relation, the drift mobility   µ  p   and the diffusion coeffi cient 
 D p   can be related via
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 where  k B   is the Boltzmann constant,  q    the temperature, and  e  the elementary 
charge. Combining  (6.2)  and  (6.3)  results in the simple relation
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o .     (6.4)   

 For a concentration of 1   wt% Ir(mppy) 3  in PVK   :   PBD, the trap concentration  T  is 
ca. 10 19    cm  − 3 . The trapping radius  r    o  can be approximated by the diameter of the 
phosphor, ca. 1   nm. Then,  L T   is ca. 35 – 40   nm at a fi eld of 10 6    V/cm at room tem-
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perature. Thus, all holes should become trapped within the emission layer of a 
typical polymer - based OLED. However, recent theoretical and experimental inves-
tigations suggested that Einstein relation is violated in disordered semiconductors 
such as amorphous or semicrystalline polymers. This is because charge transport 
in these materials is dispersive  [69, 70] . For example, investigations on PVK - based 
photorefractive polymers with the photoelectromotive force technique yielded a 
ratio of  D /  µ   ca. three times larger than predicted by Einstein relation  [70] . Thus, 
the free path length of holes in these highly disordered multicomponent layers 
might even be smaller, within the range of a few nanometers at dye concentrations 
larger than 1   wt%. Consequently, holes should be predominately accumulated near 
the anode, giving rise to a positive space charge region near the hole - injecting 
contact. As pointed out above, this accumulation might be responsible for the large 
driving voltage at high dye concentrations. 

 Quite surprisingly, the pronounced dependence of the bias on the phosphor 
concentration as displayed in Fig.  6.3  vanished almost completely after proper 
annealing of the emission layer and inserting a LiF interlayer between the emis-
sion layer and the Ca cathode. Since these measures are not expected to alter the 
hole - trapping characteristics, the reduced effect of the dye concentration on the 
device characteristics must be due to improved electron injection and transport. 
Apparently, holes trapped on the emitter close to the anode are effectively neutral-
ized via recombination with electrons in these improved layers. Support for this 
model came from systematic study on PVK   :   PBD   :   Ir(mppy) 3  devices with different 
layer composition and layer thickness. Figure  6.4  summarizes the results for a 
fi xed current density of 5   mA/cm 2 . Most noticeably, we observed that the driving 
fi eld decreased considerably with the increase of PBD concentration, while there 
was no signifi cant correlation between the dye concentration and the driving con-
ditions. Further, for high PBD concentrations, the electric fi eld was almost inde-
pendent of the layer thickness. Concurrently, high effi ciencies were reported for 
the highest PBD concentrations. On the other hand, low dye concentrations turned 
out to be benefi cial for reaching high effi ciencies. Though a quantitative analysis 
of these results is not possible without the knowledge of all relevant kinetic param-
eters, a consistent picture can be drawn based on the following considerations: (a) 
because EL is exclusively from the dye, excitation of the phosphor must mainly 
occur by sequential charge trapping. (b) because the Ir phosphor does constitute 
a hole trap but not an electron trap, hole trapping will be mainly by neutral phos-
phors. (c) the free path length for hole transport changes inversely proportionally 
with the dye concentration. (d) electron transport is via hopping between PBD (and 
dye) molecules. In this model, the signifi cant decrease in driving voltage with 
increasing PBD concentration is consistent with the need to transport electrons 
throughout the emission layer (to reach the holes trapped close to the anode).    

  6.2.2
Competition Between Free Carrier Recombination and Trapping 

 As mentioned above, the EL spectra of PVK - based devices exhibited pure dye 
emission even for low concentrations of the green - emitting phosphor. This result 
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is quite surprising keeping in mind that the coeffi cient for recombination of 
oppositely charged carriers should be much larger than the coeffi cient for trapping 
on a neutral trap. 

 For low - mobility solids, the recombination is Langevin type, with the recombina-
tion coeffi cient   g  R  

   γ πR p e CD D r= +4 ( ) .     (6.5)   

 Here,   r
e

k
C

B

=
2

4πε ε θo

 is the Coulomb capture radius. In other words, a free 

electron corresponds to a hole trap with a trapping radius equal to the Coulomb 

Fig. 6.4     Results of the statistical analysis of 
the dependence of the electric fi eld (upper 
graph) and the luminance effi ciency (lower 
graph) of PEDOT   :   PSS/PVK   :   PBD   :   Ir(mppy) 3 /
LiF/Ca devices on the PBD concentration, 
the PVK layer thickness, and the Ir(mppy) 3
concentration. Symbols show the 
experimental data measured at a constant 
current density of 5   mA/cm 2  for devices with 

Ir(mppy)3  concentrations of 0.3 – 0.5   wt% 
(open circles), 2.5 – 4   wt% (solid squares), and 
5 – 7   wt% (open squares). The response 
surface and contour plots present a 
multiparameter function obtained from the 
best fi t to the experimental data, plotted for a 
fi xed Ir(mppy) 3  concentration  cIr  of 3.5   wt% 
 [61] . 
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radius. Using the Einstein relation, Eq.  (6.5)  can be rewritten in the form of 
the well - known expression for the Langevin - type recombination coeffi cient 

  γ
µ µ

ε εR
p ee

=
+( )

o

. 

 In organic materials with a low dielectric constant,  r C   is 18 – 20   nm at room tem-
perature, much larger than the typical size of a molecule. Thus,   g  R      >>      g  T   and 
recombination of holes with free electrons should dominate over trapping on 
neutral molecules even at moderate charge densities. 

 We have recently studied the charge kinetics in a composite based on PVK, an 
electrically inert plasticizer (to lower the glass transition temperature) and differ-
ent concentrations of the hole - trapping molecule  N , N  ′  - diphenyl -  N , N  ′  - (bis(3 - meth-
ylphenyl) - [1,1 - biphenyl] - 4,4 ′  - diamine (TPD, see Fig.  6.9  for structure)  [71] . TPD is 
well suited for these investigations because it is well miscible with PVK for a wide 
range of concentrations. Further, the TPD HOMO level is well above that of PVK 
but comparable to that of Ir(ppy) 3   [72] . Mobile holes were generated in the polymer 
layer via photoexcitation of an appropriate sensitizer molecule (TNFM), added to 
the polymer matrix at low concentrations. Details about the general measurement 
scheme and the data analysis can be found in  [73] .   

 Figure  6.5  shows typical photocurrent transients for different concentrations of 
TPD. The infl uence of the added traps is well visible even at a concentration of 
0.01% (corresponding to a trap concentration of ca. 1.2    ×    10 17    cm  − 3 ). After an initial 
rise the current reaches a plateau, which is determined by the equilibrium between 
the generation, trapping, and recombination of holes.   

 The experimental results could be consistently fi tted with   g  R     =   1.6    ×    10  − 14    cm 3 /s 
and   g  T     =   0.4    ×    10  − 14    cm 3 /s. The value for   g  R   is in good agreement with the result of 
earlier studies on other PVK - based composites  [74] . Surprisingly, the recombina-

Fig. 6.5     Experimental photocurrent transients of samples of 
PVK without and with 0.01   wt% and 0.05   wt% TPD under 
single pulse illumination at (left) short and (right) long times, 
measured at an intensity of 10   W/cm 2  and electric fi eld of 
27   V/ µ m  [71] . 
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tion coeffi cient is only a factor of 4 larger than the trapping coeffi cient, despite the 
large difference between  r C   and the size of a TPD molecule. Though the studied 
composite might not constitute an ideal model system, these results indicate that 
recombination in these disordered PVK composites is not consistent with Lan-
gevin - type recombination, as also suggested by reports on other PVK - based pho-
torefractive composites  [74] . The observation that the ratio between recombination 
and the trapping coeffi cient is smaller as predicted by established theories has 
important consequences with regard to the composition of dye - doped emission 
layers. Reduced recombination on the host directly implies that a smaller concen-
tration of phosphors is needed to have emission almost exclusively from the 
dopant. For example, in the blend PVK   :   PBD   :   Ir(DPF) 3  mentioned earlier, the 
PVK   :   PBD emission was fully suppressed in EL for a dye concentration as small 
as 0.01   wt%. Undoubtedly, further investigation on the competition between trap-
ping and recombination is needed to develop a more conclusive picture of the 
processes in a working electrophosphorescent device.  

  6.2.3
Competition between F ö rster Transfer and Trapping 

 As pointed out above, energy transfer as well as charge trapping contributes to the 
excitation of dyes in the PVK   :   PBD matrix in EL. In order to study in detail the 
competition between F ö rster - type energy transfer and charge trapping, we have 
analyzed the PL and EL emission properties of PVK   :   PBD doped with dendronized 
perylene diimide emitters  [75] . The chemical structures of the used dyes are sum-
marized in Fig.  6.6 . Light - emitting dendrimers are a promising approach for 
effi cient solution - processed LEDs, as the intermolecular interactions can be fi ne 
tuned via the thickness of the scaffold  [76, 77] . Unlike in the fi gure, the poly-
phenyle dendrons are oriented perpendicular to the PDI plane and encase the core 

Fig. 6.6     PDIs with dendrimer shields on the bay positions. 
The polyphenyle dendrons form almost spherical shells 
around the PDI core (see Fig.  6.8 ). 
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as almost spherical shells. It is expected that increasing the thickness of the shell 
will affect the kinetics of energy and charge transfer, thus determining the device 
performance.   

 Figure  6.7  shows the photoluminescence spectra of fi lms containing 500   ppm 
of the PDI dendrimers PDI - G1 and PDI - G2 and of the model compound PDI - M, 
respectively, measured either upon excitation of the matrix at 330   nm or by direct 
dye excitation at 500   nm (inset). The concentration of guest molecules in the matrix 
is given in terms of dye molecules per million PVK repeating units. Upon matrix 
excitation, the ratio of red emission (from the dye) to blue emission (from PVK –
 PBD) decreases clearly with generation. (Note that the concentration of dyes in 
the fi lms was rather low and light was absorbed almost entirely by the matrix).   

 The effi ciency of F ö rster transfer is described in terms of the F ö rster transfer 
rate between an isolated donor and an acceptor at distance  R :

   k
R

R
F = ( )1 0

6

τ
.     (6.6)   

 Here,   t   is the lifetime of the undisturbed host and  R  0  the F ö rster transfer 
radius, which can be estimated to  R  0     =    2.5 – 2.7   nm for the present system. When 
calculating the effi ciency of F ö rster transfer in a blend system for a given dye 
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Fig. 6.7     PL spectra (left) and EL spectra 
(right) of PVK – PBD blended with 500   ppm of 
the generation one chromophore PDI - G1 
(circles), the generation two chromophore 
PDI - G2 (triangles) and of the model PDI - M 
(squares). PL spectra were recorded at an 

excitation wavelength of 330   nm (excitation of 
PVK matrix). The inset shows PL spectra 
of the same fi lms upon direct dendrimer 
excitation at 500   nm. The EL spectra were 
measured at an operating current density of 
20   mA/cm 2   [75] . 
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 This equation has been applied successfully to describe the effect of a green - emit-
ting phosphor on the emission properties PVK   :   PBD  [67] . For a dye concentration 
of 500   ppm (corresponding to a guest concentration of ca. 1.5    ×    10 18    cm  − 3 ) in our 
system, Eq.  (6.7)  would predict the F ö rster transfer effi ciency to be the same for 
all generations, in contrast to the experimental fi ndings. This raises the question 
if the commonly used approach is applicable to the energy transfer to dyes with 
bulky substituents. 

 In a homogeneous blend, host and guest molecules are statistically distributed 
and the spatial separation between host and guest is not a constant (for a fi xed 
concentration). Further, the fi nite size of the donor and acceptor molecules will 
defi ne a minimum value of  R , given by the sum of the respective molecular radii 
 R H   and  R G   of the host (donor) and guest (acceptor) molecules. Following the 
approach by Bulovic et al.  [78]  we have derived the following equation for the effi -
ciency of F ö rster transfer, which takes into account distribution of donor - acceptor 
separation in a real sample:
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 Here,  Q  is the molar fraction of guest molecules in the host matrix of mass density 
  r   host  and the molar mass  M  host.  The excited host state is a PVK   :   PBD exciplex with 
an estimated radius of  R H     =   1.4   nm. Assuming a mass density of the polymer fi lm 
of about 1   g/cm 3  and  R G    =    1.1   nm, 1.9   nm, and 2.7   nm for PDI - M, PDI - G1, and 
PDI - G2, respectively, F ö rster transfer effi ciencies of 10.5%, 5.6%, and 3.5% are 
obtained for  Q    =   500   ppm. In other words, the F ö rster transfer effi ciency is pre-
dicted to drop roughly by a factor of 1.7 per generation. This is in good agreement 
with the experimental fi ndings on the dendrimer system, which revealed a drop 
of the red emission by a factor of two when going from PDI - M to PDI - G1 and 
from PDI - G1 to PDI - G2. (Note that the quantum effi ciency of the PDI core also 
decreases slightly with generation.) 

 EL spectra of fi lms containing 500   ppm PDI - M, PDI - G1, and PDI - G2, respec-
tively, are also shown in Fig.  6.7 . Compared to the corresponding PL spectra, the 
red contribution from PDI is signifi cantly enhanced for all the three blends. At 
the same time, the decrease in red dye emission with generation is more pro-
nounced. Both tendencies indicate that charge trapping on the dyes plays a major 
role in the excitation of the dye in EL. For structurally similar PDI dendrimers, 
HOMO and LUMO levels of  − 5.4   eV and  − 3.6   eV to  − 3.4   eV (determined by 
cyclovoltammetry vs. Ag/AgCl) have been measured. Apparently, the dye in 
the PVK   :   PBD matrix acts as a deep trapping site for electrons and as a weak 
hole trap. 

 We have analyzed the ratio of the red and blue emission contributions in EL, 
compared to that in PL, to obtain information on different contributions of F ö rster 
transfer and charge trapping for the different dendrimers in EL. Due to the small 
amount of dye in the system, virtually all excitons will be formed on the PVK   :   PBD 
matrix in PL experiments. Prior to reemission of a photon, a certain fraction  b  of 
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the excitation will be transferred to the dye. Thus, a fraction (1    −     b )  f   host  of photons 
will be emitted by the matrix, and a fraction b  f   guest  by the dye. Here,   f   host  and   f   guest  
are the PL quantum yields of the host and the guest, respectively. Thus,
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    (6.9)   

 In electroluminescence, almost all charges will be injected onto the PVK   :   PBD 
matrix. Due to the large difference of the respective LUMO levels, the dye is 
assumed to form an effi cient electron trap with trapping coeffi cient   g  . Subsequent 
hole trapping by the negatively charged dye (described by the coeffi cient   g  T  ) will 
lead to the emission of excitons from the dye. The possibility of (thermal) detrap-
ping of electrons was excluded because of the large difference between the guest 
and host LUMO positions. In parallel, excitons will form on the matrix with a rate 
  g  R n ( t ) p ( t ), with   g  R   being the coeffi cient for electron – hole recombination on the 
matrix. Taking into account F ö rster transfer to the guest, the number of photons 
emitted per second by the host is (1    −     b )  f   host   g  R np . On the other hand, the dye emis-
sion rate is determined by two contributions, b  f   guest   g  R np  and   φ γguest T eT p− . Under 
the assumption that only few dye molecules are populated, the following steady -
 state relation is obtained:
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 Thus, the difference between the EL and PL emission ratios is a measure for the 
coeffi cient   g   describing electron trapping on the chromophore. In the analysis of 
the experimental data, intensity ratios measured at a constant current density of 
20   mA/cm 2  were compared for the same molar dye concentrations. Since the 
current/voltage characteristics were almost independent of generation and con-
centration in the range studied here, the hole density was assumed to be constant. 
Also, the effi ciency of F ö rster transfer is well below unity. Using the experimen-
tally determined intensity ratios, we concluded that the trapping coeffi cient 
decreases by a factor of about 3 for each added dendritic shell. This factor appears 
surprisingly small when considering the signifi cant change in the thickness of the 
shell with increasing generation. (Keep in mind that the dendrons lead to an 
almost spherical appearance of the PDI dendrimers.) 

 The rate at which an electron tunnels through a rectangular barrier of thickness 
   is proportional to exp( − 2  b    ), with   b   the tunneling decay parameter in units of 
inverse lengths. With increasing generation, the thickness    of the dendritic shell 
increases by 0.8   nm while the electron trapping coeffi cient decreases by roughly a 
factor 3. From these results, an effective tunneling factor   b   of ca. 0.7   nm  − 1  can be 
deduced. This is one order of magnitude smaller than values found for aliphatic 
tunneling barriers (  b      ≥    1    Å   − 1 ) and fully conjugated systems (  b    =    0.2 and 0.6    Å   − 1 ) (see 
 [79]  for details). 
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 At this point, we like to note that the dendritic shell is not completely closed. 
Therefore, the penetration of the shell by small molecules, e.g., PBD, might be 
possible. The situation is illustrated in Fig.  6.8  for the fi rst - generation dendrimer 
without alkyl chains. In contrast to this, the predominant energy donor in a 
F ö rster - type transfer process from the PVK   :   PBD is an exciplex, which involves at 
least two molecular species. It can thus be expected that formation of the exciplex 
is not possible within the dendritic shell. In conclusion, these results show the 
predominance of charge carrier trapping in EL, even when a thick dendritic shell 
is attached to the dye. This is due to the fact that small charge - carrier transporting 
moieties can still penetrate the dendrons. On the other hand, the dendritic shell 
signifi cantly reduces energy transfer and thus intermolecular interactions. The 
combination of these two effects makes dendronization a very useful approach to 
highly effi cient electrophosphorescent devices. 

 One particular prediction of Eq.  (6.10)  is that the guest emission depends on 
the concentration of free holes in the device; namely an increasing hole density 
should decrease the red contribution. In accordance to this picture, we observed 
that the red emission contribution decreased continuously with increasing bias. 

Fig. 6.8     The small molecule PBD can penetrate the dendritic 
shell surrounding the PDI core thus reducing the distance for 
electron transfer from the host (PDB) to the guest (PDI). The 
molecular structure of the dendrimer was optimized using 
quantum - chemical calculations  [75] . 
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We have further observed that the red contribution increases (for comparable host 
emission intensities) when using an anode with a lower work function and thus 
a higher hole - injection barrier. These results show that the competition between 
host and guest emission is not only determined by molecular properties but also 
depends on the driving conditions. 

6.2.3.1  Exciplex Emission 
 In most cases, the formation of exciplexes in phosphorescent devices constitutes 
an unwanted relaxation pathway, as it generally lowers the effi ciency of the device 
and affects the color purity. On the other hand, the study of exciplex emission can 
be used to gain insight into the physical processes in phosphorescent diodes. 

 We have recently studied the properties of single - layer devices with a multi-
component emission layer consisting of a PVK   :   PBD host, the green - emitting 
dye Ir(mppy) 3  and the hole - transporting molecule TPD  [23] . TPD was added to the 
layer for two reasons. Firstly, utilization of PEDOT   :   PSS (with a work function of 
ca. 5.1   eV) leaves ca. 0.5   eV barrier for hole injection to PVK. It was thus expected 
that adding TPD at a suffi ciently large concentration reduces the barrier for hole 
injection. Secondly, TPD was earlier shown to function as a hole - transporting 
moiety at high loading when doped into PVK  [57] . Thus, adding TPD should allow 
holes to penetrate deeper into the emission layer; avoiding excitation quenching 
at the anode. 

 Interestingly, EL spectra of devices with a low Ir(mppy) 3  concentration in the 
PVK   :   PBD   :   TPD matrix exhibited an additional blue emission component. Sub-
tracting the EL spectra with and without TPD revealed a well - resolved blue emis-
sion with maximum at ca. 460   nm (see Fig.  6.9 ). In order to study the origin of 
this emission, we measured PL spectra of several combinations of PVK, PBD, and 
TPD in an inert polystyrene (PS) matrix. As shown in Fig.  6.8 , the spectral proper-
ties of the additional blue component agree well with the PL of a sample of the 
composition TPD (0.4)   +   PBD (0.4)   +   PS (0.2). This indicates a signifi cant emission 
contribution from a TPD   :   PBD exciplex to the EL of the multicomponent 
samples.   

 Here, it is important to mention that the emission from an undoped PVK   :   PBD 
matrix was assigned to an exciplex formed between a hole on PVK and an electron 
on PBD  [62] . The appearance of a strong TPD   :   PBD exciplex contribution in the 
PVK   :   PBD   :   TPD blend thus provides strong evidence that holes are transported 
almost exclusively via hopping between TPD molecules in the TPD - containing 
blend, while the hole density on PVK must be small. In contrast to devices with 
a PVK   :   PBD matrix, emission from the TPD   :   PBD exciplex clearly competes with 
dye emission for a Ir(mppy) 3  concentration of 1   wt%. This can be explained by the 
fact that the HOMO level offset between Ir(mppy) 3  and TPD is small and exci-
plexes form on the PVK   :   PBD   :   TPD matrix with almost the same probability as 
excitons form on the dye. 

 It was possible to fabricate devices with pure dye emission by raising the 
Ir(mppy) 3  concentration. Figure  6.9  shows EL spectra of devices of the composition 
PVK(0.64)   :   PBD(0.25)   :   TPD(0.1) and different phosphor concentrations. With 
6   wt% Ir(mppy) 3 , the exciplex contribution was fully suppressed, resulting in 
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green emission with a luminance effi ciency (LE) of 30   cd/A and a power conver-
sion effi ciency (PE) of up to 24   lm/W. In the following this concept was also suc-
cessfully applied to effi cient green - emitting copolymers  [50]  and red - emitting 
devices  [80] . 

 Exciplex formation was further involved in the charge recombination in solu-
tion - processed multilayer devices  [25] . These multilayer structures contained 
crosslinked layers of hole - transporting molecules. Details about the molecular 
structure and fabrication of these layers can be found elsewhere  [25, 81, 82] . In 
the structures studied by us, one or two of these crosslinked hole - transporting 
layers (X - HTLs) were deposited onto ITO/PEDOT   :   PSS anodes, followed (after 
proper crosslinking) by the deposition of the PVK   :   PBD   :   Ir(mppy) 3  emission layer 
from solution. 

 Inserting a single X - HTL in a device with a 1   wt% dye concentration results in 
a signifi cant decrease in current, even though the hole injection barrier to the 
HOMO of the PVK matrix is slightly reduced in the multilayer device (Fig.  6.10 ). 
Apparently, these devices are electron dominated and the X - HTL functions as an 
electron - blocking layer (the LUMO offset between PBD and the used hole - trans-
porting molecule is ca. 0.8   eV). Surprisingly, the effi ciency of these devices was 
very low. Also, the EL spectra of the devices with a single X - HTL layer exhibited 
a short - wavelength shoulder, which was not present in the device with only a 

Fig. 6.9     (upper left) EL spectra of 
PVK   :   PBD   :   Ir(mppy) 3  without and with added 
TPD at a concentration of 9   wt%. The 
concentration of the Ir complex was 1   wt%. 
Also shown is the PL of a TPD   :   PBD blend in 
an inert PS matrix  [23] . (upper right) EL 

spectra of PVK   :   PBD   :   TPD   :   Ir(mppy) 3  with 
different dye concentrations. The TPD content 
was ca. 8 – 10   wt%. (lower left) Energy scheme 
depicting the formation of a PBD   :   TPD 
exciplex in competition to the excitation of the 
dye. (lower right) Molecular structure of TPD. 
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PEDOT   :   PSS anode (Fig.  6.10 ). Based on this result and similar observations on 
PVK   :   PBD   :   TPD blend layers as described above, we attribute this emission to an 
exciplex between the hole - transporting molecules in the X - HTL and PBD in the 
emission layer.   

 The pronounced exciplex contribution in devices containing the X - HTL layer 
indicates that a signifi cant fraction of electrons are accumulated at the interface 
to the crosslinked layer. Apparently, the PVK   :   PBD host in combination with a 
CsF/Al cathode is able to inject and transport a suffi cient number of electrons to 
this interface. Raising the dye concentration to 6   wt% resulted in a signifi cant 
enhancement of the emission intensity and the device current. At the same time, 
the exciplex contribution vanished completely (Fig.  6.11 ). We propose that in the 
multilayer devices with a higher phosphor content, holes are injected directly from 
the X - HTL into the HOMO of Ir(mppy) 3 , followed by recombination with electrons 
accumulated at the interface between the emission layer and the HTL. According 
to the results from cyclic voltammetry, the HOMO level of the HTL almost aligns 
with that of Ir(mppy) 3 , but there is a 0.4   eV energy barrier for the hole injection 
into the HOMO level of PVK. With a dye concentration of 6   wt%, pure green 
emission (color coordinates  x    =   0.33,  y    =   0.60) with a luminance effi ciency of up to 

Fig. 6.10     (upper left) Current – voltage 
(solid symbols) and luminance – voltage 
(open symbols) characteristics of 
PVK(70)   :   PBD(29)   :   Ir(mppy) 3 (1) diodes 
comprising a single undoped X - HTL of ca. 
20   nm thickness (triangles). Also shown are 
the characteristics of a reference device with a 

PEDOT   :   PSS anode (diamonds). (upper right) 
Normalized EL spectra of devices with (solid 
line) and without (dashed line) a single X - HTL 
 [25] . (lower) Energy level scheme depicting 
the formation of exciplexes in the multilayer 
structure in case of a low dye concentration. 
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40   cd/A could be achieved. The effi ciency of these devices could be further raised 
by inserting a second, doped X - HTL between the ITO/PEDOT   :   PSS anode and the 
undoped X - HTL. These devices emitted green light with a luminance effi ciency of 
up to 67   cd/A, which corresponds an external quantum effi ciency (EQE) of 18.8%. 
Given an outcoupling factor of 0.2 (assuming a refractive index  n    =   1.8 of the 
polymer layer), the internal quantum effi ciency of the device is approaching unity. 
The power effi ciency was maximum (ca. 65   lm/W) at a current density of 0.01   mA/
cm 2  and decreased only gradually with increasing current density (Fig.  6.12 ). The 
concept developed for the green Ir(mppy) 3  phosphor worked equally well with the 
red - emitting bis(1 - phenylisoquinoline)iridium(acetylacetonate) [Ir(piq) 2 (acac)]. 
The HOMO level of Ir(piq) 2 (acac) differs only slightly from that of Ir(mppy) 3 , sug-
gesting that direct injection of holes from the crosslinked HTL should be as effi -
cient as in the green devices. In a device structure with two X - HTLs, red emission 
with a peak luminance effi ciency of 11.7   cd/A, corresponding to an EQE of 13% 
and a PE of 10.7   lm/W could be achieved (Fig.  6.12 ). These values represent the 
highest effi ciencies reported yet for green -  and red - emitting polymer - based diodes. 
Apparently, electron accumulation between the emission layer and a hole - trans-
porting layer and direct hole transfer from this hole - transporting layer to the dye 

Fig. 6.11     (upper left) Current – luminance –
 voltage characteristics of PVK   :   PBD   :   Ir(mppy) 3
diodes comprising a single undoped X - HTL of 
ca. 20   nm thickness for a dye concentration 
of ca. 1   wt% (lower triangles) or 6   wt% (upper 
triangles). Also shown are the characteristics 
of a device with a dye content of 6   wt% and a 

double X - HTL structure (circles). (upper right) 
Normalized EL spectra of devices with a 
single X - HTL and a dye content of 1   wt% 
(solid line) or 6   wt% (dashed line)  [25] . 
(lower) Energy level scheme depicting the 
excitation of the dye in the multilayer 
structure at a high dye concentration. 
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is very favorable in view of achieving effi cient emission in electrophosphorescence 
 [21] . This conclusion has been supported by recent studies on double - layer phos-
phorescent diodes comprising insoluble polymer - based interlayers  [83] .       

  6.2.4
Confi nement of Singlet and Triplet Excitons on the PVK   :   PBD Matrix 

 It is generally believed that a good confi nement of the excitation on the emitting 
guest, thus avoiding back transfer to the host, is a crucial requirement for high 
effi ciency and good color stability. A very nice and illustrative example for quench-
ing of the triplet excited state in various Ir complexes via energy back transfer was 
published recently by Sudhakar et al.  [84] . Accordingly, the electronic structures of 
the host and guest need to be carefully adjusted for effi cient electroluminescence 
and phosphorescence. A conclusive discussion of the interrelation between the 
chemical structure and the triplet energy of various small molecule carbazole host 
materials has been published recently by Brunner et al.  [85]  (further details are 
contained in the contribution by A. van Dijken, K. Brunner, H. B ö rner, B.M.W. 
Langeveld in this volume). In these studies, effi cient phosphorescence was observed 
only if the triplet energy of the host was equal or larger than that of the guest. 

 However, the above - mentioned criteria might be less crucial with respect to 
device performance if the exciton - accepting host possesses a long triplet lifetime. 
Baldo et al. and Kalinowski et al. reported rapid triplet energy exchange between 
Ir(ppy) 3  and TPD  [86, 87] . This exchange was manifested by a signifi cant increase 
in the lifetime of the green emission from the phosphorescent dye. For example, 
Fig.  6.13  shows the decay of the emission at 520   nm upon excitation with 337   nm 
for different concentrations of TPD in a blend with Ir(ppy) 3  and an inert polymeric 
binder. Clearly, the decay time increases considerably with increasing TPD con-
centration. This effect was explained by a Dexter - type energy exchange between 

Fig. 6.12     External quantum effi ciencies (solid symbols) and 
corresponding power effi ciencies (open symbols) of devices 
comprising a double X - HTL structure and a green (squares), 
red (circles), or blue - emitting (triangles) Iridium phosphor at 
a concentration of 6   wt%  [25] . 



240  6 Physical Processes in Polymer-Based Electrophosphorescent Devices

Fig. 6.13     (upper graphs) The PL transients 
of blends of TPD and Ir(ppy) 3  in an inert 
polycarbazole (PC) matrix for different 
concentrations of TPD. Excitation was with 
337   nm and detection at 520   nm. The solid 
lines show the best monoexponatial fi t of the 
data. (lower graph) Kinetic scheme illustrating 
some photophysical processes in the 
Ir(ppy)3    :   TPD   :   PC system. The triplet exciton 

exchange between fl uorescent TPD ( X ) and 
phosphorescent Ir(ppy) 3  ( Y ) is represented by 
the rates kXY  and  kYX , respectively. A 
hypothetical bimolecular emissive singlet 
excited state of Ir(ppy) 3  ( SEX ) is located below 
the molecular triplet TY . It was introduced to 
explain a shortened decay time accompanied 
by slight spectral changes with increasing 
Ir(ppy)3  concentration  [87] . 
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Ir(ppy) 3  and TPD (with TPD having the smaller triplet energy). No emission from 
TPD was observed. Since the triplet decay rate of TPD is small (due to the missing 
heavy - atom effect), the lifetime of the triplet exciton on TPD is suffi ciently long to 
allow energy back transfer to Ir(ppy) 3 . Thus, TPD was proposed to act as an effec-
tive triplet exciton reservoir rather than as a triplet quencher for Ir(ppy) 3 . Interest-
ingly, addition of TPD signifi cantly increased the lifetime of the green emission, 
but did not alter the overall emission intensity. This example shows that the com-
plete localization of the excitation on the phosphorescent dye is not a general 
requirement for effi cient emission.   

 Triplet harvesting was observed by us when studying the emission properties 
of the blue - emitting phosphor bis[(4,6 - difl uorophenyl) - pyridinato - N,C 2 ] 
(picolinato)Ir(III) (FIrpic) in a matrix with PVK and two different electron - trans-
porting oxadiazoles  [20] . Systematic studies on single layer PLEDs comprising 
either PBD or 1,3 - bis[(4 -  tert  - butylphenyl) - 1,3,4 - oxidiazolyl]phenylene (OXD - 7) as 
the electron - transporting component revealed signifi cant differences in the device 
properties. Most noticeably, the effi ciency of devices containing PBD was only half 
of that of devices with OXD - 7, though the EL spectra were almost identical. Figure 
 6.14  shows time - resolved photoluminescence decay measurements with direct 
excitation of the dye at 405   nm. The phosphorescence decay of the dye in pure 
PVK was almost monoexponential, with a lifetime of 1.4    µ s. In fact, the lifetime 
of the dye in PVK was found to be only slightly smaller than in an inert polymer 
matrix (1.7    µ s). The triplet energy of PVK is still under debate and values of 2.5   eV 
 [65, 88]  or 3.0   eV  [47, 89]  were reported. Based on very small difference in triplet 
lifetime and similar decay dynamics of FIrpic in PMMA and PVK, we presume 
that there is little or no signifi cant energy transfer from FIrpic to PVK.   

 Introducing PBD to the blend dramatically changes the luminescence decay: in 
addition to the initial fast decay we observed a very long lived component. In the 
blend with OXD - 7, a long lived component was also present but with a consider-
ably shorter lifetime. PL emission spectra measured under steady - state excitation 
at an excitation wavelength of 405   nm revealed a strong effect of PBD on the overall 
PL intensity. While the shape of the emission spectrum was virtually unaffected 
by addition of PBD, the PL intensity of the blend with PBD was only ca. 50% of 
that of the layer containing OXD - 7. This ratio is comparable to the difference in 
EL effi ciencies reported above. Apparently, the lower effi ciency of the diodes con-
taining PBD was mainly due to its infl uence on the triplet excited state population 
on the phosphor, while the balance of carrier injection and transport plays little if 
any role in determining the effi ciencies of the devices. The triplet energy of OXD - 7 
(2.7   eV)  [47]  is comparable to that of FIrpic (2.6    ±    0.1   eV)  [90] , while the triplet 
energy of PBD was reported to be 2.46   eV [50] , ca. 0.15   eV smaller than that of 
FIrpic. From these values we propose that triplet energy exchange will occur 
between FIrpic and both PBD and OXD - 7 and that both oxadiazoles will harvest 
triplet excitons. This interpretation is supported by the observation that the decay 
time of the FIrpic emission in either the PVK   :   PBD   :   FIrpic or the PVK   :   OXD -
 7   :   FIpic blend is shortened upon exposure to air, while it only slightly affects 
the emission properties of the pure phosphor in PMMA. It is well known that 
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exposure to oxygen reduces the lifetime of triplet excited states on organic mole-
cules. The main difference between the blend with PBD or OXD - 7 is that the 
kinetics of triplet back transfer to FIrpic is expected to be signifi cantly slower in 
case of PBD, due to the larger triplet energy offset between PBD and FIrpic. 
Though the lifetime of the triplet excited state on PBD is not known to us, the 
slow decay of the blue phosphorescence in the presence of PBD suggests that 
triplet excitons are  “ stored ”  on this molecule for several hundreds of microsec-
onds. This might be suffi ciently long to allow nonradiative relaxation processes to 
compete with the back transfer to the phosphor. In accordance to this, the steady -
 state PL intensity of the blend with PBD was largely affected by the presence of 
oxygen while the effect was rather small for the OXD - 7 - containing blend. Note 
that devices with a FIrpic concentration of 5   wt% FIrpic in a PVK   :   OXD - 7 matrix 
exhibited a maximum luminance effi ciency of 18   cd/A (9% EQE). This shows that 
triplet - back transfer to the matrix is, in general, not confl icting with good device 
performance. On the other hand, a large density of free triplet excitons on the 

Fig. 6.14     (upper left) Phosphorescence decay 
of FIrpic for PVK   +   3% FIrpic (diamonds); 
PVK   +   40% PBD   +   3% FIrpic (squares) and 
PVK   +   40% OXD - 7   +   3% FIrpic (circles). The 
excitation wavelength was 405   nm and the 
detection wavelength was 470   nm. (upper 
right) Steady - state PL measurement of 
PMMA   +   40% PBD   +   3% FIrpic (squares) and 

PMMA   +   40% OXD - 7   +   3% FIrpic (circles). 
Open and closed symbols denote 
measurements under vacuum of about 
5    ×    10  − 2  mbar and in air, respectively. (bottom) 
Chemical structures and triplet excited state 
energies of the used compounds  [20] . 



matrix is expected to result in a strong and unwanted dependence of the device 
performance on temperature and driving conditions in such devices. 

 Finally, we like to note that the PVK   :   PBD blend has been shown to host a fl uo-
rescent dye, which had the emission maximum blue - shifted with respect to the 
PVK   :   PBD exciplex emission  [91] . At a concentration of ca. 2   wt%, the EL was fully 
dominated by narrow emission of the blue - emitting pyrazoloquinoline dye (1,3 -
 dimethyl - 4 - phenyl - 1Hpyrazolo[3,4,b]quinoline, PAQ8) with maximum at 429   nm. 
This was explained by trapping of electrons on the fl uorescent guest in competi-
tion to the formation of the PBD   :   PVK exciplex. Because the PVK   :   PBD exciplex 
has (by defi nition) no ground - state absorption, F ö rster - type back transfer from the 
dye to the host was not possible. Using this approach, deep - blue EL with CIE color 
coordinates of (0.15, 0.07), an external quantum effi ciency of 0.91% and a power 
effi ciency of 0.22   lm/W were realized.   

  6.3
Devices with PtOEP Doped into Conjugated Polymer Matrices 

 2,3,7,8,12,13,17,18 - octaethyl - 21H,23H - porphine platinum (PtOEP, see Fig.  6.15 ) 
was the fi rst dye to be used in a polymer - based electrophosphorescent device. The 
absorption of this compound consists of a Soret band (at ca. 390   nm) and a Q - band 
(500 – 540   nm), while the emission peaks at ca. 650   nm. The luminescence quantum 
effi ciency measured for the dye in a deoxygenated toluene/DMF solution at room 
temperature is ca. 50%  [92] . The emission is largely ligand based and possesses a 
relatively long lifetime (83    µ s in toluene/DMF solution  [92] ). The triplet state of 
PtOEP is at ca. 1.9   eV  [93] , HOMO and LUMO levels are at 5.3   eV and 2.8   eV, 
respectively. Because of its rather low triplet energy, various polymers have been 
tested as hosts for PtOEP in electrophosphorescent devices.   

 Cleave et al. have studied in detail how the electronic structure of the host affects 
the nature of the transfer process between a polymer host and PtOEP  [37] . Figure 
 6.16  summarizes the chemical structures of the used compounds as well as their 
HOMO and LUMO positions. If the offset of the HOMO (or LUMO) levels of the 
host and guest was small, energy transfer dominated the excitation of the guest, 
while charge trapping was found to be insignifi cant (see e.g., PtOEP in PNP). On 

Fig. 6.15     Chemical structure of PtOEP, MeLPPP, and PFO. 

6.3 Devices with PtOEP Doped into Conjugated Polymer Matrices  243



244  6 Physical Processes in Polymer-Based Electrophosphorescent Devices

the other hand, if a large energy offset between the energy levels of the host and 
guest favors charge trapping, direct recombination of charges on the dye is the 
dominant process (PtOEP in PFO). If both HOMO and LUMO levels are offset in 
the same direction, as for the DMOS – PPV blend, the triplet excited states on both 
the host and the guest are unstable due to charge transfer. Finally, triplet energy 
back transfer from the guest to the host has been observed for OC1C10 - PPV doped 
with PtOEP.   

 In general, excitation of the PtOEP dye will occur in parallel via energy -  and 
charge - transfer processes. In the following paragraphs, we like to discuss the 
physical processes relevant to the excitation of this dye in two conjugated polymer 
matrices, a ladder - type poly(para - phenylene) and poly(9,9 - dialkylfl uorene) (PF). 
Ladder - type methyl - poly( para  - phenylene) (MeLPPP) is a well - known blue - emitting 
polymer. The T 1  triplet energy of MeLPPP has been reported to be ca. 2.1   eV, ca. 
0.6   eV below the S 1  state (2.7   eV)  [94] . The HOMO of MeLPPP is at ca. 5.5   eV  [95] , 
ca. 0.2   eV below that of PtOEP. Finally, assuming an exciton binding energy of 
0.3   eV, the LUMO level of MeLPPP should be ca. 2.5   eV below vacuum. Polyfl uo-
rene is a wide gap blue - emitting polymer, which has been widely studied with 
respect to effi cient blue - emitting diodes  [96 – 99] . According to results from cyclic 
voltammetry, the HOMO and LUMO of PF in the solid state is at 2.12   eV and 
5.8   eV below vacuum, respectively  [100] . The T 1  is at 2.18   eV, ca. 0.75   eV below S 1  
(2.92   eV)  [33] . 

Fig. 6.16     HOMO and LUMO levels for the polymers and 
porphyrin studied in  [37] . Oxidation potentials were 
determined using cyclic voltammetry, using a Ag/AgCl 
standard reference. LUMO levels were estimated from 
combination of the CV - determined HOMO energy and the 
optical gap for each material. The chemical structures of the 
materials are also shown  [37] . 



  6.3.1
PtOEP in MeLPPP 

 Figure  6.17  shows the PL (excited at 450   nm) and the EL spectrum of MeLPPP 
doped with PtOEP at 4   wt%. In PL, emission from both the MeLPPP singlet and 
the PtOEP triplet excited state is observed. In contrast, the EL spectrum of a single 
layer device between a PEDOT   :   PSS anode and a Ca/Al cathode exhibits almost 
exclusively phosphorescence from the dye. This proves that other processes than 
F ö rster - type energy transfer are active in EL.   

6.3.1.1  F ö rster Transfer 
 Figure  6.18  shows the prompt fl uorescence of a MeLPPP layer. There is a signifi -
cant overlap between the emission of MeLPPP and the Q - band of the dye. Using 
the absorption spectrum of PtOEP in solution and a fl uorescence quantum effi -
ciency of 0.5 for MeLPPP in the solid state, a F ö rster transfer radius  R 0   of 3   nm is 
obtained. In the simple approximation of Eq.  (6.7) , effi cient F ö rster transfer should 
occur between MeLPPP and PtOEP at dye concentrations larger than  N   g ,0     ≅    10 19    cm  − 3  
(0.015   M). As shown in Fig.  6.18 , the intensity of prompt fl uorescence drops con-
siderably with increasing dye concentration and the reduction in fl uorescence 
intensity goes along with a continuous reduction in fl uorescence lifetime. Interest-
ingly, the concentration at which the MeLPPP fl uorescence intensity drops by a 
factor of two is almost one order of magnitude lower than  N   g ,0  as estimated above. 
This is a consequence of the fact that a conjugated polymer differs in several 
aspects from a typical F ö rster - type energy transfer system. The fi rst and most 
important one relates to the spatial extent of the excited states. While F ö rster ’ s 
theory is based upon the assumption of a spatially fi xed point dipole, the excited 

Fig. 6.17     EL spectra of a single - layer device (4   wt% PtOEP in 
MeLPPP between PEDOT   :   PSS and Ca/Al). Also shown is the 
PL spectrum of a layer with the same doping ratio for an 
excitation wavelength of 450   nm (at a maximum of the 
MeLPPP absorption)  [44] . 
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state of MeLPPP can be considered as that of oligomeric subunits which include 
12 backbone phenylene rings of a polymer chain (5   nm). Secondary, excitations 
are able to migrate incoherently at room temperature  [101] . This translates into 
an  R  0  value larger than evaluated from spectral overlap. Consequently, signifi cant 
F ö rster transfer to the dye occurs at dye concentrations as low as 10 18    cm  − 3 . Singlet 
transfer from MeLPPP to PtOEP that is followed by intersystem crossing (ISC) to 
the dye triplet manifold should represent a dominant excitation pathway even at 
moderate PtOEP contents.   

 This observation does not rule out that dye population can occur via, fi rst, ISC 
of the polymer S 1  state to the polymer triplet manifold followed by Dexter - energy 
transfer to the dye. In order to determine the effi ciency of this process, we have 

Fig. 6.18     (upper left) The prompt 
fl uorescence spectra of the MeLPPP fi lm with 
different concentrations of PtOEP at 293   K in 
air ( lexc    =   430   nm). Prompt fl uorescence was 
recorded immediately after excitation with a 
gate length of 100   ns. (upper right) Decay of 
the prompt fl uorescence of MeLPPP at 
different concentration of PtOEP at 293   K. 
(lower left) Dependence of the normalized cw 

intensity (left scale) and the normalized decay 
time (right scale) of the prompt fl uorescence 
of MeLPPP on the PtOEP concentration at 
293   K. (lower right) Phosphorescence of a 
sample containing 1   wt% PtOEP in LPPP. 
Measurements were performed at room 
temperature in vacuum (solid lines) or in air 
(dotted lines). The excitation wavelength was 
(a) 450   nm or (b) 536   nm  [44, 103] . 



made use of the fact that the phosphorescence of LPPP is effi ciently quenched in 
the presence of oxygen. Figure  6.18  compares phosphorescence spectra of LPPP 
doped with 1   wt% PtOEP, excited either at 450   nm via the LPPP singlet state or at 
536   nm, outside the LPPP absorption but within the absorption band of the dopant. 
In both cases, exposure to oxygen reduces the phosphorescence intensity by a 
factor of ca. 10 – 15. At the same time, the phosphorescence lifetime is signifi cantly 
shortened  [102] . The fact that the infl uence of oxygen on the phosphorescence of 
the dopant is not stronger when exciting the LPPP singlet state (rather than directly 
the phosphor) suggests that the excitation of the dye via Dexter transfer of triplet 
excitons formed on the polymer by ISC is not an effi cient process.  

6.3.1.2  Dexter Transfer 
 The study of the triplet dynamics in fully conjugated polymer hosts turns out to 
be diffi cult, because intrinsic phosphorescence is hardly observed from these 
polymers. The main reason is the lack of spin – orbit coupling in these carbon - based 
conjugated polymers, resulting in low intersystem crossing rates. Consequently, 
the polymer triplet state is only weakly populated after photoexcitation and the 
quantum yield of phosphorescence is low. 

 An elegant approach to populate the triplet state of a conjugated polymer after 
excitation of its singlet has been reported by Rothe et al.  [104] . The principle 
mechanism of this process is depicted in Fig.  6.19 . A solid layer of poly(9,9 - bis(2 -
 ethylhexyl)fl uorene - 2,7 - diyl) (PF2/6) was mixed with benzil. This molecule has a 
very low fl uorescence quantum yield (~0), due to  n →  π   *  nature of the lowest excited 
singlet state  [105] . On the other hand, the quantum yield for ISC is very high (0.92). 

Fig. 6.19     Schematic representation of the energy levels of 
excited states and transfer mechanisms for PF2/6 blended 
with benzil  [104] . 
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Because the singlet state of PF2/6 is ca. 0.28   eV higher than that of benzil and the 
polymer triplet state is ca. 0.17   eV below that of benzil, this compound should act 
as very effi cient singlet – triplet converter when blended into PF2/6. The authors 
further studied the photophysics of layers doped with PtOEP to provide evidence 
for triplet - triplet energy transfer.   

 Because the singlet and triplet energies of MeLPPP and PF2/6 are quite similar, 
this approach works equally well for MeLPPP  [103] . Adding benzil to MeLPPP at 
a concentration of ca. 20   wt% results in drastic quenching of the prompt fl uores-
cence of MeLPPP by a factor of more than 20. This result is quite surprising con-
sidering the weak extinction coeffi cient of benzil in the wavelength range of 
MeLPPP fl uorescence (the F ö rster transfer radius is ca. 0.7   nm). Apparently, fl uo-
rescence quenching involves effi cient diffusion of singlet excitons on the polymer 
host to benzil, similar to what has been reported above. Sensitized phosphores-
cence can be clearly seen in delayed fl uorescence spectra measured upon direct 
excitation of the polymer at 77   K (Fig.  6.20 ). In addition to the distinct and strong 
emission at 609   nm (16   400   cm  − 1 ) attributed to MeLPPP phosphorescence  [94] , the 
spectrum shows a broad and unstructured band. This emission has been attrib-
uted to an exciplex between benzil and MeLPPP  [103] .   

 One important advantage of this approach is that the fl uorescence of the polymer 
host is effectively quenched by the addition of benzil. Thus, the probability for 
energy transfer from the polymer host to a phosphorescent dye via F ö rster - type 
singlet exciton transfer is largely reduced. In order to prove that triplet – triplet 
transfer takes place between the polymer host and PtOEP, a blend system with 
0.001% by weight of PtOEP added to MeLPPP was studied. This amount of PtOEP 
does not lead to signifi cant quenching of the polymer fl uorescence. As shown in 
Fig.  6.20 , adding 20   wt% of benzil to the MeLPPP   :   PtOEP layer reduced the phos-
phorescence intensity of PtOEP by a factor of only 3.5, while the prompt fl uores-
cence of the polymer host decreased by a factor of 30. Since the quantum yield of 
fl uorescence of benzil is close to zero and no strong benzil phosphorescence is 
observed from the MeLPPP   :   benzil layers, direct transfer from a singlet or triplet 
exciton on the benzil to the phosphorescent dye can be neglected. Further, since 
the fl uorescence of MeLPPP is almost completely quenched upon addition of 
benzil, population of the dye via F ö rster transfer from the polymer host can be 
fully excluded. Thus, the main channel for populating the triplet state of PtOEP 
in the benzil - doped system must involve (a) the benzil - sensitized conversion of 
polymer singlet excitons to triplet excitons, (b) the triplet migration within the 
polymer matrix and (c) triplet – triplet energy transfer to the dye. 

 Further confi rmation of this assignment comes from time - resolved phosphores-
cence measurements (Fig.  6.20 ). In both cases, fast and slow components are 
observed. The decay time of the fast component agrees with the intrinsic lifetime 
of the triplet state of PtOEP (70 – 100    µ s). Obviously, the fast component is due to 
Pt - porphyrin molecules excited as a result of the singlet – singlet energy transfer 
from the polymer. The introduction of benzil sharply decreases this fast contribu-
tion. At the same time, there is a marked increase in the long - lived component, 
with a lifetime comparable to the triplet lifetime of the polymer (ca. 15   ms). This 



proves that the main energy donor for the PtOEP triplet state in the benzil - sensi-
tized system is the triplet state of the polymer. 

 At this point we like to comment on the reduction of PtOEP emission upon 
addition of benzil. At a concentration of 0.001   wt% PtOEP in MeLPPP, the host 
fl uorescence is only weakly quenched. When adding benzil at 20   wt%, effi cient 
conversion of MeLPPP singlet excited states into triplet excitons is seen. Presum-
ing that most of the host triplets reach the dye, a vast increase in phosphorescence 
intensity would be expected, in contrast to the experimental fi ndings. Thus, triplet 
excitons on the host are not fully converted into dye triplet excited states. In fact, 
the delayed luminescence of the MeLPPP   :   benzil   :   PtOEP system reveals a signifi -
cant signal from the polymer phosphorescence at 16.400   cm  − 1 . Because Dexter 
transfer is a short - range process, energy transfer from the polymer to the dye must 

Fig. 6.20     (left) Delayed luminescence spectra 
of a MeLPPP fi lm containing 0.001   wt% of 
PtOEP, without (1) or doped with 20   wt% of 
benzil (2) at 77   K ( lexc    =   450   nm (22   222   cm  − 1 )). 
Both spectra were recorded with a 1    µ s delay 

after excitation and a 10   ms gate width. (right) 
Decay of the PtOEP phosphorescence in a 
MeLPPP fi lm without and with 20   wt% of 
benzil at 77   K. The curves were recorded with 
a gate width of 10   ms (taken from  [103] ). 
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involve migration of the triplet excitons on the polymer matrix. Most  π  - conjugated 
polymers feature inhomogeneous line broadening in the corresponding optical 
spectra, refl ecting the statistical variation of the effective conjugation lengths and, 
therefore, triplet energies. As a consequence, the triplet excitons on the polymer 
host will become immobilized with time. From a comparison of the decay time 
of polymer phosphorescence (originating from both mobile and immobilized 
triplet excitons) and delayed fl uorescence (attributed to the triplet - triplet - annihila-
tion of mobile triplet excitons in benzil - sensitized MeLPPP), immobilization in 
MeLPPP is expected to occur on a time scale of ca. 1   ms (at 77   K).  

6.3.1.3  Electrophosphorescence 
 As mentioned above, the EL of single layer devices with MeLPPP doped with 4   wt% 
PtOEP exhibited almost no emission from the polymer host, though the PL of the 
same layer showed signifi cant host fl uorescence. Because the voltage for driving 
a certain current through the device did not change with dye concentration, direct 
evidence for charge capture on the dye was missing. In EL, the statistical recom-
bination of electrons and holes should create triplet and singlet excitons in a ratio 
3   :   1. Assuming effi cient Dexter transfer from the polymer to the dye at RT, the 
relative guest emission in EL should be (at maximum) four times larger than in 
PL. In PL, the guest emission is only 1.4 times the host emission (for a dye con-
centration of 4   wt% and when directly exciting the host). Therefore, excitation of 
the dye by energy transfer via F ö rster and Dexter transfer should leave behind a 
host contribution of ca. 20%. This is not observed. We also found that devices 
incorporating either a hole -  or an electron - blocking layer exhibited signifi cant dif-
ferences in the color coordinates. Excitation of the phosphorescent dye solely by 
energy transfer of excitons generated on the host would, however, not depend on 
whether holes or electrons are predominately accumulated at the interface to the 
charge - blocking layer. Thus, though Dexter transfer cannot be excluded, popula-
tion of the PtOEP excited state by subsequent capture of charges is proposed to 
be the dominant excitation pathway in this system. 

 Interestingly, the best device performance was achieved in a three - layer struc-
ture, which guaranteed, on the one hand, blocking of electrons and, on the other 
hand, direct injection of holes from the hole - transporting layer onto the HOMO 
of the dye. In this case, emission from the host was fully suppressed (Fig.  6.21 ). 
Apparently, excitation of the dye via direct charge transfer (avoiding pathways 
involving the excitation of the host) is optimum with respect to color purity and 
device effi ciency  [44] .     

  6.3.2
PtOEP in Polyfl uorene 

 Because the triplet energy of PF is similar to (or even higher than) that of MeLPPP, 
the transfer mechanisms discussed above should be equally active in a PF   :   PtOEP 
blend. The origin of EL from a blend of PtOEP with poly(9,9 - dioctylfl uorene) (PFO) 
has been studied in detail by Lane et al.  [39] . As in the MeLPPP   :   PtOEP system 



studied above, effi cient F ö rster transfer occurs at concentrations larger than ca. 
1   wt% (the F ö rster radius was calculated to 1.7   nm). As shown in Fig.  6.22 , the EL 
of the PFO   :   PtOEP system was dominated by emission from the dye even at low 
dye concentrations. On the other hand, no evidence for Dexter transfer at room 
temperature was found (though triplet exciton transfer has been clearly proven 
at low temperatures in benzil - sensitized samples  [104] ). Investigations of the 
device properties with different dye concentrations revealed, in contrast to the 
MeLPPP   :   PtOEP system, a strong increase in driving voltage with increasing dye 
content. For example, the voltage to drive the LED at a current density of 5   mA/cm 2  
shifted from ca. 12   V for a pure PFO layer to 33   V for a layer containing 4   wt% 
PtOEP. The different properties of the electrophosphorescent diodes can be well 
understood taking into account the deeper HOMO position of PFO compared to 
MeLPPP. In the former, PtOEP will constitute a ca. 0.5   eV trap and detrapping 
should be very slow. In addition, because of the high LUMO position of PFO, the 
injection of electrons from the Ca cathode should be ineffi cient. Rapid trapping of 
holes on the dye will, therefore, result in the build - up of positive space charge.     

  6.4
Conclusion and Outlook 

 In the following we will briefl y discuss the relevance of the three excitation path-
ways discussed above with respect to device effi ciency. There is no doubt that 

Fig. 6.21     Comparison of the EL spectra of devices consisting 
of a MeLPPP   :   PtOEP emission layer, with (solid line) or 
without (open symbols) a PVK   :   ST1163 ( N , N′  - bis(4 ′  - ( N , N  -
 bis(naphta - 2 - yl) - amino) - biphenyle - 4 - yl)benzidine) hole -
 injecting layer. The inset shows the relative positions of the 
HOMO levels of the doped hole injection layer and the 
MeLPPP   :   PtOEP emission layer  [44] . 

6.4 Conclusion and Outlook  251



252  6 Physical Processes in Polymer-Based Electrophosphorescent Devices

F ö rster transfer from the singlet state of the polymer host to the singlet state of 
the added phosphor contributes an important pathway to the excitation of the dye. 
A nice example for which guest excitation was exclusively by F ö rster transfer is 
PtOEP blended into the conjugated polymer poly[2,5 - bis(cholestanoxy) - 1,4 - phen-
ylene vinylene)] (BCHA)  [41] . This excitation pathway does not involve charge 
carrier trapping on the guest. Neglecting the quenching of the singlet excitons on 

Fig. 6.22     (upper graph) Electroluminescence spectra of 
PFO   :   PtOEP LEDs for different dye concentrations. The 
spectra were normalized to the phosphorescence peak at 
646   nm and offset for comparison. (lower graph) Current 
density as a function of applied bias of PFO LED and PtOEP/
PFO LEDs with PtOEP concentrations of 1%, 2%, 4%, and 8% 
by weight  [39] . 



the host by the electric fi eld and by charge carriers present in the device  [106] , 
F ö rster - type energy transfer should allow for stable color coordinates (independent 
of the driving conditions). This is particularly attractive with regard to color - stable 
white - emitting diodes. On the other hand, complete transfer of energy is generally 
observed only for rather high dye concentrations. With a typical F ö rster - transfer 
radius of  R  0    =   3   nm, Eq.  (6.7)  predicts that a dye concentration of  N g      ≅    5    ×    10 19    cm  − 3  
(=4 – 8   wt% for a typical phosphor) is needed to transfer more than 95% of the host 
singlet excitons to the guest. At these concentrations, dye - dye interactions might 
already decrease the quantum effi ciency of the system. Also, the examples sum-
marized above showed that Eq.  (6.7)  is not applicable if bulky substituents on the 
dye set a limit to the closest approximation between the host molecules and the 
energy - accepting dye. Further, migration of excitons on the host alters the transfer 
kinetics, making absolute transfer rates rather unpredictable. 

 Because the statistical recombination of electrons and holes in EL favors the 
generation of triplet excitons on the host, Dexter - type energy transfer represents, 
at the fi rst glance, an attractive excitation pathway. Triplet excitons turned out to 
be rather resistant to fi eld - induced quenching processes  [107] . However, we are 
not aware of any effi cient device with predominant Dexter transfer. This is in part 
due to the fast localization of the triplet excitons within the inhomogeneously 
broadened density of states of the host. Also, the long radiative lifetime of triplet 
excitons on most host materials results in a relatively large probability for deactiva-
tion via nonradiative decay channels such as triplet – triplet annihilation, in particu-
lar for polymer materials. This is demonstrated in the left diagram of Fig.  6.23 , 
where the quadratic dependence of the phosphorescence intensity on high excita-
tion densities in the polymer contrasts with the linear dependence found for the 
associated monomer. TTA can result in a signifi cant decrease in phosphorescence 
effi ciency with increasing temperature, as illustrated in the right of Fig.  6.23 . 
Because LEDs mostly function at room temperature (or above), the formation of 
triplet excitons on the host should be avoided in view of high device quantum 
effi ciencies.   

 Excitation of the dye via charge trapping has been observed in most phosphor -
 doped polymer systems. Unfortunately, little knowledge exists about the kinetics 
of charge trapping in working devices at RT. The examples outlined above dem-
onstrate that simple estimates for trapping and recombination coeffi cients might 
not be applicable for disordered multicomponent blends. Very high effi ciencies 
in polymer - based electrophosphorescent devices have been reported for structures 
which allow for the direct injection of holes from an adjacent charge - transporting 
layer onto the dye. By using polymer interlayers with different HOMO and LUMO 
offsets (relative to the transport levels of the active compounds in the emission 
layer), we have recently demonstrated the importance of electron blocking 
and direct hole injection for achieving high effi ciencies in polymer - based elec-
trophosphorescent devices  [83] . Ideally, holes will be exclusively transferred onto 
the HOMO of the dye, thus minimizing the density of triplet excitons on the 
host.  
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 Phosphorescent Platinum(II) Materials for OLED Applications 
  Hai - Feng   Xiang  ,   Siu - Wai   Lai  ,   P. T.   Lai    , and   Chi - Ming   Che   

  Several classes of phosphorescent platinum(II) complexes with high photolumi-
nescence effi ciency and thermal stability are examined. The tunability of photolu-
minescent properties through modifying the electronic and/or structural character 
of the auxiliary ligands is discussed. The suitability of phosphorescent platinum(II) 
materials as emitting dopants in organic light - emitting devices (OLEDs) and the 
resultant device performances are highlighted. Molecular design of phosphores-
cent platinum(II) dopants to improve luminous effi ciency and tune electrolumi-
nescence energies is demonstrated. Device confi gurations as well as dopant 
concentrations are optimized to achieve high - performance OLEDs.     

  7.1
Introduction

  7.1.1
Phosphorescent Materials for OLED Applications 

 The pursuit of high - effi ciency and  - brightness organic light - emitting devices 
(OLEDs) has prompted the development of electrophosphorescent organometallic 
emitters  [1 – 3] . The involvement of heavy transition metals in these materials pro-
motes spin – orbit coupling, which potentially harnesses both singlet (25%) and 
triplet (75%) excitons for electron – hole recombination from electrical excitation, 
leading to maximum luminous effi ciency. Several accounts of iridium(III)  [2]  and 
platinum(II)  [3]  emitters as dopants in OLEDs have appeared and their device 
performances have been reported. The intense triplet excited state emission of 
phosphorescent compounds is an important prerequisite for fabrication of high -
 effi ciency electroluminescent device. Ma and Che reported the fi rst observation of 
electroluminescence from triplet metal - to - ligand charge transfer ( 3 MLCT) excited 
states of transition metal complexes, such as [Os(CN) 2 (PPh 3 ) 2 (Ph 2 bpy)] (Ph 2 bpy = 
4,4 ′  - diphenyl - 2,2 ′  - bipyridine)  [4] . 

 The diverse photoluminescent properties of platinum(II) complexes have 
attracted attention in OLED applications, and the remarkable variety of highly 
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emissive excited states  [5]  include (i) intraligand (IL) states ( π  –  π  * ), (ii) intraligand 
(IL) states of  “ excimer ”  type [ σ  * ( π )  →   σ ( π  * )], (iii) metal - to - ligand (MLCT) [Pt(5d) 
 →    π   * (ligand)] excited states, (iv) oligomeric metal – metal - to - ligand charge transfer 
[d σ  * (dz 2 )  →   σ ( π  * )] (MMLCT), and (v) monomer ligand - fi eld (LF) states. Systematic 
ligand modifi cations can alter the relative energies of the Pt d - orbitals and the   π   
and   π   *  orbitals of the ligands, which ultimately govern the emissive characteristics 
and excited - state properties of platinum(II) complexes. This can result in tunable 
emission energy, high photoluminescence quantum yield, and improved charge 
injection and transport. The application of cyclometalated platinum(II) complexes 
as electrophosphorescent dopants for OLEDs was also reported by Forrest and 
Thompson  [3b, 3c, 6]  and others  [7 – 9] . Platinum(II) porphyrins have been synthe-
sized and successfully used in organic electrophosphorescent devices  [10] . 

 One of the drawbacks of phosphorescent emitters in OLED applications is the 
saturation of emission sites, which are caused by excessively long lifetimes, triplet –
 triplet annihilation, and concentration quenching from bimolecular interactions 
at high doping levels  [11] . The introduction of sterically hindered substituents into 
the auxiliary ligands can suppress self - quenching activities even at high dopant 
concentrations  [12] , and this can result in complete energy transfer between the 
host and dopant within devices. Moreover, ligand modifi cations can be customized 
to improve stability with regard to oxidative deterioration to afford more robust 
electroluminescent materials for OLEDs. 

 In this chapter, the structural and optical properties of several classes of 
platinum(II) complexes are discussed and a correlation between chemical charac-
teristics and electroluminescent property can be established. The applications of 
phosphorescent platinum(II) materials as dopants in OLEDs, plus strategies to 
fi ne - tune the emission color and device performances, are presented.  

  7.1.2
Criteria for Complexes as OLED Emitters 

 The followings are the criteria for phosphorescent platinum(II) complexes as 
potential highly luminous and effi cient electroluminescent materials: (i) high 
photoluminescence quantum yields, (ii) thermally, chemically, and photochemi-
cally robust, which allow tolerance to heat and vacuum deposition conditions and 
extends device lifetime, (iii) tunable emission energies through chemical modifi ca-
tion of auxiliary ligands, (iv) readily prepared to achieve structurally diverse deriva-
tives, and (v) neutral and sublimable. The ability to fulfi ll the above criteria was 
used to identify potentially suitable candidates as electrophosphorescent emitters 
for multicolor OLED applications.   

  7.2
Device Fabrication and Electroluminescence Measurements 

 As neutral organometallic complexes are suffi ciently stable with respect to subli-
mation, they are suitable for vacuum deposition during OLED fabrication. However, 



if complexes are thermally unstable and not suffi ciently volatile, vacuum deposi-
tion cannot be used for the fi lm formation in OLEDs. It is essential to develop 
systems with good fi lming properties, such as the immobilization of metal com-
plexes in polymer matrices. For instance, some organometallic complexes have 
been doped in polymer matrices (polystyrene, PST, and poly( N  - vinylcarbazole), 
PVK), resulting enhancement of the emission intensity  [4] . The main nonradiative 
process of the  3 MLCT excited state is oxidative quenching by an electron acceptor. 
The oxidative nature of the PVK matrix stabilizes the excited state of the organo-
metallic complexes. Effi cient phosphorescent emitters doped into fl uorescent host 
materials can harvest both singlet and triplet excitons upon electron – hole recom-
bination from electrical excitation. The quantum effi ciency of a double - layer device 
is invariably enhanced compared to a single - layer device. This enhancement is 
often due to the lowering of the effective barrier height for electron injection. The 
structure and concentration of the doped complex determine the charge transport 
properties of the PVK layer, and judicious choice of the dopant complex and its 
concentration should lead to higher electroluminescence (EL) effi ciency. 

 A typical example of the device confi guration used is given: glass/indium tin 
oxide (ITO: 30  Ω /square)/NPB (4,4 ′  - bis[ N  - (naphthyl) -  N  - phenylamino]biphenyl, 
40   nm)/complex ( x %, 30   nm) - doped CBP (4,4 ′  -  N,N  ′  - dicarbazole - biphenyl, 20   nm)/
BCP (2,9 - dimethyl - 4,7 - diphenyl - 1,10 - phenanthroline, bathocuproine, 20   nm)/Alq 3  
(tris - (8 - hydroxyquinolato)aluminum, 30   nm)/LiF (0.5   nm)/Al (100   nm). The ITO 
glass substrate was cleaned with detergent and deionized water, and dried in an 
oven for two hours. It was treated with UV ozone for 25   min before loading into 
a deposition chamber. The organic fi lms of NPB, CBP/complex, BCP, and Alq 3  
were sequentially deposited onto the ITO substrate at a pressure of around 1.0  ×  
10  − 5    mbar. The pressure during deposition of metal complex was below 9.0  ×  
10  − 6    mbar to minimize metal oxidation. The current – voltage – luminance character-
istics and EL spectra were recorded with a computer - controlled DC power supply 
and a photometer at room temperature. The emission area of the devices is 
0.1   cm 2 , defi ned by the overlapping area of the anode and cathode. The thickness 
of each layer requires precise control to obtain charge balance for high - 
performance OLEDs. 

 Phosphorescent platinum(II) complexes are often strongly emissive, and the 
excited state can be  3 MLCT or  3 IL in nature. When the electroluminescence spec-
trum of a double - layer device is similar to the photoluminescence spectrum of the 
Pt(II) complex/PVK fi lm, this confi rms that the electroluminescence is from the 
Pt(II) complexes. For the  3 MLCT excited state of Pt(II) complexes, the  π  *  orbital 
of the chromophoric ligand is the LUMO, which should be available for trapping 
electrons injected from the Al cathode. The highest energy fi lled orbital (HOMO) 
comes from the Pt(II) d electrons, making it a possible site for oxidation by trap-
ping holes injected from ITO. The recombination of trapped electrons and holes 
in the Pt(II) complexes results in electroluminescence from the lowest triplet 
MLCT excited state. When no emission from CBP or Alq 3  was observed from the 
EL, it indicates a complete energy transfer from the host exciton to the phosphor. 
Meanwhile, there is no exciton decay in the Alq 3  layer due to the hole - blocking 
action of the BCP layer.  
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  7.3
Platinum(II) a  - Diimine Arylacetylide Complexes 

 We reported the fi rst luminescent platinum(II) acetylide complexes with aromatic 
diimine ligands in 1994  [13] . The [Pt(phen)(C ≡ CPh) 2 ] (phen = 1,10 - phenanthro-
line) complex exhibits an intense emission in fl uid solution at room temperature 
that was attributed to a  3 MLCT: [Pt  →   π  * (phen)] excited state. The incorporation 
of strong - fi eld arylacetylide ligands into Pt(II) destabilizes nonradiative ligand - fi eld 
(d – d) transition(s) and helps to maintain strict stereochemical integrity  [14] . The 
excited - state properties of [Pt( α  - diimine)(C ≡ CPh) 2 ] complexes can be probed by 
systematic ligand modifi cation  [15] . A correlation between the emission energy 
and electron - withdrawing property of the diimine ligand was observed for the 
complexes depicted in Scheme  7.1   [16] . The solution emission maxima shifted to 
lower energies according to the electron - withdrawing substituent(s) on the bipyri-
dine ( 1a – 1c ) and phenanthroline ( 2a – 2c ) ligands (Fig.  7.1 ). The electronic effect of 
the  α  - diimine ligands alters the LUMO energy levels, which enables fi ne - tuning 
of excited - state energies. The minor blue shift of the singlet MLCT band of  3  from 
that of  1b  can be rationalized by the presence of the more conjugated C ≡ C – C ≡ CPh 
ligands. This is expected to stabilize the d  π  (Pt) orbital, which results in a lowering 
of the HOMO level and thus an increase of the MLCT energy. The emission ener-
gies can be systematically modifi ed over a range of  ≈ 1920   cm  − 1 .     

 The highly tunable orange – red  3 MLCT emission energies of luminescent Pt(II) 
complexes, plus their high quantum yields, make them suitable candidates as 
OLED emitters. We reported the application of a series of [Pt( α  - diimine)(C ≡ CPh) 2 ] 
complexes as electrophosphorescent emitters in single -  and double - layer OLEDs 
 [16] . Complexes  1a – 1c , or  2c  (10   wt%) and poly( N  - vinylcarbazole) (PVK, 90   wt%) 
were incorporated by spin - coating into OLED devices, and the EL characteristics 
were examined. The EL spectra for the single - layer devices (confi guration: [ITO/
PVK: Pt /Al]) were similar to their corresponding thin fi lm photoluminescence (PL) 

Scheme 7.1       



spectra (Fig.  7.2  for  1a ). The single - layer EL device for  1a  was superior in perfor-
mance and exhibited a maximum luminance of 620   cd   m  − 2  at driving voltage of 
30   V and peak luminous effi ciency of 0.10   lm   W  − 1  at luminance of 25   cd   m  − 2 .   

 EL from PVK was not observed for single - layer devices, indicating effi cient 
F ö rster energy transfer  [17]  from PVK to the Pt emitter. The PL spectra of 

Fig. 7.1     Normalized 298   K emission spectra for  1a – 1c ,  2a – 2c , 
and 3  in dichloromethane, illustrating the tunable range of 
emission energies (Reproduced with permission from [16] . 
Copyright 2001 Wiley - VCH). 

Fig. 7.2     EL and PL spectra for devices based on  1a
(Reproduced with permission from  [16] . Copyright 2001 
Wiley - VCH). 
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single - layer fi lms of [PVK: Pt ] were recorded and only emission bands originating 
from the Pt complexes were detected. Signifi cant overlap exists between the 
 1 MLCT absorption of the Pt II  complexes (  λ   max  385 – 411   nm) and the emission of 
PVK (400   nm), and this increases the likelihood for effi cient singlet energy 
transfer. 

 Introducing an electron - transporting layer between the [PVK: Pt ] layer and Al 
cathode in a double - layer device enhances the EL brightness and effi ciency. 2 - (4 -
 Biphenyl) - 5 - (4 -  tert  - butylphenyl) - 1,3,4 - oxadiazole (PBD) was selected as electron -
 transporting material since its LUMO level is lower than that of PVK. The 
lower energy barrier for electron injection between Al and PBD is expected 
to balance the rate of hole and electron injection into the emitter in order to 
achieve higher EL effi ciency. In addition, PBD acts as a confi nement layer to 
increase the distance between excitons and the cathode, at which nonradiative 
quenching can take place through physical and chemical interactions. The double -
 layer devices (confi guration: [ITO/PVK: Pt /PBD/Al]) were found to display signifi -
cant improvements in EL performance compared with the single - layer devices. 
The double - layer [ITO/PVK: 2c /PBD/Al] device exhibited peak luminous effi ciency 
of 1.33   lm   W  − 1  at 23   cd   m  − 2  and maximum luminance of 945   cd   m  − 2  at 28   V. 
The  I – V – L  characteristics of the double - layer device derived from  2c  are presented 
in Fig.  7.3 .   

 These highly photoluminescent bis(arylacetylide)platinum(II) diimine com-
plexes warrant further investigations as OLED materials due to their tunable 
emission properties and their ability to mediate effi cient energy transfer 
 [18] .  

Fig. 7.3     Current – voltage and luminance – voltage plots for 
double - layer device of  2c  (Reproduced with permission from 
 [16] . Copyright 2001 Wiley - VCH). 



  7.4
Tridentate Pt(II) Complexes 

  7.4.1
Cyclometalated 6 - Aryl - 2,2 ′  - bipyridine Arylacetylide Pt(II) Complexes 

 A class of tridentate cyclometalated platinum(II) complexes bearing   σ   - alkynyl 
ancillary ligands, namely [(C ∧ N ∧ N)Pt(C ≡ C)  n  R] (HC ∧ N ∧ N = 6 - aryl - 2,2 ′  - bipyridine; 
 n  = 1 – 4; R = aryl, alkyl, or trimethylsilyl), have been studied (Scheme  7.2 )  [19] . 
Because the anionic   σ   - alkynyl ligand affords neutrality to these [(C ∧ N ∧ N)Pt(C ≡ C)  n  R] 
complexes, they are suffi ciently stable with respect to sublimation and thus are 
suitable for vacuum deposition during OLED fabrication. The tridentate cyclo-
metalated Pt(II) complexes possess superior thermal stability when compared to 
bis(arylacetylide) Pt(II) complexes of aromatic diimines and other metal – alkynyl 
complexes that are also emissive but easily decompose during vacuum deposition 
 [20] . Furthermore, we suggest that   π   - conjugation of the tridentate aromatic ligand 
with the Pt - acetylide moiety may impart sublimability and additional stability to 
these neutral materials. Thermogravimetric analysis in N 2  showed that the decom-
position temperature was around 400    ° C for  4 ,  5 ,  14 , and  15  and around 330    ° C for 
 10  and  11  (the residual decomposition product was composed of metallic plati-
num). This thermal stability is remarkable for   σ   - alkynylmetal complexes and 
especially for the butadiynyl derivative  11    .

 Tridentate cyclometalated Pt(II) luminophores [Pt(C ∧ N ∧ N)] were utilized due 
to their superior emissive properties compared to the 2,2 ′ :6 ′ ,2 ″  - terpyridine (tpy) 
and (C ∧ N ∧ C) (HC ∧ N ∧ CH = 2,6 - diphenylpyridine) congeners  [21] . The   σ   - alkynyl 
ligand is envisaged to modulate their photophysical properties by (1) destabilizing 
nonradiative ligand - fi eld transitions that are inherent to this class of complexes, 
and (2) modifying the properties of the triplet excited state [normally  3 MLCT: 

Scheme 7.2       
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Pt  →   π  * (cyclometalating ligand)] through  π  - bonding conjugation between Pt(II) 
and the   σ   - alkynyl auxiliary. 

 Extensive structural modifi cation, by introducing substituents with different 
steric and electronic properties into both the arylacetylide and tridentate cyclo-
metalating (C ∧ N ∧ N) ligands of [(C ∧ N ∧ N)Pt(C ≡ C)  n  R] complexes, has resulted in 
tuning of their photophysical and luminescent characteristics. Figure  7.4  depicts 
that the emission maxima of this class of complexes in dichloromethane at 298   K 
can be tuned from 630   nm for  6  to 560   nm for  9  ( ∆  u  = 1980   cm  − 1 ) upon changing 
the 4 - arylacetylide substituent. The electron - withdrawing group in the 4 - 
arylacetylide ligand stabilizes the Pt - based HOMO to give blue - shifted emission, 
leading to tunability of the emission energies.   

 The effect of the  π  - conjugated length of the oligoyne ligands upon the emission 
of [(C ∧ N ∧ N)Pt – (C ≡ C) n  – R] has been examined. From  10  to  12 , the alkynyl ligand 
is homologously lengthened from trimethylsilyl - capped ethynyl to hexatriynyl. 
Their emission energies in CH 2 Cl 2  solutions at 298   K decrease in the order: triynyl 
( 12 :   λ   max  557   nm)  >  diynyl ( 11 :   λ   max  561   nm)  >  monoynyl ( 10 :   λ   max  570   nm), but the 
differences are minor. When the trimethylsilyl - capped oligoyne ligand is further 
extended to octatetraynyl ( 13 ), a highly structured, narrow - bandwidth emission at 
298   K, with peak maxima at   λ   max  589 and 671   nm is observed. The vibronic 
progression of ca. 2100   cm  − 1  signifi es that the  – (C ≡ C) 4  –  unit is involved in 
the electronic transition. 

 Modifi cation of the tridentate (C ∧ N ∧ N) ligand facilitates fi ne - tuning of the emis-
sion energy of [(C ∧ N ∧ N)Pt(C ≡ C – R)] complexes (i.e., lower  π  *  levels afford red -
 shifted emissions). The introduction of two electron - donating  tert  - butyl groups to 
the bipyridine moiety of the (C ∧ N ∧ N) ligand (R 1  = R 2  =   t  Bu; R 3  = Ph) led to blue -
 shifted emissions (  λ   max  571   nm) from   λ   max  582   nm for  4  in CH 2 Cl 2  solution at 298   K. 
With regards to the development of red emitters for OLED applications, the   λ   max  
value in alcoholic glass at 77   K was observed to substantially red - shift when the 

Fig. 7.4     Normalized emission spectra of  4 – 9  in CH 2 Cl 2
solutions at 298   K ( lex  = 350   nm). Inset: plot of ln  knr  versus 
emission maximum (Reproduced with permission from  [19b] . 
Copyright 2004 American Chemical Society). 



cyclometalating ligand was modifi ed from C ∧ N ∧ N ( 4 :   λ   max  540   nm) to thienyl - ( 14 : 
  λ   max  595   nm) and furyl - ( 16 :   λ   max  613   nm) bipyridine for the same C ≡ CPh ligand. 
By choosing appropriate cyclometalating and   σ   - alkynyl ligands, the emission color 
of this class of platinum(II) complexes can be tuned from green – yellow to satu-
rated red. 

 The intense tunable phosphorescence of these Pt(II)  σ  - alkynyl materials, plus 
their thermal stability and neutrality, render them good candidates as electrophos-
phorescent emitters in high - effi ciency OLEDs. Selected platinum(II) complexes 
were doped into the emissive region of multilayer, vapor - deposited OLEDs and 
yellow to red electroluminescence was generated. The devices (top of Fig.  7.5 ) were 
fabricated on ITO glass using the vacuum deposition method  [2c] . NPB and Alq 3  
were used as the hole -  and electron - transporting layers, respectively. BCP was used 
to confi ne excitons within the luminescent zone. Magnesium – silver alloy was 
applied as the cathode. The [(C ∧ N ∧ N)Pt(C ≡ C)  n  R] materials were doped into the 
conductive host material, CBP, with mass ratios of 2 to 6%. The tunable electro-
phosphorescence energy resembled to that recorded in fl uid solutions for these 
emitters, and the devices exhibited high luminance (approaching 10   000   cd   m  − 2 ) 
and effi ciencies (up to 4.2   cd   A  − 1 ) with low turn - on voltages (3.6 – 4.5   V).   

 Upon stimulation of positive bias voltage above  ∼ 4   V for devices with emitter 
ratios of 4 and 6%, an intense orange to red electrophosphorescence was observed 
for  4 ,  5 ,  15 ,  17 ,  18 , and  19 . The electroluminescence data of  4  - ,  5  - ,  15  - ,  17  - ,  18  - , 
and  19  - doped OLEDs are listed in Table  7.1  and their EL spectra are depicted in 
Fig.  7.5 . Blue fl uorescence from the host and hole - transporting layers is negligible, 
implying that energy transfer from singlet to triplet excitons is complete. For  4 ,  5 , 
 15 , and  17 , their electroluminescence maxima are independent of the doping level 
and applied voltage (for current density up to 600   mA   cm  − 2 ).   

 The highest luminance (9800   cd   m  − 2  at 12   V;   λ   max  548   nm; the Commission Inter-
nationale de L ’  É clairage (CIE) coordinates  x  = 0.440,  y  = 0.506) and EL effi ciency 
(3.2   cd   A  − 1  (  η   ext  1.1%) at 20   mA   cm  − 2 ) were achieved by using emitter  17  at 4% 

Fig. 7.5     Normalized electroluminescence spectra for  4 ,  5 ,  15 , 
17 ,  18 , and  19  (4%) operated at 10   V (Reproduced with 
permission from  [19b] . Copyright 2004 American Chemical 
Society).
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doping level. The luminance of 7800   cd   m  − 2  at 11   V and effi ciency of 2.4   cd   A  − 1  (  η   ext  
0.9%) at 30   mA   cm  − 2  were obtained for an orange OLED (  λ   max  564   nm; CIE coordi-
nates  x  = 0.480,  y  = 0.484) using  4  at 4% doping level (Fig.  7.6 ). At 2% ratio of  4 , 
improved luminance (9900   cd   m  − 2  at 12   V) and effi ciency (4.2   cd   A  − 1  (  η   ext  1.6%) 
at 30   mA   cm  − 2 ) were observed, but weak emission from CBP at   λ   max  ca. 440   nm 
was also detected. For the red OLED (  λ   max  612 (max), 656   nm; CIE coordinates 
 x  = 0.594,  y  = 0.341), the maximum luminance of 3100   cd   m  − 2  at 12   V and effi ciency 
of 1.0   cd   A  − 1  (  η   ext  0.8%) at 30   mA   cm  − 2  were observed using 4% of  15  in CBP. Gen-
erally, higher doping ratios lead to lower effi ciencies and inferior performance, 
apparently due to aggregate - induced quenching.    

  7.4.2
Pt(II) Complexes bearing 6 - (2 - Hydroxyphenyl) - 2,2 ′  - bipyridine Ligands 

 A series of robust Pt(II) emitters [(O ∧ N ∧ N)PtX] (HO ∧ N ∧ N = 6 - (2 - hydroxyphenyl) -
 2,2 ′  - bipyridine; X = Cl, Br, I, or (C ≡ C(Ph) were reported as a new class of light -
 emitting materials for electrophosphorescent devices (Scheme  7.3 )  [22] . The 
[(O ∧ N ∧ N)PtX] complexes are readily prepared, easily modifi ed through the non-

Table 7.1     Electroluminescence data. 

 Complex  EL  lmax,
a   (nm)

(CIE Coordinates  a   ( x ,  y )) 
 Turn - on 
voltage (V) 

 Doping
ratio (%) 

 Maximum
luminance
(cd   m  − 2 ) 

 Maximum
effi ciency
(cd   A  − 1 ) 

 Maximum 
hext  (%) 

   4   564(0.480, 0.484)  3.6  2  b    9900  e    4.2  h    1.6 
 4  7800  d    2.4  h    0.9 

   5   580(0.508, 0.466)  4.2  4  3900  e    1.4  g    0.6 
 6  2100  e    0.6  g    0.3 

  14   608, 656(0.549, 0.330)  4.5  2  b    2000  e    0.7  h    0.6 
 4  2000  e    0.6  h    0.5 

  15   612, 656(0.553, 0.305)  4.5  4  3100  f    1.0  g    0.8 
 6  1800  e    0.5  i    0.7 

  17   548(0.440, 0.507)  4.5  2  b    5600  f    1.5  h    0.3 
 4  9800  e    3.2  g    1.1 

  18   567(0.480, 0.469)  4.5  5  5800  c    1.4  g    0.6 
  19   545(0.419, 0.526)  4.3  4  5500  d    1.9  g    0.1 

 6  2090  d    0.5  i    0.2 

   a    Doping level 4%, at 10   V.   
   b    Weak electrofl uorescence at  ∼  440   nm from CBP was also observed.   
   c    At 10   V.   
   d    At 11   V.   
   e    At 12   V.   
   f    At 13   V.   
   g    At 20   mA   cm  − 2 .   
   h    At 30   mA   cm  − 2 .   
   i    At 50   mA   cm  − 2 . (Reproduced with permission from  [19b] . Copyright 2004 American Chemical Society)   



Fig. 7.6     Current density, voltage, and luminance 
characteristics (inset: luminescent effi ciency vs. current 
density) for OLED using 4  as emitter at 4% doping level 
(Reproduced with permission from  [19a] . Copyright 2002 
Royal Society of Chemistry). 

Scheme 7.3       
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chelated auxiliary ligand X, and exhibit high thermal stability. Thermogravimetric 
analysis revealed that the decomposition temperatures of  20a – 20e  (388 – 426    ° C) are 
comparable to those of the [(C ∧ N ∧ N)Pt(C ≡ C)  n  R] complexes ( n  = 1 – 4; R = aryl, 
SiMe 3 ;  T  d   ≈  400    ° C)  [19]  and  20e  is the most stable with a decomposition tempera-
ture of 426    ° C.   

 The intense absorption at   λ   max   ≈  300   nm ( ε   >  10 4    dm 3    mo l  − 1    cm  − 1 ) is attributed to 
a ligand - centered  1 (l  →   π  * ) (l = lone pair/phenoxide) transition, whereas the 
moderately intense band at 360 – 400   nm ( ε   ≈  (0.4 – 0.7)  ×  10 4    dm 3    mol  − 1    cm  − 1 ) is 
attributed to  1 [l  →   π  * (diimine)] mixed with [Pt(d  π  )  →   π  * (diimine)] charge - transfer 
transitions  [23] . The complexes  20a – 20e  in DMF solutions show orange – red pho-
toluminescence with peak maxima at   λ   max  = 593 – 618   nm, which are tentatively 
attributed to a triplet excited state with mixed  3 MLCT and  3 [l  →   π  * (diimine)] par-
entage  [24] . 

 Devices with  20a – 20e  as electrophosphorescent emitters were fabricated with 
the following confi guration: ITO/NPB (40   nm)/CBP: Pt  ( x %, 30   nm)/BCP (20   nm)/
Alq 3  (30   nm)/LiF (0.5   nm)/Al (100   nm). The EL energy for  20a – 20e  were indepen-
dent of the doping concentration, and the band shape was similar to the PL, 



270  7 Phosphorescent Platinum(II) Materials for OLED Applications

although the EL emission was blue - shifted. The device performance followed a 
similar trend to those of the emission quantum yields and thermal stability of 
 20a – 20e . Complex  20e  afforded yellow electroluminescence with the best device 
performance in the series; the brightness of 1   cd   m  − 2  at low turn - on voltage (4   V), 
and the maximum current effi ciency of 7.8   cd   A  − 1  were obtained at 89   mA   cm  − 2 . 
The device was stable in terms of effi ciency decay, and the effi ciency was attained 
at 5.8   cd   A  − 1  when the current density increased to 633   mA   cm  − 2 . The maximum 
luminance of 37   000   cd   m  − 2  was achieved at 16   V (Fig.  7.7 ), which was higher than 
the yellow OLEDs using [(C ∧ N ∧ N)Pt(C ≡ CC 6 F 5 )] ( 17 ) dopant (maximum lumi-
nance = 9800   cd   m  − 2 ,   λ   max  = 548   nm)  [19b] .   

 The [(O ∧ N ∧ N)PtX] complexes have been found to be robust phosphorescent 
materials for OLEDs. The ease in preparation and structural modifi cation warrant 
further investigations to optimize [(O ∧ N ∧ N)PtX] complexes as high - performance 
OLED materials. For example, a class of platinum(II) complexes containing the 
tridentate N ∧ C ∧ N 3,5 - di(2 - pyridyl)toluene ligand and a chloride/phenoxide group 
has also been developed as phosphors in OLEDs  [25] , and the resultant maximum 
external quantum effi ciency for the phenoxide derivative was found to be 16.5%.   

  7.5
Tetradentate Pt(II) Complexes 

  7.5.1
Pt(II) Schiff Base Complexes 

 Platinum(II) Schiff base complexes constitute an attractive class of phosphores-
cent materials that are easily synthesized, thermally stable, and structurally diverse. 

Fig. 7.7     Current density – voltage – brightness relationships for 
device using 20e  as dopant (Reproduced with permission 
from  [22] . Copyright 2005 American Chemical Society). 



7.5 Tetradentate Pt(II) Complexes 271

We reported the readily prepared and sublimable Pt(II) Schiff base triplet emitters 
( 21  and  22 , Scheme  7.4 ) as OLED dopants  [26] . Thermogravimetric analysis 
showed that  21  and  22  are stable under a nitrogen atmosphere up to 360    ° C, with 
decomposition temperature of 406 and 382    ° C respectively. In addition,  22  was 
observed to sublime before its decomposition temperature was reached, hence 
slow weight loss was detected from around 200    ° C (to 95   wt%) before decomposi-
tion occurred. The reported structure for  21  revealed close intermolecular Pt – Pt 
distance of 3.277(1)    Å   [27] , but in the crystal structure of  22 , no short ( < 3.5    Å ) 
intermolecular Pt – Pt or  π  –  π  interaction was observed. Such contact(s) if present 
in the crystal structures of platinum Schiff base complexes may have direct impact 
upon the emissive properties of this class of complexes. The low - energy absorp-
tions at   λ    >  400   nm of  21  and  22  in fl uid solutions were attributed to charge transfer 
transition(s) involving the phenoxide lone pair (l) and the  π  *  orbital of imine, 
i.e.,  1 [l(phenoxide)  →   π  * (imine)], mixed with  1 [Pt(5d)  →   π  * (Schiff base)] MLCT 
character.   

 The sublimability, relatively short emission lifetimes ( ∼ 3.5    µ s in CH 3 CN at 
298   K, cf.  >  50    µ s for PtOEP  [10a] ) and high photoluminescent quantum effi cien-
cies of  21  and  22  render them suitable candidates as effi cient electrophosphores-
cent dopants. OLEDs with emitting layers comprising the host material, CBP plus 
 22  as dopant at different concentrations were fabricated: [ITO/NPB (40   nm)/
CBP: 22  (30   nm)/BCP (20   nm)/Alq 3  (30   nm)/LiF (0.5   nm)/Al (150   nm)]. These 
devices required low turn - on voltage of around 3   V. At the optimized dopant con-
centration of 4.0   wt%, EL from the dopant  22  at   λ   max  550 (sh, 590) nm was observed 
and the maximum external quantum effi ciency (  η   ext ), luminous effi ciency (  η   L ), 
power effi ciency (  η   P ), and luminance were (current density, mA   cm  − 2  in parenthe-
ses): 11% (8.5), 31   cd   A  − 1  (8.5), 14   lm   W  − 1  (8.5), and 23   000   cd   m  − 2  (683), respectively 
(Fig.  7.8 ).   

 The performance of the  22  - doped OLED (4.0   wt%) at different current density 
is listed in Table  7.2 . We note that (i) even at the high luminance of 10   000   cd   m  − 2 , 
  η   ext ,   η   L , and   η   P  are 4.1%, 13   cd   A  − 1 , and 4.0   lm   W  − 1 , respectively, and (ii) reasonable 
  η   L  was observed at very high current densities (e.g., 4.1   cd   A  − 1  at 500   mA   cm  − 2 ). The 
EL spectrum for this OLED exhibited no signifi cant change from 3 to 16   V, and 
the CIE coordinates at 8   V were (0.48, 0.52), which correspond to orange light.   

 To realize the generation of white EL, devices comprising the host material, 
beryllium bis(2,2 ′  - hydroxyphenyl)pyridine (Bepp 2 ) plus  21  as dopant at different 
concentrations were fabricated: [ITO/NPB (50   nm)/Bepp 2 : 21  (50   nm)/LiF (1.5   nm)/
Al (150   nm)] with four different devices A – D corresponding to 3.2, 7.7, 11.1, and 
16.7   wt% of  21,  respectively (Fig.  7.9 ). All devices began to glow at 4 – 5   V and 

Scheme 7.4       
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Fig. 7.8     Current density and luminance curves of  22  - doped 
OLED (4.0   wt%) against applied voltage (Reproduced with 
permission from  [26] . Copyright 2004 Royal Society of 
Chemistry).

Table 7.2     Performance of  22  - doped OLED (4.0   wt%) at 
different I    a  . Reproduced with permission from  [26] . 
Copyright 2004 Royal Society of Chemistry. 

 Current 
density(mA   cm  − 2 ) 

  V  (V)   L (cd   m  − 2 ) hext (%)   hL (cd A  − 1 )   hP (lm W  − 1 ) 

  1   4.0     14   0.47   1.4   1.1 
  10   7.1   3   010  11  30  13 
  20   8.1   5   050   9.1  25  10 
 100  10.0  11   500   3.9  11   3.5 
 500  14.5  21   200   1.5   4.1   0.9 

   a    Confi guration: [ITO/NPB/CBP:  22 /BCP/Alq 3 /LiF/Al].   

exhibited two emission bands at   λ   max  448 and 552 nm in the EL spectra. Device A 
(3.2   wt% of  21 ) gave a luminous effi ciency of 0.79   lm   W  − 1  and luminance of 
450   cd   m  − 2  at 20   mA   cm  − 1 . The highest achieved luminance was 3045   cd   m  − 2  at 
307   mA   cm  − 2 . Importantly, the CIE coordinates of device A were (0.33, 0.35), which 
closely approach those of white light (defi ned as 0.33, 0.33); the white emission 
was produced by the EL of Bepp 2  (host) and  21  (dopant) in the device. Upon 
increasing the concentration of  21 , both the luminance and luminous effi ciency 
were enhanced and the emission of  21  became more dominant in the EL spectra 
(especially in device C). However, the overall device effi ciency diminished at 
16.7   wt% (device D); this is consistent with aggregation of dopant molecules at 
suffi ciently high concentrations, which could lead to intermolecular quenching.   

 While most examples of white OLEDs require multilayer confi gurations  [3c, 28] , 
we have reported that pure white EL can be achieved using a relatively simple 
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device confi guration based on high - brightness and  - performance Pt(II) Schiff base 
dopants.  

  7.5.2
Pt(II) Bis(phenoxy)diimine Complexes 

 Phosphorescent platinum(II) complexes ligated by the tetradentate 
bis(phenoxy)diimine chelate N 2 O 2  (diimine = 4,7 - diphenyl - 1,10 - phenanthroline, 
Ph 2 phen ( 23 ) and 4,4 ′  - di -  tert  - butyl - 2,2 ′  - bipyridine,   t  Bu 2 bpy ( 24 )) (Scheme  7.5 ) have 
been employed as new dopants in multilayer OLEDs  [23a] . The N 2 O 2  ligand frame-
work is devised with chemically inert functionalities and the considerable chelate 
effect should confer good stability, and indeed, these neutral [Pt(N 2 O 2 )] complexes 
display high thermal stability ( > 400    ° C in N 2 ).   

Fig. 7.9     EL spectra of devices A – D (3.2, 7.7, 11.1, and 
16.7   wt% of  21  respectively) and corresponding CIE 
coordinates (inset, cross indicates pure white emission) 
(Reproduced with permission from  [26] . Copyright 2004 Royal 
Society of Chemistry). 

Scheme 7.5       
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 The crystal structure of  23  consists of (head - to - tail) - interacting dimers with the 
[Pt(N 2 O 2 )] planes separated by 3.462    Å  and the closest Pt – Pt distance of 3.517    Å , 
whereas molecules of  24  are arranged into infi nitely stacked planar sheets with 
possible  π  –  π  interactions (the interplanar distance = 3.486    Å ) but no close Pt – Pt 
contacts (Pt – Pt 5.521    Å ). Complexes  23  and  24  are highly luminescent in CH 2 Cl 2  
solutions at 298   K with a structureless emission at   λ   max  = 586 and 595   nm respec-
tively, which were assigned as mixed  3 [l  →   π  * (diimine)] (l = lone pair/phenoxide) 
and  3 [Pt(d)  →   π  * (diimine)] charge - transfer states. The nature of phenyl and  tert  -
 butyl substituents appended to the Pt(N 2 O 2 ) moiety affect the solid - state photo -  and 
electroluminescent properties (see below). EL devices were fabricated by incorpo-
rating  23  and  24 , which gave emitting layers with different EL properties, and the 
differences in brightness, color, and overall performance of devices were attributed 
to the effect of the diimine substituents. 

 The EL device structures were prepared as the following: ITO/NPB (30   nm)/ 23  
(or  24 )  - doped ( x  wt%) Bepp 2  (30   nm)/LiF (0.5   nm)/Al (250   nm). The device struc-
ture was a multilayer stack deposited on ITO glass. All devices exhibited low turn -
 on voltages of 5 – 7   V and generated yellow to yellow – green EL at various voltages. 
In device E, at 2% ratio of  23 , only EL from Bepp 2  at around 450   nm was observed 
when driven under forward bias, suggesting ineffective host - dopant F ö rster energy 
transfer. At 10% dopant concentration level of  23  (device F), yellow EL from  23  
(  λ   max  588   nm) only was visible at low voltages but contribution from the Bepp 2  host 
became noticeable around 10   V. This is consistent with the long electrophospho-
rescent lifetime exhibited by  23 , which leads to saturated triplet exciton population 
at high voltages so that energy transfer from Bepp 2  excitons becomes blocked. 
Maximum luminance and power effi ciency of 850   cd   m  − 2  (at 360   mA   cm  − 2 ) and 
0.26   lm   W  − 1  (at 14   mA   cm  − 2 ), respectively, were achieved. While the abundance of 
 π  electrons in  23  may be benefi cial for charge mobility, the favorable formation of 
dimeric assemblies in the crystal structure and the presence of pendant phenyl 
substituents can facilitate intermolecular quenching (including self - quenching) 
processes. This may explain the inferior brightness and effi ciency of devices 
derived from dopant  23 . 

 The employment of ancillary ligands containing bulky substituents was demon-
strated to be advantageous for electrophosphorescent OLEDs with regard to sup-
pression of self - quenching activities  [12]  and maintenance of amorphous fi lms 
 [29] . Modifi cation of the diimine moiety from Ph 2 phen in  23  to   t  Bu 2 bpy in  24  
resulted in substantially improved OLED performance. At 0.3% dopant level of  24 , 
(device G, Fig.  7.10 ), long - range F ö rster energy transfer from host excitons 
appeared considerably more effi cient compared to  23  and two EL emission peak 
maxima at   λ   max  = 453 and 540   nm due to Bepp 2  and  24,  respectively were observed, 
and culminated in strong yellow – green EL (CIE 0.33, 0.47). Excellent maximum 
luminance (Fig.  7.11 ) of 9330   cd   cm  − 2  (at 330   mA   cm  − 2 ) and power effi ciency of 
1.44   lmW  − 1  (at 40   mA   cm  − 2 ) were achieved, and this can be ascribed to the molecu-
lar structure of  24 , which may mediate effective charge transport to yield relatively 
balanced charge recombination within the  24  - doped Bepp 2  layer without promot-
ing quenching mechanisms.     



7.5 Tetradentate Pt(II) Complexes 275

 Upon increasing the concentration of  24  to 1% in device H (Fig.  7.10 ), the 
550   nm emission from  24  became noticeably more intense than the Bepp 2  
emission at 450   nm. However, this EL color adjustment (CIE 0.39, 0.54) was 
accompanied by detrimental device performance. For example, the maximum 
luminance dropped to 6200   cd   m  − 2  at 390   mA   cm  − 2  while the optimum effi ciency 
fell to 0.80   lm   W  − 1  at 84   mA   cm  − 2 . In device I, a 2% dopant content of  24  generated 
yellow EL (CIE 0.42, 0.56) with minimal contribution from Bepp 2  emission, but 
the observed optimal luminance (4480   cd   m  − 2  at 280   mA   cm  − 2 ) and power effi ciency 

Fig. 7.10     EL spectra for devices G – I (0.3, 1, and 2   wt% of 
24  respectively) (Reproduced with permission from  [23a] . 
Copyright 2003 Wiley - VCH). 

Fig. 7.11      I – V – L  characteristics for device G: [ITO/NPB/ 24  -
 doped (0.3%) Bepp 2 /LiF/Al] (Reproduced with permission 
from  [23a] . Copyright 2003 Wiley - VCH). 
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(0.51   lm   W  − 2  at 280   mA   cm  − 2 ) were comparatively poor. This may be accredited to 
enhanced aggregation of dopant molecules leading to intermolecular quenching 
(due to continuously stacked layers in crystal lattice of  24 ) or formation of crystal-
line domains. In summary, the overall brightness and performance of devices 
using dopant  24  bearing  tert  - butyl substituents at the diimine moiety is superior 
to those using the phenyl analog  23 .  

  7.5.3
Pt(II) Bis(pyrrole)diimine Complexes 

 Neutral phosphorescent tetradentate bis(pyrrole)diimine Pt(II) complexes (Scheme 
 7.6 ) were reported as a new class of molecular phosphorescent materials with 
potential applications in organic optoelectronics  [30] .   

 Complex  25  shows a yellow emission with a peak maximum at 566   nm and a 
shoulder at 613   nm in CH 3 CN at 298   K. The concentration - dependent emissive 
behavior of  25  in frozen CH 3 CN at 77   K has been investigated. At a concentration 
of 1.0  ×  10  − 6    mol   dm  − 3 , a vibronic yellow emission with peak maxima at 560 and 
611   nm was observed. Upon increasing the complex concentration ( > 10  − 3    mol   dm  − 3 ), 
the higher energy yellow emission (  λ   max  560   nm) was switched to a lower energy 
red emission at 610   nm. A similar red shift in emission energy at   λ   max  610   nm was 
also evident for  25  - doped CBP thin fi lm with a high dopant concentration. This 
was attributed to oligomer formation at high concentrations of the Pt(II) com-
plexes  [3c, 6, 21c, 31] . For  26 , no oligomer emission was observed, possibly because 
the tetramethylethylene moiety disfavors close intermolecular contacts. The pho-
toluminescence of  27  occurred at a low energy with   λ   max  680   nm, presumably due 
to the extended  π  - conjugated ligand system. Complexes  25  and  26  exhibited shorter 
PL lifetimes (4.2 and 3.6    µ s in CH 3 CN at 298   K, respectively), reasonable quantum 
effi ciencies (9.7 and 10.5% upon excitation at 459 and 431   nm in 1  ×  10  − 6    mol   dm  − 3  
CH 3 CN, respectively) and good thermal stability (decomposition temperature = 
288 and 320    ° C, respectively). Complex  27  is less suitable for OLED applications 
since its emission energy is close to the IR region with low quantum effi ciency. 

 The electroluminescence spectra of  25  and  26  in the CBP host are depicted in 
Fig.  7.12 . At a low dopant concentration (0.8   wt%), the  25  - doped OLED gave 
orange – red emission with a peak maximum at 580   nm and a shoulder at 620   nm. 
At a high dopant concentration of 6.0%, red electroluminescence from the oligo-
mer of  25  (  λ   max  620   nm) was detected. The CIE coordinates of (0.62, 0.38) in the 
 25  - doped OLED was comparable to pure red light at (0.65, 0.35). The maximum 

Scheme 7.6       
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external quantum effi ciency (  η   ext ), luminous effi ciency (  η   L ), power effi ciency (  η   P ), 
and brightness for the 6.0%  25  - doped OLED were 6.5%, 9.0   cd   A  − 1 , 4.0   lm   W  − 1 , and 
11   100   cd   m  − 2 , respectively. The EL spectra of the 6.0%  25  - doped OLED exhibited 
negligible change for input voltages from 4   V to 16   V.   

 The  26  - doped OLEDs gave an orange emission with CIE coordinates of (0.51, 
0.47) and did not exhibit red - shifted electroluminescence at high dopant con-
centrations (Fig.  7.12 ). Nevertheless, 5.0%  26  - doped OLEDs displayed good 
performance with maximum   η   ext ,   η   L ,   η   P , and brightness of 4.9%, 13.1   cd   A  − 1 , 
5.9   lm   W  − 1 , and 10   120   cd   m  − 2 , respectively. The EL effi ciencies of  25  -  and  26  - doped 
OLEDs decreased with increasing input current densities due to triplet – triplet 
annihilation, but the diminution in EL effi ciency for the  25  - doped OLED was less 
dramatic.  

  7.5.4
Pt(II) Porphyrin Complexes 

 Applications of platinum(II) porphyrins as electrophosphorescent materials have 
been extensively studied  [10, 32 – 34] . The emission of platinum(II) porphyrins is 

Fig. 7.12     EL spectra of  25  -  (Top) and  26  -
 doped (Bottom) OLEDs with different dopant 
concentrations at applied voltage of 8   V. Inset: 
EL spectra of 6.0% 25  - (Top) and 5.0%  26  -
 doped (Bottom) OLEDs at different applied 

voltages. Confi guration: [ITO/NPB (40   nm)/
CBP:25  or  26  ( x  wt%, 30   nm)/BCP (10   nm)/
Alq3  (30   nm)/LiF (0.5   nm)/Al (150   nm)]. 
(Reproduced with permission from  [30] . 
Copyright 2005 Royal Society of Chemistry). 
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ligand - based  [35] , hence, it becomes feasible to improve and customize the proper-
ties of this class of materials through modifi cation of the porphyrinato ligand. 
Fluorinated porphyrins can exhibit improved stability with regard to oxidative 
deterioration  [36] . We described that [ meso -  tetrakis(pentafl uorophenyl)porphyrina
to] platinum(II) (PtF 20 TPP) exhibits strong red phosphorescence and high stability 
 [37] , and its application as an effi cient phosphorescent dopant in saturated red 
OLEDs has been achieved. 

      

 A narrow Q(0,0) emission peak (full width at half - maximum intensity  ∼ 35   nm) 
at 647   nm with a weak Q(1,0) band at 710   nm is observed for PtF 20 TPP in CH 2 Cl 2  
at room temperature. Various EL devices at different doping concentrations of 
the PtF 20 TPP emitter were fabricated. The device structure was a multilayer stack 
deposited on ITO glass. In these devices, Bepp 2  acted as the host material, while 
NPB and copper phthalocyanine (CuPc) were used as the hole - transporting and 
buffer layers, respectively. Hence, the following EL device structures were pre-
pared: [ITO/CuPc (15   nm)/NPB (60   nm)/Bepp 2 : x % PtF 20 TPP (50   nm)/LiF (1   nm)/
Al (200   nm)] (Devices J – M correspond to 4, 6, 8 and 12% of PtF 20 TPP in Bepp 2 , 
respectively). The red emission at 655   nm dominated the EL spectra and was 
similar to the PL spectrum of PtF 20 TPP. 

 At low voltages ( < 5   V), blue fl uorescence from the host was not observed for 
device J (4% of PtF 20 TPP), implying complete energy transfer from the host exciton 
to PtF 20 TPP. When a high driving voltage was applied, a weak blue emission at 
450   nm from Bepp 2  became apparent and its intensity increased with the driving 
voltage. Clearly, saturation of the emissive PtF 20 TPP sites in the Bepp 2  – PtF 20 TPP 
system had occurred. The weak emission located at 550   nm can be attributed to 
exciplex emission of Bepp 2  or the fl uorescence of PtF 20 TPP, which arises from 
triplet – triplet annihilation (T 1  + T 1   →  S 1  + S 0 ) with extremely fast intersystem 
crossing at high current  [32a] . For devices L and M (8% and 12% of PtF 20 TPP, 
respectively), extremely weak emission from Bepp 2  was observed even at driving 
voltages greater than 8   V, and thus the EL spectra were dominated by red emission 
from the fl uorinated dopant (Fig.  7.13 ).   

 The turn - on voltage for the PtF 20 TPP - doped devices was ca. 3   V. The EL effi -
ciency increased with the dopant concentration up to 8%, but decreased again 
above 8%. High concentrations of metalloporphyrin complexes often undergo 
intermolecular self - quenching processes. Devices J – M exhibited maximum EL 



effi ciencies of 0.17, 0.25, 0.90, and 0.13   lm   W  − 1 , respectively. Device L (8% of 
PtF 20 TPP) showed luminance of 8.1   cd   m  − 2 , an EL effi ciency of 0.015   lm   W  − 1  and 
an operating voltage of 8.5   V at a current of 20   mA   cm  − 2 , while a maximum lumi-
nance of 80   cd   m  − 2  was achieved at 18   V. At 8% PtF 20 TPP concentration, complete 
energy transfer from Bepp 2  to PtF 20 TPP and high EL effi ciency was realized. The 
EL effi ciency of device L was 0.30   lm   W  − 1  at a current density of 1.0   mA   cm  − 2 , but 
the effi ciency dropped to 0.015   lm   W  − 1  at 20   mA   cm  − 2 . Devices J, K, and M also 
showed similar EL effi ciency dependence on current density, which can be ratio-
nalized as above in terms of triplet – triplet annihilation and saturation of emissive 
sites due to high triplet exciton population  [32a, 38] .   

  7.6
Concluding Remarks 

 Materials with high triplet - state photoluminescence effi ciency can be used in the 
emitting layer of organic electroluminescent devices and offer a means to improve 
electroluminescence effi ciency. Examples of platinum(II) chelates employed for 
OLED applications contain: (i) dianionic tetradentate ligands, such as N 2 O 2  2 −   
(H 2 N 2 O 2  = bis(2 ′  - phenol)bipyridines or  - phenanthrolines)  [23a] , Schiff bases  [26, 
39] , and porphyrins  [10, 32 – 34, 37] ; (ii) mono - anionic cyclometalated auxiliaries 
 [40] , for instance [(C ∧ N)Pt(O ∧ O)] (C ∧ N = 2 - phenylpyridyl, 2 - (2 ′  - thienyl)pyridyl 
or 2 - (4,6 - difl uorophenyl)pyridyl; O ∧ O =   b   - diketonato)  [3b, 3c, 6, 9b, 41] , and 
[(C ∧ N ∧ N)Pt(C ≡ C)  n  R] (HC ∧ N ∧ N = 6 - aryl - 2,2 ′  - bipyridine)  [19] ; and (iii) bidentate 
N – N donor ligands, such as in [Pt(iqdz) 2 ] and [Pt(pydz) 2 ] (iqdz = isoquinolinyl 

Fig. 7.13     EL spectra of device L (8% PtF 20 TPP) in Bepp 2  at 
various voltages. (Reproduced with permission from [37] . 
Copyright 2003 Royal Society of Chemistry). 
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indazole, pydz = pyridyl indazole)  [9c, 42] . Molecular design of chromophoric 
ligands facilitates the manipulation of the relative energy between the metal d and 
ligand  π  *  orbitals, which confers diverse color tunability upon these platinum(II) 
dopants. Modifi cations of ligands and their chelating effect can further improve 
the rigidity and stability of the emitters, which enhances their capabilities to 
withstand conditions in device fabrication and operation. Phosphorescent Pt(II) 
materials have been strategically and rationally designed to fulfi l the criteria for 
high - effi ciency and brightness OLED emitters. This promises further signifi cant 
advances for phosphorescent Pt(II) dopants in OLED applications.  
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 High - Effi ciency Phosphorescent Polymer LEDs  
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  Rational design of conjugated polymers has resulted in the preparation of carba-
zole - based conjugated polymers having a high triplet energy, and excellent charge -
 injection and charge - transporting properties. When these conjugated polymers are 
used as host materials for green light - emitting triplet emitters, phosphorescent 
polymer LEDs are obtained that combine ease of manufacture with a high effi -
ciency. Furthermore, the concepts described in this contribution leave room to 
design conjugated polymers that could possibly be used as hosts for blue phos-
phorescent emitters, which would constitute an important step towards the realiza-
tion of high - effi ciency full - color or white phosphorescent pLEDs for the next 
generation display or lighting applications, respectively.     

  9.1
Introduction

 Organic light - emitting diodes (OLEDs) are interesting devices for use in display 
and lighting applications. These devices are either based on small molecules or 
on polymers. Small - molecule organic light - emitting diodes (smOLEDs) are usually 
prepared by the consecutive vacuum evaporation of several organic layers. In the 
resulting multilayer device, each layer takes care of a specifi c function, such as 
charge injection, charge transport, or emission of light. By carefully tuning the 
properties of each of these layers, effi cient devices can be obtained. Polymer light -
 emitting diodes (pLEDs) are prepared from solution, either by spin - coating or 
inkjet - printing. The ease of processing ability is a strong asset of pLEDs, but pro-
cessing from solution does not lend itself easily to the construction of multilayer 
devices. Generally, only a double - layer device structure can be processed using 
solutions based on two orthogonal solvents. In practice, a layer of poly(ethylenedi
oxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) is often inserted between 
the anode and the polymer layer. When one does not want to compromise on the 
ease of processing from solution, for pLEDs, functions such as charge injection 
and/or transport, and the emission of light have to be integrated in one layer. This 
makes it more challenging to prepare high - effi ciency pLEDs, as compared to 
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smOLEDs. This contribution will describe our efforts toward the preparation of 
high - effi ciency green phosphorescent pLEDs.  

  9.2
The Route Toward High - Effi ciency OLEDs 

 Especially for lighting applications, OLEDs should have high effi ciencies to be able 
to compete with existing technologies. Higher effi ciencies will result in energy 
savings and longer operational lifetimes. The effi ciency of an OLED is the product 
of an internal effi ciency, and an optical outcoupling effi ciency. Here, we will only 
consider the internal effi ciency, which involves the ratio of electrons to holes (in 
other words, the charge balance inside the device), the intrinsic quantum effi ciency 
of the emitting species, and the fraction of excited states that can undergo radiative 
relaxation to the ground state. The latter contribution to the internal effi ciency is 
closely connected to the existence of singlet and triplet excited states in organic 
compounds.  

  9.3
Singlet and Triplet Excited States 

 For an organic molecule in its ground state, all electrons are paired in orbitals. In 
the excited state two electrons are orbitally unpaired. Consequently, the ground 
state of an organic molecule is a singlet state, while its excited states may either 
be singlet or triplet states, depending on the relative orientation of the electron 
spin momenta. Singlet and triplet excited states that are derived from the same 
electron orbital confi guration have a difference in energy. The triplet excited state 
represents a lower energy than the singlet excited state as a result of less elec-
tron – electron repulsion. A simplifi ed state energy diagram of an organic molecule 
is shown in Fig.  9.1 .   

 Radiative transitions from excited states back to the ground state are governed 
by selection rules. In a zero order approximation, where electronic and spin 
motions are strictly separated, radiative transitions between singlet and triplet 
states are forbidden (or better, kinetically unfavorable). For such a transition to 
occur, the overall spin of the system has to change, and this cannot be compen-

Fig. 9.1     Simplifi ed state energy diagram of an organic molecule. S 0
denotes the ground singlet state, while S 1  and T 1  denote the fi rst excited 
singlet and triplet states, respectively. The S 0  – S 1  and S 0  – T 1  energy 
differences are denoted by ES  and  ET , and are called the singlet and triplet 
energy of the organic molecule, respectively. 



sated for by the creation of a photon. However, the interaction between an elec-
tron ’ s spin and orbital magnetic moments, which is called spin – orbit coupling, 
essentially mixes singlet and triplet states, which allows transitions between them 
to a certain extent. The strength of this spin – orbit coupling depends on the nuclear 
charge, and the stronger the spin – orbit coupling the transitions between singlet 
and triplet states will be more allowed. In organic molecules, the spin – orbit cou-
pling strength is weak, which means that organic molecules can only emit light 
from excited singlet states. In other words, organic molecules can only show 
fl uorescence and not phosphorescence, and excited triplet states are nonradiatively 
deactivated at ambient temperature. 

 When organic molecules are electrically excited, both singlet and triplet excited 
states are created. Based on straightforward spin statistics, assuming equal forma-
tion cross sections for both types of excited states, the singlet:triplet ratio would 
be 1:3, meaning that 75% of all excited states that are formed upon the recombina-
tion of injected charge carriers is of the triplet variety. Although the exact ratio in 
which the two types of excited states are created has been the subject of intense 
discussion for some years  [1 – 19] ; it is clear that a signifi cant part of the electrically 
excited states of an organic molecule are triplet excited states. As organic mole-
cules cannot show phosphorescence, the creation of triplet excited states poses a 
fundamental limit on the effi ciency of an OLED. Fortunately, this limitation can 
be relieved through the use of compounds that contain heavy atoms. As mentioned 
before, on a heavy atom, spin – orbit coupling is relatively strong which makes a 
transition between triplet and singlet levels more favorable.  

  9.4 
Phosphorescent Emitters 

 A much used approach in this respect is the use of transition metal complexes as 
dyes. Such complexes consist of an array of ligands surrounding a central transi-
tion metal, such as ruthenium, iridium, or platinum. These complexes are also 
known as phosphorescent (or triplet) emitters. The radiative electronic transitions 
in these complexes involve charge transfer reactions between the central transition 
metal and the ligands. By changing the chemical nature of the ligands, the emis-
sion wavelength can be tuned. The use of transition metal complexes as dyes in 
OLEDs was fi rst reported for smOLEDs using the red phosphorescent platinum 
complex PtOEP (see Fig.  9.2 ), clearly demonstrating the usefulness of such phos-
phorescent emitters for improving OLED effi ciencies  [20] . Following this publica-
tion, the green phosphorescent iridium complex Ir(ppy) 3  (see Fig.  9.2 ) was 
introduced as dye in a smOLED  [21] . The relatively short decay time of this 
complex ( µ s timescale) prohibits saturation at high current densities, making it a 
promising candidate for achieving high - effi ciency green OLEDs. Many publica-
tions on the use of iridium - based phosphorescent emitters have appeared over the 
years. The chemistry of these particular complexes has been extensively investi-
gated and by changing the nature of the ligands, iridium - based phosphorescent 
emitters have been developed that cover almost the entire visible part of the 
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electromagnetic spectrum  [22 – 24] . Most of the work was focused on red and green 
phosphorescent emitters, culminating in the demonstration of electroluminescent 
organic devices with very high effi ciencies  [25 – 29] . For example, a green phospho-
rescent smOLED was demonstrated with an effi ciency of about 48   cd/A at a lumi-
nance of 1000   cd/m 2   [28] . This device employs a stack of a hole - transporting layer, 
an emissive layer (doped with the green phosphorescent emitter Ir( ppy ) 2 (acac)), 
see Fig.  9.2 ), and an electron transport layer.   

 More recently, people are focusing on the use of blue phosphorescent emitters 
 [30 – 33] .  

  9.5
Host Materials for Phosphorescent Emitters 

  9.5.1
General Requirements 

 When using dyes to tune the emission color of a device, the host material should 
not act as a quencher of the dye emission via energy transfer from the dye to the 

Fig. 9.2     Chemical structures of (a) 2,3,7,8,12,13,17,18 -
 octaethyl - 21H,23H - porphine platinum(II) (PtOEP), 
(b) tris(2 - phenylpyridine) - iridium(III) (Ir( ppy ) 3 ), 
(c) bis(2 - phenylpyridine) - iridium(III) - acetylacetonate 
(Ir(ppy ) 2 (acac)), (d) tris[2 - (2 - pyridinyl - kN)(4 - (3,4 - bis(2 -
 methylpropyloxy)phenyl) - phenyl) - kC] - iridium(III) (Ir - SC4). 
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host. When the dye is a phosphorescent emitter, its emission could be quenched 
by energy transfer to the triplet excited state of the host  [34, 35] . To prevent this, 
it is required that the triplet energy of the host is higher than that of the dye (see 
Fig.  9.3 ).   

 This requirement poses some restrictions on materials that are to be used as 
hosts for phosphorescent emitters. The minimum triplet energy that a host should 
have for use in combination with a red, green, or blue phosphorescent emitter is 
summarized in Table  9.1 . The triplet energy of an organic compound is correlated 
to its HOMO – LUMO energy difference. In a fi rst approximation, the HOMO –
 LUMO energy difference is equal to the sum of the triplet energy, the singlet –
 triplet energy difference (also known as the exchange energy), and the exciton 
binding energy. The stronger the localization of the excited state is, the larger is 
both the exchange energy and the exciton binding energy will be. For small mole-
cules as well as polymers, electron – electron correlation is strong and the exchange 
energy is relatively large. For polymers, the exchange energy is almost constant 
and close to 0.7   eV, while for small molecules it depends on molecular size, and 
varies over a wide range of values  [36 – 42] . The exciton binding energy can be as 

Fig. 9.3     Simplifi ed state energy diagram for a combination of 
a host and a phosphorescent emitter, showing the desired 
situation in which the host has a higher triplet energy than 
the guest. The dashed horizontal arrows indicate that in this 
situation energy transfer can only occur from the host to the 
phosphorescent emitter, and not vice versa. 

Table 9.1     The minimum HOMO – LUMO energy difference, 
singlet energy ( ES ), and triplet energy ( ET ) that a conjugated 
polymer should have for use as host in combination with a 
red, green, or blue phosphorescent emitter. 

 Color  HOMO – LUMO (eV) ES  (eV)   ET  (eV) 

 Red  2.8  2.7  2.0 
 Green  3.4  3.2  2.5 
 Blue  3.7  3.4  2.7 
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small as 0.1   eV, or as large as 1   eV, depending on the spatial extension of the 
exciton. For conjugated polymers, the exciton binding energy is usually reported 
to be about 0.1   eV to 0.3   eV  [43 – 46] . Based on the above - mentioned considerations, 
the minimum HOMO – LUMO energy difference of a conjugated polymer required 
for use as a host for a red, green, or blue phosphorescent emitter can be estimated 
(see Table  9.1 ).   

 Well - known conjugated polymers such as poly( p  - phenylene vinylene) (PPV) 
 [47, 48]  and polyfl uorene (PF)  [49 – 54]  have triplet energies of 1.6   eV and 2.4   eV, 
respectively. Consequently, their application as host in phosphorescent pLEDs is 
limited to red (or yellow) phosphorescent emitters. In this contribution, we will 
focus on polymer hosts for green phosphorescent emitters. The relatively large 
HOMO – LUMO energy differences required for polymers to be able to host green 
phosphorescent emitters have important consequences. Such polymers will gener-
ally have relatively low charge carrier mobilities and low stability. Furthermore, 
relatively large injection barriers might be present in a device, due to mismatch 
between the HOMO and LUMO levels of the polymer, and the Fermi levels of the 
injecting contacts. For smOLEDs, the latter issue can be alleviated through the use 
of additional layers. The possibility of building multilayer device structures means 
that a staircase can be constructed to effi ciently inject charge carriers from the 
contacts into the emissive layer. As mentioned in the introduction, multilayer 
device structures are very diffi cult to process from solution. To ensure proper 
injection of holes in pLEDs, the ionization potential of the polymer should be 
smaller than the work function of the anode. Furthermore, to ensure proper injec-
tion of electrons, the electron affi nity of the polymer should be larger than the 
work function of the cathode. It is clear that for standard pLEDs, using a PEDOT:
PSS hole injection layer with a work function of 5.0   eV, and a barium cathode with 
a work function of 2.0   eV, it is a challenge to fi nd a polymer that has the right 
characteristics for hosting green phosphorescent emitters, and at the same time 
minimize charge injection barriers.  

  9.5.2
Carbazole - Based Host Materials 

 Most organic compounds with high triplet energies used in the literature as host 
for phosphorescent emitters are based on carbazole (see Fig.  9.4 ). The carbazole 
molecule has a triplet energy of 3.0   eV  [55] , and carbazole derivatives can maintain 
this triplet energy when the conjugation between their constituting units is mini-
mized. Some examples of such compounds are shown in Table  9.2 .     

 CBP and TCTA are well - known hosts for green phosphorescent emitters  [21, 25, 
27, 29, 56, 57] , while CDBP and mCP have been used as host for blue phospho-
rescent emitters  [31, 58, 59] . 

 As the materials are to be used as layers in a device, just minimizing the conju-
gation between the constituting units is not suffi cient to maintain a high triplet 
energy. In the solid state, the materials should form an amorphous glass to prevent 
a loss of triplet energy as a result of intermolecular electronic interactions. This 
effect is clearly illustrated when phosphorescence spectra of materials in (frozen) 
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Fig. 9.4     Chemical structure of carbazole. The substitution positions are 
indicated by numbers. 

Table 9.2     Triplet energies of several carbazole derivatives, 
derived from the highest energy peak of the phosphorescence 
spectrum measured at cryogenic temperatures on solid fi lms 
of the materials. 

 Name  Chemical structure ET  (eV) 

 CBP 

  

N N

    

 2.6 

 TCTA 

  

N

N

N

N

    

 2.7 

 CDBP 

  

N N

CH3

H3C
    

 2.8 

 mCP 

  

N N

    

 2.9 

diluted solution are compared to those of solid fi lms. For CBP, the triplet energy 
of the material in diluted solution is 2.67   eV  [60] , while a solid fi lm of CBP has a 
triplet energy of 2.56   eV  [30, 59] . Similar comparisons for CDBP and mCP give 
energy differences of 0.2   eV  [58, 59] , and 0.1   eV  [31, 60] , respectively. 

 When phosphorescent emitters are used in pLEDs, the polymer of choice has 
been poly(9 - vinylcarbazole) (PVK)  [35, 61 – 71] . PVK has a large HOMO – LUMO 
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energy difference of 3.5   eV, and its emission spectrum is dominated by excimer 
emission bands, both in fl uorescence and in phosphorescence. The excimers 
involve the interaction of electronically excited carbazole groups with nonexcited 
carbazole groups in a sandwich - like arrangement  [72 – 74] . Nevertheless, in the 
solid state PVK still has a relatively high triplet energy of 2.5   eV, which is suffi cient 
to host green phosphorescent emitters. When PVK is used as host for the green 
phosphorescent emitter Ir( ppy ) 3  in a double - layer device structure, with 
PEDOT:PSS as hole injection layer, a device with an external quantum effi ciency 
of about 10%, corresponding to a current effi ciency of 36   cd/A, can be obtained 
 [65] . However, the power effi ciency of such devices is well below 10   lm/W, because 
it requires a high voltage of about 15   V to operate them. This is typical for devices 
based on PVK, and it is mainly due to a high barrier for the injection of holes at 
the interface between PEDOT:PSS and PVK, that exists because PVK has a high 
ionization potential of about 5.7   eV  [35, 75] . Carbazole has an electron - rich conju-
gated system, due to the strong mesomeric effect of the nitrogen atom, and as a 
result, carbazole - based compounds are  p  - type conductors. Therefore, in pure PVK 
the conduction is due to holes only  [76] . However, even when electron - transporting 
layers are inserted between the PVK layer and the cathode (by thermal evaporation) 
 [61, 64, 68] , or when electron - transporting compounds are mixed into the PVK 
layer  [62, 66, 67, 71] , still very low power effi ciencies are obtained.  

  9.5.3
Tuning the Properties of Carbazole Derivatives 

 Nevertheless, carbazole is a promising building block for polymers that are to host 
green phosphorescent emitters. Investigation of the effects of different substitu-
tion patterns on the properties of carbazole derivatives reveals a method for incor-
porating the carbazole building block into a polymer backbone in such a way that 
polymers are obtained that combine a high triplet energy with a suitable ionization 
potential  [77, 78] . 

 It is well established that carbazole shows irreversible oxidation behavior because 
of the occurrence of N – N and C – C coupling reactions  [79, 80] . For the carbazole 
radical cation, the 3, 6, and 9 positions are the reactive sites, as the 1 and 8 posi-
tions are subject to sterical hindrance. From the point of view of stability, carbazole 
should therefore be substituted at these positions to ensure electrochemical revers-
ibility. This is confi rmed by performing cyclic voltammetry measurements on 
compounds 1 to 3 as shown in Fig.  9.5 . While compound 1 shows irreversible 
oxidation behavior, compounds 1 and 3 exhibit reversible oxidation waves  [77] . In 
this respect, it is interesting to note that compound 4 also shows reversible oxida-
tion behavior. Apparently for such carbazole derivatives, it is not necessary to 
substitute the 6 positions of the constituting carbazole molecules, as stability is 
already ensured by coupling them via their 3 positions.   

 Next to stability, the substitution pattern also infl uences the ionization poten-
tial of carbazole derivatives. Generally, attaching electron withdrawing substitu-
ents to conjugated molecules decreases the electron density in the  π  - system. 
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Fig. 9.5     Chemical structures of several carbazole derivatives. 
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Consequently, the molecule is stabilized and the ionization potential is increased. 
For the carbazole molecule, it turns out that attaching electron withdrawing sub-
stituents to the 3 and 6 positions has a stronger stabilizing effect than attaching 
them to the 2 and 7 positions. This is because the electronic density at the 2 and 
7 positions is less than at the 3 and 6 positions  [79] . This is illustrated by using 
bromine as electron withdrawing substituent (see compounds 1 to 3 in Fig.  9.5  
and Table  9.3 ).   

 A second substitution effect is related to the 9 position of carbazole. When alkyl 
substituents at the 9 position are replaced by aryl substituents, the ionization 
potential increases (compare compounds 4 and 5). Apparently compared to aryl 
substituents, alkyl substituents at the 9 position increase the electron density on 
the carbazole ring system, making the compound easier to oxidize. 

 The effects on the ionization potential that these two substitution patterns have 
(substitution at the 3 and 6 positions, and substitution at the 9 position) are addi-
tive, as is clearly illustrated by comparing compounds 4, 5, and 6. The ionization 
potential of compound 4 can be increased by replacing the alkyl substituents at the 
9 positions by aryl substituents. Next, the ionization potential can be increased 
further by attaching electron withdrawing substituents at the 6 positions of each 
of the two carbazole units. The above clearly shows that a method exists to tune 
the stability and the ionization potential of carbazole derivatives, which enables the 
design of carbazole - based polymers with suitable HOMO levels. To be able to 
design carbazole - based polymers that will be able to effi ciently host green or blue 
phosphorescent emitters, the method should be extended with a protocol for 
maintaining high triplet energies. Such a protocol can also be found by studying 

Table 9.3     Ionization potentials (IP) and triplet energies ( ET ) of 
the carbazole derivatives shown in Fig.  9.5  (the ionization 
potentials are derived from cyclic voltammetry measurements 
and the triplet energies are measured on frozen diluted 
solutions at cryogenic temperatures  [77] ). 

 Compound  IP (eV) ET  (eV) 

 (1)  5.9  3.02 
 (2)  6.1  2.88 
 (3)  6.2  2.93 
 (4)  5.6  2.75 
 (5)  5.7  2.75 
 (6)  5.8  2.76 
 (7)  5.6  2.74 
 (8)  5.6  2.73 
 (9)  5.8  2.38 
 (10)  5.9  2.73 
 (11)  5.9  2.44 
 (12)  5.9  2.70 
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different substitution patterns. First, coupling two carbazole molecules via their 3 
positions results in a decrease of the triplet energy from 3.02   eV to 2.75   eV. Cou-
pling a third carbazole molecule in a similar way does not result in a further 
decrease of the triplet energy (compare compounds 1, 4, and 8 in Table  9.3 ). 
Second, compounds 9 and 10 both consist of two carbazole molecules connected 
via their 3 positions to a central fl uorene derivative. However, for compound 9 the 
carbazoles are connected to the 2 and 7 positions of the fl uorene derivative, while 
for compound 10 they are connected to the 3 and 6 positions. The effect on the 
triplet energy of the compounds is clear, as compound 9 has a triplet energy that 
is 0.35   eV lower than that of compound 10. The trend in triplet energy revealed by 
these substitution patterns is similar to that observed for polyphenyls (see Table 
 9.4 )  [55, 81, 82] .   

 For  para  - coupled polyphenyls, the triplet excited state is delocalized along the 
longest molecular axis, while for  meta  - coupled polyphenyls, it is localized at every 
composing biphenyl structure  [81, 82] . Carbazole has a higher triplet energy than 
biphenyl (3.02   eV versus 2.85   eV), but compound 4 has a triplet energy close to 
that of biphenyl. This means that the triplet excited state of compound 4 is pre-
dominantly localized on the biphenyl structure that is shared between the two 
carbazoles. This explains why the triplet energy decreases upon going from com-
pound 1 to compound 4, but remains constant while going to compound 8. Fur-
thermore, the relatively low triplet energy of compound 9 can be understood, as 
in this compound a chain of 4  para  - coupled phenyl rings can be identifi ed. 

Table 9.4     Chemical structures and triplet energies ( ET ) of 
benzene, and several polyphenyl molecules.   

 Chemical structure ET  (eV)  Chemical structure ET  (eV) 

      

 3.65 

      

 2.82 

      

 2.85 

      

 2.80 

      

 2.55 

      

 2.67 
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 When carbazole derivatives are to be used as host materials in electrolumines-
cent devices, the presence of electron - transporting compounds is required to 
improve the charge balance, as carbazole derivatives are predominantly hole - 
transporting compounds. For this purpose, oxadiazole derivatives are often used 
 [75, 83 – 86] . These compounds can be applied in the form of separate layers  [61, 
64, 68] , or they can be mixed with the carbazole derivative  [62, 66, 67, 71] . In the 
case of a pLED, it is desirable to have the electron - transporting compound copo-
lymerized into the polymer chain. When such a copolymer is to be used as host 
for a phosphorescent emitter, the incorporation of the electron - transporting com-
pound should not result in a decrease of the triplet energy. When comparing 
compounds 4, 11, and 12 in Fig.  9.5  and Table  9.3 , the infl uence of two different 
ways of incorporating an electron - transporting compound into a carbazole deriva-
tive on the triplet energy of the resulting mixed compound can be seen. In this 
particular example, 2,5 - diphenyl - 1,3,4 - oxadiazole is used as electron - transporting 
compound. For compound 12, the triplet energy remains at the value of that of 
compound 4, while for compound 11 the triplet energy has decreased considerably. 
This is due to an increase in the delocalization of the triplet excited state for com-
pound 12 as compared to compound 4. 

 So, it is shown that a method exists to design carbazole derivatives with high 
triplet energies and suitable ionization potentials. Furthermore, it is shown that 
it is possible to incorporate other compounds (such as electron - transporting com-
pounds) into these carbazole derivatives without infl uencing the triplet energy.  

  9.5.4
Carbazole - Based Polymers for High - Effi ciency Phosphorescent pLEDs 

 Using the knowledge described in the previous paragraphs, carbazole - based poly-
mers can be designed that are to be used as hosts for green phosphorescent emit-
ters. To illustrate this, several carbazole - based polymers are shown in Fig.  9.6 .   

 Polymers 14 and 15 are based on the homopolymer 13, but with the additional 
incorporation of 2,5 - diphenyl - 1,3,4 - oxadiazole that is to fulfi ll the role of electron -
 transporting unit. The ionization potentials and triplet energies of these three 
carbazole - based polymers are shown in Table  9.5 .   

 In the solid state, carbazole homopolymer 13 has a similar triplet energy 
as PVK. However, the ionization potential of polymer 13 is much lower than 
that of PVK, which ensures a lower barrier for injection of holes from an 
ITO/PEDOT:PSS anode. The effect of this becomes immediately clear when 
comparing the current – voltage characteristics devices based on either polymer 13 
or PVK (see Fig.  9.7 ).   

 A device based on polymer 13 has a much higher current density at a certain 
applied voltage than a device based on PVK. Next, the polymers 13 to 15 have been 
used in pLEDs as hosts for the green phosphorescent emitter Ir - SC4 (see Fig.  9.2 ). 
For devices based on the homopolymer 13, effi ciencies are shown in Fig.  9.8 .   

 From Fig.  9.8 , it is clear that when using polymer 13 as host for a green phos-
phorescent emitter, a poor effi ciency is obtained. This is due to the fact that the 
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Fig. 9.6     Chemical structures of a carbazole homopolymer 
(13), and two carbazole - oxadiazole copolymers (14 and 15). 

Table 9.5     Ionization potentials (IP) and triplet energies ( ET ) of 
the carbazole - based polymers shown in Fig.  9.6  (the 
ionization potentials are derived from UPS measurements, 
and the triplet energies are measured on thin fi lms of the 
polymers at cryogenic temperatures  [78] ). 

 Compound  IP (eV) ET  (eV) 

 (13)  5.1  2.6 
 (14)  5.2  2.3 
 (15)  5.3  2.6 

charge carrier distribution inside the emissive layer is out of balance, and the 
recombination zone is close to the Ba/Al cathode. Of course, this is the result of 
the fact that carbazole derivatives are predominantly hole - transporting materials. 
This becomes immediately clear upon inserting a hole - blocking electron - transport-
ing layer between the polymer layer and the cathode, which results in a strong 
increase of the effi ciency (see curve b in Fig.  9.8 , where a 30 - nm layer of 1,3,5 - tris -
 (phenyl - 2 - benzimidazole) - benzene (TPBI) is used for this purpose  [87 – 91] ). To 
improve the charge balance, polymers 14 and 15 have been prepared, in which 
2,5 - diphenyl - 1,3,4 - oxadiazole has been copolymerized into the polymer chain as 
electron transporter. For devices based on these two copolymers, effi ciencies are 
shown in Fig.  9.9 .   

 From Fig.  9.9 , it is clear that green phosphorescent devices based on polymer 
14 have a low effi ciency. This is mostly due to the low triplet energy of the polymer 
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Fig. 9.7     Current density as a function of applied voltage for 
devices containing a 80   nm layer of PVK (a) or polymer 13 
(b) sandwiched between ITO (135   nm)/PEDOT:PSS (100   nm) 
and Ba (5   nm)/Al (100   nm) electrodes. The hysteresis behavior 
of the PVK device (curve (a)) is probably due to transient 
charging effects. 

Fig. 9.8     Effi cacy as a function of current density for a device 
containing a 80   nm layer of polymer 13 doped with Ir - SC4 
sandwiched between ITO (135   nm)/PEDOT:PSS (100   nm) and 
Ba (5   nm)/Al (100   nm) electrodes (a). Curve (b) represents a 
similar device, but with an additional 30   nm layer of TPBI 
inserted between the polymer layer and the Ba/Al electrode. 



as a result of the particular means of copolymerizing the oxadiazole electron 
transporter into the polymer chain. However, polymer 15 is a good host for green 
phosphorescent emitters, and an effi ciency of 23   cd/A is obtained up to luminance 
levels of more than 10   000   cd/m 2 . The high effi ciency is already achieved at applied 
voltages below 5   V, which results in a maximum power effi ciency of about 15   lm/W 
for this device.   

  9.6
Outlook

 There is no reason to presume that the effi ciency values reported in the previous 
section are the highest attainable ones for green phosphorescent pLEDs. Firstly, 
one could try to improve the charge balance even further, for instance, by modify-
ing the oxadiazole comonomer, or by using electron - transporting comonomers of 
a different kind. Secondly, measures can be taken to improve the optical outcou-
pling of the pLEDs. This implies that green phosphorescent pLEDs should be able 
to compete with green phosphorescent smOLEDs as far as effi ciencies are con-
cerned. Recalling the large difference in complexity of these two different types of 
OLEDs, this is an important message indeed. Furthermore, the concepts described 
here leave room to design polymers that could possibly be used as hosts for blue 
phosphorescent emitters, which would constitute an important step towards the 
realization of high - effi ciency full - color or white phosphorescent pLEDs for next -
 generation display or lighting applications, respectively.  

Fig. 9.9     Effi cacy as a function of current density for devices 
containing an 80   nm layer of polymer 14 (a) or polymer 15 
(b), both doped with Ir - SC4, sandwiched between ITO 
(135   nm)/PEDOT:PSS (100   nm) and Ba (5   nm)/Al (100   nm) 
electrodes.
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 Energy - Transfer Processes between Phosphorescent Guest and 
Fluorescent Host Molecules in Phosphorescent OLEDs  
  Isao   Tanaka   and   Shizuo   Tokito   

  We studied the energy - transfer processes between phosphorescent guests and 
fl uorescent hosts in phosphorescent organic light - emitting devices by using 
absorption and photoluminescence spectroscopy. The phosphorescence spectra 
were measured for various fl uorescent host molecules in addition to the phospho-
rescent guest molecules, and their triplet excited states were characterized. We 
especially concentrated on the triplet energy transfer in the systems such as 4,4 ′  -
  N , N  ′  - dicarbazole - biphenyl (CBP) doped with bis[(4,6 - difl uorophenyl) - pyridinato -
 N,C 2  ′ ](picolinate) iridium (FIrpic), tris(8 - hydroxyquinoline) aluminum (Alq 3 ) 
doped with  fac  tris(2 - phenylpyridine) iridium [Ir(ppy) 3 ], and bis(2 - methyl - 8 - quino-
linato) - 4 - phenylphenolate aluminum (BAlq) doped with Ir(ppy) 3 , where the triplet 
energy of the phosphorescent guest molecule is higher than the triplet energy of 
the fl uorescent host molecule. Energy transfer plays an important role in the con-
fi nement of triplet energy on the phosphorescent guest, which determines emis-
sion effi ciency in phosphorescent organic light - emitting devices. It is revealed that 
the photoluminescence behavior depends on the difference of the triplet energies 
between guest and host molecules.     

  8.1
Introduction

 Organic materials have found an important application in organic light - emitting 
devices (OLEDs). Since the initial report of effi cient electroluminescence (EL) from 
OLEDs by Tang and VanSlyke in 1987  [1] , the OLEDs have been extensively inves-
tigated for fl at panel or fl exible display applications because of advantages that 
include their thin, lightweight structure, high luminance, low drive voltage, and 
variety of emission colors. Until now, efforts have mainly focused on improving 
the emission effi ciency of the OLEDs, either by developing more effi cient materi-
als or improving device structure. 

 The OLEDs typically consist of thin fi lms of molecular  [1, 2]  or polymeric  [3]  
amorphous organic materials. When electrons and holes recombine within the 
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emitting layer in an OLED, a localized excited state with a binding energy of  ∼ 1   eV 
is formed. This excited state, called an  “ exciton, ”  is associated with spin. Exciton 
spin plays an important role because it determines whether excitons can effi ciently 
emit photons. In most molecules, the ground state is a singlet state. Since the 
emission of photons conserves the symmetry of the spin wavefunction, only 
singlet excited states decay effi ciently to ground states, and thus emit photons. 
This radiative decay of spin - antisymmetric singlet excited states with total spin 
 S    =   0 is termed  “ fl uorescence, ”  and occurs rapidly (at a rate of  k   ∼  10 9    s  −  1 ). In con-
trast, the radiative decay of spin - symmetric triplet excited states with  S    =   1 is 
termed  “ phosphorescence, ”  and is much slower (e.g.,  k     <    10 6  s  − 1 ). In general, radia-
tion from triplet excited states is very ineffi cient. However, radiative decay from 
triplet excited states is partially allowed if the singlet and triplet excited states are 
mixed. Singlet – triplet mixing and effi cient phosphorescence can be achieved in 
molecules with strong spin – orbit coupling due to the presence of heavy metal 
atoms such as platinum ( 78 Pt)  [4]  or iridium ( 77 Ir)  [5] . Since the reports by Baldo 
et al.  [4, 5] , the use of phosphorescent emitters of heavy - metal complexes such 
as 2,3,7,8,12,13,17,18 - octaethyl - 21H,23H - porphyrine platinum (PtOEP) [4]  or  fac  
tris(2 - phenypyridine) iridium [Ir(ppy) 3 ]  [5, 6]  in OLEDs, called phosphorescent 
OLEDs, have been attracting a lot of attention because it enables dramatic improve-
ments in device performance  [7, 8] . 

 Phosphorescent materials are usually doped as guests into host materials having 
high - energy triplet states at a relatively low concentration of a few percent. From 
the viewpoint of the confi nement of triplet energy on the phosphorescent guest, 
which determines the triplet state emission effi ciency, we need to consider the 
processes of energy transfer between guest and host molecules. In addition, the 
diffusion of triplet excitons into hole - transporting and electron - transporting layers 
must also be considered because triplet excitons generated by charge - carrier 
recombination are usually formed near these interfaces. In this article, we concen-
trate on energy - transfer processes between phosphorescent guest and fl uorescent 
host molecules, and present the results of spectroscopic studies on the mecha-
nisms of light emission in guest  –  host systems of phosphorescent OLEDs.  

  8.2
Electronic Structure and Energy Transfer in Guest – Host Systems 

 At fi rst, electronic structure and energy transfer in guest – host systems in phos-
phorescent OLEDs are described. Figure  8.1  shows the energy - level scheme of 
singlet excited states (S 1 ), triplet excited states (T 1 ), and singlet ground states (S 0 ) 
and the energy - transfer and light - emission processes in guest – host systems of 
the emitting layer in phosphorescent OLEDs. In phosphorescent OLEDs, energy 
transfers from host donors to guest acceptors by F ö rster and/or Dexter mecha-
nisms  [9, 10]  are utilized to tune color and improve emission effi ciency. F ö rster 
energy transfer is a long range (up to  ∼ 10   nm), nonradiative, dipole – dipole cou-
pling of donor and acceptor molecules  [9 – 11] . Dexter energy transfer is a short 



range (typically  ∼ 1   nm) process where excitons diffuse from donor to acceptor sites 
via intermolecular electron exchange  [9, 10, 12] . In general, the recombination of 
electrons and holes generates triplet and singlet excited states at a ratio of 3:1 in 
terms of standard quantum mechanics  [9, 10, 13, 14] . Thus, the nature of emission 
from pure singlet excitons in fl uorescent organic materials limits the internal 
quantum effi ciency (number of photons per electron) to 25%. As shown in Fig. 
 8.1 , in the presence of singlet – singlet (S 1  to S 1 ) F ö rster and triplet – triplet (T 1  to 
T 1 ) Dexter transfers and rapid intersystem crossing (ISC) from the S 1  to the T 1 , 
the theoretical effi ciency is four times that of emission from the S 1 . This results 
in 100% internal quantum effi ciency. It was recently demonstrated that an OLED 
and a solid thin fi lm based on Ir(ppy) 3  showed  ∼ 100% EL internal quantum effi -
ciency  [15]  and  ∼ 100% photoluminescence (PL) quantum yield  [16] , respectively.   

 The triplet energy - transfer processes between guest and host molecules are 
shown in Fig.  8.2 . In this fi gure,  k  G  and  k  H  are the radiative decay rates of T 1  of 
guest and host molecules, respectively, and the broken arrows indicate nonradia-
tive transitions;  k  FW  and  k  BW  are the forward and backward triplet energy - transfer 
rates from the host to the guest, respectively. These transfer rates of  k  FW  and  k  BW  
are determined by Gibb ’ s free energy change ( ∆  G ) and the wavefunction overlap 
of the molecules; also signifi cant are  k  G  and  k  H   [17, 18] .  ∆  G  corresponds to the 
difference in triplet energy between guest and host molecules. Host - to - guest triplet 
energy transfer is exothermic when  ∆  G     <    0, as shown in Fig.  8.2(a) , and endo-
thermic when  ∆  G     >    0, as shown in Fig.  8.2(b) . In an exothermic system, such as 
4,4 ′  -  N , N  ′  - dicarbazole - biphenyl (CBP) doped with Ir(ppy) 3  [CBP:Ir(ppy) 3 ] with 
 ∆  G    =    − 0.13   eV, the triplet energy is strongly confi ned on the phosphorescent guest 
Ir(ppy) 3 . The triplet state density and associated quenching losses in the CBP host 
are small, which leads to high emission effi ciency  [5, 6] . Thus, in OLEDs, a 
guest – host system with exothermic host - to - guest triplet energy transfer is used for 
the emitting layer. Conversely, an endothermic system, such as CBP doped with 

Fig. 8.1     Energy level scheme of singlet excited states (S 1 ), 
triplet excited states (T 1 ), and singlet ground states (S 0 ), and 
energy - transfer and light - emission processes in guest – host 
systems of emitting layer in phosphorescent OLEDs. 
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bis[(4,6 - difl uorophenyl) - pyridinato - N,C 2  ′ ](picolinate) iridium (FIrpic) (CBP:FIrpic) 
with  ∆  G    =   +0.09   eV, decreases the emission effi ciency in OLEDs because of ineffi -
cient confi nement of the triplet energy on the FIrpic molecule  [19, 20] . This results 
in the triplet energy transfer between the guest and host molecules, which is dis-
cussed later. The triplet energy transfer, which is the subject of this study, enables 
us to obtain information on the triplet excited states in various host molecules.    

  8.3
Luminescence Properties of Phosphorescent and Fluorescent Materials 

 Chemical structures of blue - , green - , and red - emitting phosphorescent materials 
of Ir complexes are shown in Fig.  8.3(a) . The EL spectra of OLEDs using these 
materials at room temperature are shown in Fig.  8.3(b) , which is taken from  [21, 
22] . In these Ir complexes, mixing of singlet and triplet states leads to nearly 100% 
effi ciency of ISC, and allows a strong radiative transition from triplet excited states 
to singlet ground states. Therefore, very strong phosphorescence with a relatively 
short radiative lifetime, of the order of microseconds, is observed without fl uores-
cence even at room temperature. OLEDs that use FIrpic and Ir(ppy) 3  as phospho-
rescent emitters exhibit blue and green emissions, respectively. These emissions 
are assigned to the transition from the triplet metal - to - ligand charge transfer 
( 3 MLCT) states of FIrpic [23]  and Ir(ppy) 3   [24 – 26] . An OLED using bis[2 - (2 ′  -
 benzothienyl)pyridinato - N,C 3  ′ ](acetylacetonate) iridium [Btp 2 Ir(acac)] exhibits a 
vibronic - structured red emission, which is due to the transition from the  3  π  –  π  *  
ligand states  [27, 28] . The triplet energies of FIrpic, Ir(ppy) 3 , and Btp 2 Ir(acac) are 
estimated from the highest energy peaks of the phosphorescence spectra to be 
2.64, 2.42, and 2.00   eV, respectively.   

Fig. 8.2     Triplet dynamics in systems with 
(a) exothermic and (b) endothermic energy 
transfer from host to guest. Rates of forward 
and backward triplet energy transfer from host 
to guest, kFW  and  kBW , are determined by 

Gibb ’ s free energy change ( ∆G ) and molecular 
overlap; also signifi cant are the rates of decay 
from the guest and host triplet excited states, 
labeled kG  and  kH , respectively. Broken lines 
indicate nonradiative transitions. 



Fig. 8.3     (a) Chemical structures of typical blue - , green - , and 
red - emitting phosphorescent materials of Ir complexes [FIrpic, 
Ir(ppy)3 , and Btp 2 Ir(acac)]. (b) Electroluminescence spectra of 
OLEDs using these materials at room temperature. 
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 In general, it is diffi cult to observe phosphorescence from fl uorescent materials, 
which are usually used as the host, because the rates of triplet radiative decay are 
much slower than the rates of the competing nonradiative processes. Therefore, 
we have to perform PL measurements at extremely low temperatures where the 
nonradiative processes are negligible  [17] . Since it is well known that phosphores-
cence is affected by oxygen, a thin fi lm (50   nm thick) deposited using high - vacuum 
thermal evaporation was encapsulated with a glass cap in a nitrogen atmosphere 
using UV - epoxy adhesive. Figure  8.4  shows the PL spectra of a neat CBP thin fi lm 
held in a contact - type cryostat at 8   K. Photoexcitation was carried out using a diode -
 pumped passively Q - switched neodymium - doped yttrium aluminum garnet laser 
with a wavelength of 355   nm. The typical power density on the surface of the 
sample was  ∼ 1   W/cm 2 . In conventional cw - PL measurement, strong violet fl uores-
cence with a short lifetime, of the order of nanoseconds, is mainly observed at 
376   nm. In addition, a weak structured - PL band appears at around 490   nm. This 
weak PL band shows a very long lifetime of about 1 s, which indicates phospho-
rescence from the CBP. To clearly detect the phosphorescence spectra, the 
phosphorescence emission was recorded by measuring the time - resolved PL 
spectra with a delay of 300   ms after applying pulsed excitation for 100   ms using 
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an electric shutter. The triplet energy of CBP was estimated from the highest 
energy peak of the time - resolved PL spectra to be 2.55   eV.   

 The chemical structure and phosphorescence spectra at 8   K of various organic 
materials used as hosts or carrier - transporting layers are shown in Figs.  8.5 and 
8.6 , respectively. These were measured using the same method as described above. 
The triplet energy ( E  T ) was estimated from the highest energy peak of the phos-
phorescence spectra corresponding to the 0 – 0 transition. These materials exhibit 
strong fl uorescence. However, phosphorescence emission can be detected by 
using time - resolved PL spectroscopy at low temperatures. In some materials, for 
example, aluminum complexes of tris(8 - hydroxyquinoline) aluminum (Alq 3 ) and 
bis(2 - methyl - 8 - quinolinato) - 4 - phenylphenolate aluminum (BAlq), the phosphores-
cence quantum yield is extremely low because of the ineffi cient ISC due to the 
weak – heavy atom effect of a light metal such as aluminum  [29] . However, by 
doping phosphorescent material into these aluminum complexes and utilizing 
triplet energy transfer, we succeeded in observing phosphorescence from alumi-
num complexes  [30 – 32] , as discussed later.      

  8.4
Energy Transfer of Blue Phosphorescent Molecules in Guest – Host Systems 

 As the triplet energy of phosphorescent molecules increases, it becomes more 
important to fi nd appropriate host molecules with suitably high - energy triplet 
states. Blue emission of OLEDs is necessary for their application to full - color 

Fig. 8.4     Photoluminescence spectra at 8   K of a neat CBP thin 
fi lm held in contact - type cryostat. For time - resolved 
photoluminescence measurements, delayed 
photoluminescence corresponding to phosphorescence was 
recorded at delay time of 300   ms after pulsed excitation for 
100   ms using an electric shutter. 



Fig. 8.5     Chemical structures of various organic materials used 
for hosts or carrier - transporting layers. 
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fl at - panel displays. This requires both highly effi cient blue - light - emitting phospho-
rescent materials and appropriate host materials. In this section, we concentrate 
on the energy transfer between blue phosphorescent molecules and host mole-
cules, especially, the energy - dissipative processes and light - emission mechanism 
of FIrpic doped into two host molecules, CBP and 4,4 ′  - bis(9 - carbazolyl) - 2,2 ′  -
 dimethyl - biphenyl (CDBP), which have different triplet energies. 

 The PL spectra at 8, 80, 150, and 295   K of a 3 - wt% FIrpic - doped CBP [CBP:FIrpic 
(3 wt%)] thin fi lm are shown in Fig.  8.7   [33] . At 8   K, the PL intensity is weakest, 
and the spectral line shape is broad and complicated. As shown earlier in Figs.  8.3 
and 8.4 , the triplet energies were estimated to be 2.64   eV and 2.55   eV for FIrpic 
and CBP, respectively. Exothermic energy transfer from FIrpic to CBP would be 
expected to occur because the triplet energy of FIrpic guest is 90 meV higher than 
that of CBP host ( ∆  G    =   +0.09   eV). Both phosphorescent emissions of FIrpic, with 
a peak of 470   nm, and CBP, with a peak of 486   nm, were observed at extremely 
low temperatures, as indicated by the broken and dash - dotted lines in Fig.  8.7 , 
respectively. At temperatures above 80   K, only FIrpic phosphorescence was 
observed because the intensity of the CBP phosphorescence was greatly reduced. 

Fig. 8.6     Phosphorescence spectra at 8   K of various organic 
materials used as hosts or carrier - transporting layers. 
Phosphorescence spectra were recorded at a delay time of 
300   ms after pulsed excitation with a pulse width of 100   ms 
using an electric shutter. 



Fig. 8.7     Photoluminescence spectra at 8, 80, 150, and 295   K 
of 3 - wt% FIrpic - doped CBP thin fi lm. Only the 
photoluminescence spectrum at 8   K was magnifi ed twice. 

Fig. 8.8     Temperature dependence of integrated 
photoluminescence intensity of 3 - wt% FIrpic - doped CBP thin 
fi lm. 

This unique temperature dependence of the phosphorescence intensity is dis-
cussed below.   

 The temperature dependence of the PL intensity of the CBP:FIrpic thin fi lm is 
shown in Fig.  8.8   [33] . The PL intensity was evaluated by integrating the intensity 
over the detectable spectrum. From the viewpoint of differences in temperature 
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dependence, three temperature regions were identifi ed: (i)  T     <    40   K, (ii) 
40   K    <     T     <    150   K, and (iii)  T     >    150   K. The intensity was weakest in temperature 
region (i) because of the exothermic energy transfer from FIrpic to CBP, as men-
tioned above. In temperature region (ii), the increase in thermal energy promoted 
endothermic transfer from CBP to FIrpic, resulting in an increase in FIrpic phos-
phorescence with a maximum intensity at 150   K. In temperature region (iii), non-
radiative transitions from the CBP triplet states became more active with increasing 
temperature, leading to a gradual decrease in intensity. The unique temperature 
dependence of the phosphorescence intensity is attributed to ineffi cient confi ne-
ment of the triplet energy on the FIrpic molecules. This PL - intensity behavior is 
similar to that reported for 4,4 ′  - bis[ N  - (p - tolyl) -  N  - phenyl - amino]biphenyl (TPD) 
doped with Ir(ppy) 3  [TPD:Ir(ppy) 3 ]  [34, 35] , where  ∆  G  is almost equal to that for 
CBP:FIrpic (about +0.1   eV).   

 Next, we discuss energy transfer between FIrpic and CDBP, where the triplet 
energy of FIrpic guest is 150 meV lower than that of CDBP host ( ∆  G    =    − 0.15   eV), 
as shown earlier in Figs.  8.3 and 8.6 . The temperature dependence of the inte-
grated PL intensity of a 3 - wt% FIrpic - doped CDBP [CDBP:FIrpic (3 wt%)] thin 
fi lm is shown in Fig.  8.9   [33] . The inset shows the PL spectrum at 8   K. The PL 
intensity did not show any dependence on temperature, similar to results for the 
exothermic system of CBP:Ir(ppy) 3   [34, 36, 37]  and polycarbonate (PC) doped with 
Ir(ppy) 3  [PC:Ir(ppy) 3 ]  [38] . PC is a stable and optically nonactivated host polymer 
with a high triplet energy of  ∼ 2.9   eV  [39] , which results in  ∆  G  of  ∼  − 0.5   eV for the 
PC:Ir(ppy) 3  system. The temperature independence of the PL intensity suggests 
that the thermally activated nonradiative decay processes must be much weaker 
than the radiative decay processes, and that the phosphorescence quantum yield 

Fig. 8.9     Temperature dependence of integrated 
photoluminescence intensity of 3 - wt% FIrpic - doped CDBP 
thin fi lm. Photoluminescence spectrum at 8   K is shown in 
inset.



is extremely high. Therefore, blue phosphorescent OLEDs using CDBP:FIrpic as 
the emitting layer potentially have an external quantum effi ciency as high as the 
theoretical limit of 20%. Time - resolved PL measurements were also performed 
using a streak camera. The PL lifetime increased signifi cantly with decreasing 
temperature below  ∼ 50   K, similar to results for CBP:Ir(ppy) 3   [34, 36]  and PC:
Ir(ppy) 3   [38] . Furthermore, the temperature dependence of the phosphorescence 
intensity and lifetime of the CDBP:FIrpic thin fi lm were similar to those of a PC:
FIrpic thin fi lm. These PL properties indicate excellent confi nement of the triplet 
energy on FIrpic molecules in a CDBP host.   

 The external quantum effi ciencies of CBP:FIrpic -  and CDBP:FIrpic - based 
OLEDs are shown as a function of current density in Fig.  8.10   [20] . An OLED using 
CBP exhibited a maximum effi ciency of 5.1%, which is comparable to that of 
 ∼ 5.7% reported in a similar device by Adachi et al.  [23] . However, an OLED using 
CDBP was much more effi cient: the maximum external quantum effi ciency was 
10.4% at 0.1 mA/cm 2 , which was almost twice that of the OLED using CBP. In 
both devices, a gradual decrease in the external quantum effi ciency was observed 
at higher current densities, which has been attributed to triplet – triplet (T – T) anni-
hilation  [40] . The improvement in effi ciency can be explained in terms of the effi -
cient confi nement of triplet energy on the FIrpic molecule.   

 Finally, we discuss the transient PL characteristics of FIrpic - doped thin fi lms. 
Figure  8.11(a)  shows the PL decay profi les of CBP:FIrpic and CDBP:FIrpic thin 
fi lms measured at the peak maximum at 295   K  [20] . The solid lines are the results 
fi tted by double -  and mono - exponential decay models for CBP:FIrpic and CDBP:
FIrpic thin fi lms, respectively. In the CBP:FIrpic thin fi lm, two - component decay 
was observed, comprising a fast decay process with a 1.3 -  µ s lifetime and a delayed 
process with a 7.3 -  µ s lifetime. As shown in the schematic energy scheme in Fig. 
 8.11(b) , the delayed component is attributed to exothermic energy transfer from 
FIrpic to CBP, which has a long T 1  lifetime, and endothermic energy transfer from 

Fig. 8.10     Current density dependence of external quantum 
effi ciency for blue OLEDs with either CBP ( � ) or CDBP ( � ) as 
host.
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CBP to FIrpic  [16, 20, 23] . The CDBP:FIrpic thin fi lm clearly showed a mono -
 exponential decay curve with a lifetime of 1.4    µ s. The transient PL characteristics 
clearly indicate that triplet energy transfer from FIrpic to CDBP was completely 
suppressed and that the triplet energy of FIrpic is effectively confi ned in the CDBP 
host because FIrpic has lower triplet energy than CDBP. As shown in Fig.  8.10 , 
very effi cient phosphorescence from FIrpic was observed in the OLED. Thus, high 
triplet energy of the host material is an important factor in the emission effi ciency 
of FIrpic - based blue OLEDs.    

  8.5
Energy Transfer Between Ir(ppy) 3  and Alq 3 : Enhancement of Phosphorescence 
from Alq 3

 Alq 3  has been used as an emitting material in OLEDs since it was fi rst discovered 
to produce effi cient EL  [1] . The luminescence observed in Alq 3  is due to the 
radiative processes of singlet excitons formed by photoexcitation, or in the case of 
EL, by charge - carrier injection. The singlet excitons are ascribed to ligand - centered 
(LC)  π  –  π  *  excited states formed in the transition of electrons from the highest 

Fig. 8.11     (a) Transient photoluminescence decay profi les for 
CBP:FIrpic and CDBP:FIrpic thin fi lms under the excitation at 
355   nm. (b) Scheme of triplet energy levels and energy -
 transfer schemes for FIrpic, CBP, and CDBP. 



occupied molecular orbital (HOMO) mainly on the phenoxide ring to the lowest 
unoccupied molecular orbital (LUMO) predominantly on the nitrogen atom  [41] . 
Several studies of singlet excitons in Alq 3  have already resulted in reports of the 
fl uorescence lifetime  [42 – 44] , quantum yield  [44, 45] , and photocalorimetric prop-
erties  [45] . However, until recently, there have only been few reports on triplet 
excitons because attempts to observe phosphorescence from Alq 3  have been unsuc-
cessful  [17, 29, 46] . The phosphorescence quantum yield of Alq 3  was reported to 
be extremely low because of the negligible ISC due to the weak – heavy atom effect 
of a light metal such as aluminum  [29] . However, even for phosphorescent OLEDs, 
Alq 3  is still being used as the electron - transporting layer  [5, 6] , and is now a basic 
and important material for OLEDs. 

 Curry and Gillin  [47]  observed phosphorescence from Alq 3  as the lower energy 
tail of a fl uorescence peak in the PL spectra. However, the observed emission was 
not clear enough to enable accurate evaluation of the triplet energy. In 2003, 
Burrows et al.  [48]  were the fi rst to observe phosphorescence from Alq 3  in an ethyl 
iodide glass matrix at 77   K by promoting the ISC due to the presence of the heavy 
atom iodine, called external heavy atom effect  [49] . They estimated the triplet 
energy to be 2.17    ±    0.10   eV. C ö lle and coworkers observed phosphorescence from 
polycrystalline Alq 3  by using time - resolved PL spectroscopy  [50] , and determined 
the triplet energy to be 2.05    ±    0.1   eV from the delayed EL spectra of Alq 3  - based 
OLEDs  [51] . Furthermore, they determined that the triplet energies of the meridi-
onal and facial isomers (in  α  -  and  δ  - Alq 3 ) were 2.11    ±    0.1 and 2.16    ±    0.1   eV, respec-
tively  [52, 53] . Goushi et al.  [34]  reported enhancement of the phosphorescence of 
the fl uorescent molecule, 4,4 ′  - bis[ N  - (1 - naphthyl) -  N  - phenyl - amino]biphenyl ( α  -
 NPD), by doping with the phosphorescent molecule Ir(ppy) 3  of which the triplet 
energy is 0.14   eV higher than that of  α  - NPD ( ∆  G    =   +0.14   eV). In this section, we 
describe the PL properties of Alq 3 :Ir(ppy) 3  thin fi lms, and characterize the triplet 
energy of Alq 3  based on the transfer of triplet energy. 

 The chemical structures of Alq 3  and Ir(ppy) 3  and the PL spectra of a neat Alq 3  
thin fi lm and Alq 3 :Ir(ppy) 3  thin fi lms at 8   K are shown in Fig.  8.12   [30] . With an 
increase of the Ir(ppy) 3  concentration, the Alq 3  fl uorescence intensity at around 
520   nm decreases remarkably. This behavior cannot be explained only by the 
decrease in the Alq 3  concentration. For the 10 - wt% Ir(ppy) 3  - doped Alq 3  [Alq 3 :
Ir(ppy) 3  (10 wt%)] thin fi lm, a weak emission of around 610   nm appeared at the 
lower energy shoulder of the fl uorescence peak. For the Alq 3 :Ir(ppy) 3  (50 wt%) thin 
fi lm, a vibronic - structured emission in the wavelength range from 600 to 800   nm 
becomes dominant. This strong red emission is completely different from the 
Ir(ppy) 3  phosphorescence, of which the emission peak lies around 610   nm as 
shown earlier in Fig.  8.3 . The energy at the shortest wavelength shoulder of the 
PL spectra indicated by the arrows in Fig.  8.12(b)  was estimated to be 2.03   eV. This 
energy is close to the theoretical triplet energy (2.13   eV) of Alq 3 , which was reported 
by Martin et al.  [54]  from time - dependent density - functional calculations. It is also 
comparable to the triplet energy (2.0   eV) estimated by Baldo and Forrest  [17] , and 
the energies obtained from time - resolved phosphorescence measurements by 
Burrows et al.  [48]  and C ö lle et al.  [50 – 53] . Therefore, this red emission can be 
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assigned to the phosphorescence from Alq 3  in the Alq 3 :Ir(ppy) 3  thin fi lm. It should 
be noted that  ∆  G  for the Alq 3 :Ir(ppy) 3  system is about +0.4   eV, which is about 4 
times larger than that in endothermic CBP:FIrpic system.   

 The time - resolved PL spectra of the Alq 3 :Ir(ppy) 3  (10 wt%) thin fi lm with differ-
ent delay times at 8   K is shown in Fig.  8.13   [30] . Immediately after pulsed photo-
excitation, the Alq 3  fl uorescence was extremely strong and dominant at around 
520   nm. At a delay time of 300    µ s, as shown in Fig.  8.13  (bottom), only the red 
phosphorescence from Alq 3  was observed, and its lifetime was estimated to be 
5.3   ms. From an analysis of the diffusion length in Alq 3 :PtOEP, assuming nondis-
persive transport, a lifetime of 25    ±    15    µ s was estimated for the triplet states in Alq 3  
at room temperature  [17] . However, longer lifetimes of 8.1    ±    0.5   ms at 30   K from 
transient EL measurements in Alq 3  - based OLEDs  [51]  and 9.3    ±    0.5   ms at 20   K from 
transient PL ones in amorphous thin fi lms  [52, 53]  were reported. These lifetimes 
are comparable to the experimental results we obtained at 8   K. This suggests that 
there is strong temperature dependence of the phosphorescence lifetime due to 
triplet hopping and quenching sites at higher temperatures. With a 50 -  µ s delay, 
both green and red emissions were detected. For the green emission, a PL decay 
profi le, consisting of not only a fast component but also a slow one with weak 

Fig. 8.12     (a) Chemical structures of Alq 3  and Ir(ppy) 3 . 
(b) Photoluminescence spectra of neat Alq 3  thin fi lm and 
10 - wt% and 50 - wt% Ir(ppy) 3  - doped Alq 3  thin fi lms at 8   K. 
Arrows indicate the highest energy peak of the 
photoluminescence spectra corresponding to the triplet 
energy of Alq 3 . 



Fig. 8.13     Time - resolved photoluminescence spectra with 
different delay times for 10 - wt% Ir(ppy) 3  - doped Alq 3  thin fi lm 
at 8   K. Gate time was about 1    µ s. 

Fig. 8.14     Energy - level scheme of singlet excited state (S 1 ), 
triplet excited states (T 1 ), and singlet ground states (S 0 ) in 
Alq3  and Ir(ppy) 3  and energy - transfer and light - emission 
processes.
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intensity, was observed. Their lifetimes were estimated to be 12   ns and about 
200    µ s, respectively. The fast decay component is due to the prompt fl uorescence 
from Alq 3 , and the slow decay component is due to the so - called P - type of delayed 
fl uorescence from Alq 3 . This delayed fl uorescence occurs as a result of the anni-
hilation of two triplet excitons, T – T annihilation, and is therefore a bimolecular 
process  [51 – 53, 55, 56] . Thus, this observation of delayed fl uorescence is also evi-
dence for the formation of emissive triplet excitons, as discussed later.   

 We now discuss the energy - transfer and light - emission mechanisms in Alq 3 :
Ir(ppy) 3  thin fi lms. Figure  8.14  shows the schematic energy level scheme of the 
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S 1 , T 1 , and S 0  in Alq 3  and Ir(ppy) 3  and the light - emission processes  [30, 31] . After 
photoexcitation, both the S 1  in Alq 3  and the S 1  in Ir(ppy) 3  are generated. Conse-
quently, fl uorescence promptly occurs from the Alq 3 . The absorption and PL 
spectra of neat Alq 3  and neat Ir(ppy) 3  thin fi lms at 295   K are shown in Fig.  8.15  
 [30] . The electronic transitions responsible for the Ir(ppy) 3  luminescence result 
from  3 MLCT states  [24 – 26] . As shown in the gray - shaded regions of Fig.  8.15 , the 
spectral overlap between the S 1  → S 0  fl uorescence band of the LC singlet ( 1 LC) states 
in Alq 3  and the S 0  → T 1  absorption band of the  3 MLCT states in Ir(ppy) 3  is much 
larger than that between the T 1  → S 0  phosphorescence band of the  3 MLCT states in 
Ir(ppy) 3  and the S 0  → S 1  absorption band of the  1 LC states in Alq 3 . This suggests 
that the S 1  in Alq 3  transfers to the T 1  in Ir(ppy) 3  through the long - range process 
of F ö rster energy transfer  [11]  by dipole – dipole coupling as shown in Fig.  8.14 . 
On the other hand, F ö rster transfer from the T 1  in Ir(ppy) 3  to the S 1  in Alq 3  seems 
to be extremely ineffi cient. Furthermore, as shown in Fig.  8.15  (top), the spectral 
overlaps between the S 1  → S 0  fl uorescence band of the  1 LC states in Alq 3  and the 
S 0  → S 1  absorption band of the  1 MLCT states in Ir(ppy) 3  are so small that F ö rster 
transfer from the S 1  in Alq 3  to the S 1  in Ir(ppy) 3  might not be active.     

 Here, we discuss the F ö rster transfer from the S 1  (donor) in Alq 3  to the T 1  (accep-
tor) in Ir(ppy) 3 . The effi ciency of the F ö rster transfer is usually described in terms 
of the F ö rster radius, i.e., the separation between donor and acceptor for which 
the probability of transfer is equal to the probability of recombination on the donor 
 [9 – 11, 57] . The energy transfer rate  k  FET  is given by

   k k R RFET D DA
6) ,= ( /0     (8.1)   

Fig. 8.15     Absorption and photoluminescence spectra of neat 
Alq3  (solid lines) and neat Ir(ppy) 3  (broken lines) thin fi lms at 
295   K. Film thickness of samples was 50   nm. 



 where  k  D  is the radiative decay rate of the donor,  R  DA  is the donor – acceptor separa-
tion, and  R  0  is the F ö rster transfer. The F ö rster radius  R  0  can be calculated from 
the fl uorescence spectrum of the donor and the absorption spectrum of the accep-
tor. The expected relation is  [10, 57] 
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 where   κ   2  is an orientation factor equal to 2/3 for a random donor – acceptor orienta-
tion,  ϕ  D  is the PL quantum yield of the pure donor,  N  A  is the Avogadro constant, 
 n  is the refractive index of the medium,  λ  is the wavelength,  F  D ( λ ) is the normal-
ized donor fl uorescence intensity, and  ε  A ( λ ) is the molar absorption coeffi cient of 
the acceptor. We measured the absorption spectrum of the chloroform solution 
of Ir(ppy) 3 , and estimated  R  0  to be 1.6   nm from Eq. ( 8.2 ) under the assumption 
that the PL quantum yield of Alq 3  is 0.20  [58] . This distance is shorter than the  R  0  
in the CBP:Ir(ppy) 3  system, reported as  ∼ 3   nm by Ramos – Ortiz et al.  [59] . This 
suggests that the effi ciency of the F ö rster transfer in an Alq 3 :Ir(ppy) 3  system is 
lower than that in a CBP:Ir(ppy) 3  system. We also observed a shortening of the 
fl uorescence lifetime from Alq 3  when the Ir(ppy) 3  concentration was increased. 
The lifetime at 8   K was estimated to be 12 and 4   ns, respectively, for the Alq 3 :
Ir(ppy) 3  (10 wt%) and Alq 3 :Ir(ppy) 3  (50 wt%) thin fi lms. For the neat Alq 3  thin fi lm, 
the measured fl uorescence lifetime was 25   ns at 8   K. Assuming that the nonradia-
tive decay rate of the S 1  → S 0  transition and the ISC decay rate of the S 1  → T 1  transi-
tion are independent of the Ir(ppy) 3  concentration, the effi ciency of the F ö rster 
transfer of the S 1 (Alq 3 ) → T 1 (Ir(ppy) 3 ) transition was estimated to be 0.52 and 0.84, 
respectively, for the Alq 3 :Ir(ppy) 3  (10 wt%) and Alq 3 :Ir(ppy) 3  (50 wt%) thin fi lms 
 [30] . This indicates that F ö rster transfer is promoted by increasing the Ir(ppy) 3  
concentration, which leads to a remarkable decrease in the Alq 3  fl uorescence 
intensity by doping with Ir(ppy) 3 , as shown in Fig.  8.12 . 

 For Ir(ppy) 3 , nearly 100% conversion of the ISC from the S 1  to the T 1  occurs 
because of strong spin – orbit coupling. According to a report based on femto-
second time - resolved absorption measurements  [60] , the ISC relaxation time in 
Ir(ppy) 3  was very short, estimated to be 70 – 100 fs. The extremely effi cient energy 
transfer from the T 1  in Ir(ppy) 3  to the T 1  in Alq 3  could explain why there is no 
observable phosphorescence from Ir(ppy) 3 . This triplet energy transfer is ascribed 
to the short - range process of Dexter energy transfer  [12] , which requires an overlap 
of the molecular orbital of adjacent molecules. Time - resolved PL measurements 
were also performed for PC thin fi lms co - doped with 20 - wt% Alq 3  and 5 - wt% 
Ir(ppy) 3 , which were prepared by spin coating from chloroform solutions. In the 
PC:Alq 3 ,Ir(ppy) 3  thin fi lms, not only fl uorescence and phosphorescence emissions 
from Alq 3 , but also phosphorescence emission from Ir(ppy) 3  were clearly observed. 
This indicates that Dexter transfer is reduced by the longer distance between Alq 3  
and Ir(ppy) 3  due to the low concentrations of these molecules. Therefore, it is 
concluded that the phosphorescence from Alq 3  in the Alq 3 :Ir(ppy) 3  thin fi lm 
occurs via the two possible processes shown in Fig.  8.14 : S 1 (Alq 3 ) → T 1 (Ir(ppy) 3 ) →
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 T 1 (Alq 3 ) → S 0 (Alq 3 ) and S 1 (Ir(ppy) 3 ) → T 1 (Ir(ppy) 3 ) → T 1 (Alq 3 ) → S 0 (Alq 3 ). Effi cient 
triplet energy transfer from Ir(ppy) 3 , in addition to F ö rster transfer to Ir(ppy) 3  and 
the rapid ISC in Ir(ppy) 3 , enables us to observe the phosphorescence from Alq 3 . 
Ir(ppy) 3  acts as a  “ triplet sensitizer ”  or  “ phosphorescent sensitizer ”  for Alq 3 . Con-
versely, Alq 3  acts as a  “ triplet quencher ”  for Ir(ppy) 3 . Baldo et al.  [61]  introduced 
the concept of triplet (phosphorescent) sensitization for improving the emission 
effi ciency of fl uorescent dye in small - molecule - based OLEDs. Recently, a triplet 
sensitizer was applied to polymer - based OLEDs  [62]  and white OLEDs  [63, 64] . 
Even more recently, effi cient triplet - sensitized photocyclization was reported for 
photochromic dithienylethene derivatives containing ruthenium metal units  [65] . 
Our experimental results indicate that doping a triplet sensitizer with higher 
triplet energy into a fl uorescent molecule is a useful method for characterizing 
the phosphorescence properties of an organic molecule, especially with regard to 
the triplet energy. 

 Next, we consider the mechanism of the delayed fl uorescence shown in Fig. 
 8.13 . If the energy of the S 1  is less than the sum of the energies of the colliding 
T 1 , delayed fl uorescence should occur. Since the delayed fl uorescence originates 
from the S 1  → S 0  transition, its spectral line shape is the same as that observed 
in cw PL measurements. This process, in which the S 1  is populated by T – T anni-
hilation, excites one molecule in the S 1  state. This corresponding lifetime is 
much longer than that of the spontaneous fl uorescence  [51 – 53, 55, 56] . It can be 
written as

   T T S S S S1 1 0 1 0 0+ → + → + .     (8.3)   

 In this bimolecular process, the lifetime of the delayed fl uorescence is half the 
value of the concomitant phosphorescence. However, the observed lifetime of the 
delayed fl uorescence (about 200    µ s) was much shorter than half the phosphores-
cence lifetime (5.3   ms). This signifi cant shortening of the delayed - fl uorescence 
lifetime, in addition to the extremely weak intensity, might be due to F ö rster 
transfer of the S 1 (Alq 3 ) → T 1 (Ir(ppy) 3 ) transition. Furthermore, the triplet sensitized 
T – T annihilation was observed as the deviation from the linearity of the phospho-
rescence intensity of Alq 3  to the excitation power  [31] . 

 Finally, we discuss the temperature dependence of the phosphorescence proper-
ties of Alq 3  in the Alq 3 :Ir(ppy) 3  system. Figure  8.16  shows the PL spectra of the 
Alq 3 :Ir(ppy) 3  (50 wt%) thin fi lm at 8, 80, 150, and 295   K  [30] . The PL spectra exhib-
ited an extremely weak emission at around 520   nm due to Alq 3  fl uorescence and 
a strong emission around 610   nm due to Alq 3  phosphorescence. Even at room 
temperature, the weak phosphorescence from Alq 3  could be detected using the 
triplet sensitizer. As shown in the inset of Fig.  8.16 , the phosphorescence intensity 
decreased with an increase in temperature. Furthermore, we also observed strong 
temperature dependence of the phosphorescence lifetime, especially at tempera-
tures above 100   K  [30] . The phosphorescence lifetimes were estimated to be 3.1   ms 
at 100   K and 5.2    µ s at 295   K, which is three - orders shorter than that at 8   K. These 
results indicated that the decrease in PL intensity at higher temperatures was 



primarily due to thermally nonradiative processes, and that the temperature -
 dependent phosphorescence behavior of Alq 3  is quite different from that of 
Ir(ppy) 3   [34, 36, 38] .   

 We also measured the PL spectra of the Alq 3 :FIrpic and bis(2 - phenylpyridinato -
 N,C 2  ′ ) rhodium (acetylacetonate) [(ppy) 2 Rh(acac)] doped Alq 3  thin fi lms to study 
the presence of the external heavy - atom effects. The triplet energy of FIrpic is in 
almost agreement with that of (ppy) 2 Rh(acac) (2.63   eV), and  ∆  G  is estimated to be 
 ∼ +0.6   eV. This leads to the small effi ciency of the F ö rster transfer from the S 1 (Alq 3 ) 
to the T 1  of the phosphorescent material [FIrpic and (ppy) 2 Rh(acac)]. The atomic 
number of core metal of FIrpic ( 77 Ir) is much larger than that of (ppy) 2 Rh(acac) 
( 45 Rh). The intensities of observed phosphorescence from Alq 3  were extremely 
weak and of the same order between the above two thin fi lms. This suggests that 
energy - transfer processes are dominant for determining the enhancement of the 
phosphorescence from Alq 3 .  

  8.6
Energy Transfer Between Ir(ppy) 3  and BAlq: Observation of Thermal Equilibrium 
of Triplet Excited States 

 Recently, green phosphorescent OLEDs using Ir(ppy) 3  and a BAlq hole - blocking 
layer have achieved an external quantum effi ciency of 5.6% over a half - operational 

Fig. 8.16     Photoluminescence spectra of 50 - wt% Ir(ppy) 3  -
 doped Alq 3  thin fi lm at 8, 80, 150, and 295   K. Inset shows 
temperature dependence of integrated red phosphorescence 
intensity of Alq 3 . 
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lifetime of 10   000 h at an initial luminance of 500   cd/m 2   [66] . Tsuji et al.  [67]  
reported that BAlq could also be utilized as a host material in OLEDs using the 
red phosphorescent dopant of Btp 2 Ir(acac), and demonstrated a prolonged opera-
tional lifetime (13   000 h) at an initial luminance of 179   cd/m 2  with an effi ciency of 
8.6%. Very recently, Chu et al.  [68]  characterized the electronic structure of BAlq 
by using density functional theory (DFT) calculations, and estimated the triplet 
energy to be 2.42   eV. However, there have been few reports on phosphorescence 
in BAlq. In this section, we describe a study of the energy - transfer processes 
between a fl uorescent BAlq molecule and phosphorescent Ir(ppy) 3  one by charac-
terizing the PL properties of BAlq:Ir(ppy) 3  thin fi lms over a wide temperature 
range from 8 to 295   K. 

 The chemical structure of BAlq and Ir(ppy) 3  is shows in Fig.  8.17(a) . The absorp-
tion and PL spectra of neat BAlq (solid lines) and neat Ir(ppy) 3  (broken lines) thin 
fi lms at 295   K are shown in Fig.  8.17(b) . The fl uorescence from BAlq at 480   nm is 
ascribed to  1 LC  π  –  π  *  excited states. As shown in the gray - shaded area in Fig. 
 8.17(b) , the spectral overlap between the fl uorescence band of the  1 LC states in 

Fig. 8.17     (a) Chemical structures of BAlq and Ir(ppy) 3 . 
(b) Absorption and photoluminescence spectra of neat BAlq 
(solid lines) and neat Ir(ppy) 3  (broken lines) thin fi lms at 
295   K. Film thickness of samples was 50   nm. 



BAlq and the absorption band of the  3 MLCT states in Ir(ppy) 3  is much larger than 
that between the phosphorescence band of the  3 MLCT states in Ir(ppy) 3  and the 
absorption band of the  1 LC states in BAlq. This indicates that the S 1  in BAlq ener-
getically transfers to the T 1  in Ir(ppy) 3  through F ö rster energy transfer. In contrast, 
F ö rster transfer from the T 1  in Ir(ppy) 3  to the S 1  in BAlq seems to be extremely 
ineffi cient. Furthermore, the small spectral overlap between the fl uorescence band 
of the  1 LC states in BAlq and the absorption band of the  1 MLCT states in Ir(ppy) 3  
suggests that F ö rster transfer from the S 1  in Alq 3  to the S 1  in Ir(ppy) 3  occurs only 
weakly.   

 The PL spectra of a neat BAlq thin fi lm and BAlq:Ir(ppy) 3  thin fi lms at Ir(ppy) 3  
concentrations of 10 and 50 wt% at 8   K are shown in Fig.  8.18   [32] . The fl uores-
cence intensity at 480   nm of the host BAlq drastically decreased as the concentra-
tion of Ir(ppy) 3  increased. In addition, the spectral peak blueshifted, which may 
result from the presence of polar Ir(ppy) 3 . For the BAlq:Ir(ppy) 3  (50 wt%) thin fi lm, 
the bluish green fl uorescence emission from BAlq disappeared, and a vibronic -
 structured emission became dominant in the wavelength range from 550 to 
800   nm. This yellow emission showed a rather slow transient decay, and the PL 
lifetime was estimated to be 16   ms at 8   K for the BAlq:Ir(ppy) 3  (50 wt%) thin fi lm. 
This PL lifetime is much longer than the fl uorescence lifetime of BAlq (39   ns at 
8   K) and the phosphorescence lifetime of Ir(ppy) 3  ( ∼ 40    µ s at 8   K)  [34, 36, 38] . There-
fore, the yellow emission can be assigned to phosphorescence from BAlq; the 
triplet energy of BAlq is estimated to be 2.18   eV (shown by the arrows in Fig.  8.18 ) 
from the highest energy peak of the phosphorescence spectra. We also tried to 
detect phosphorescence from the neat BAlq thin fi lm by using time - resolved PL 
spectroscopy at low temperatures. However, we were unable to observe any phos-
phorescence from the fi lm using our measurement system. It was concluded that 
Ir(ppy) 3  has the potential to play an important role as a triplet sensitizer for BAlq, 
which is similar to the Alq 3 :Ir(ppy) 3  system discussed earlier. Although the triplet 

Fig. 8.18     Photoluminescence spectra of neat BAlq thin fi lm 
and 10 - wt% and 50 - wt% Ir(ppy) 3  - doped BAlq thin fi lms at 8   K. 
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energy we obtained is smaller than the theoretical value (2.42   eV) based on DFT 
calculations  [68] , it is consistent with the fact that BAlq can be utilized as a host 
material in red phosphorescent OLEDs using Btp 2 Ir(acac)  [67] , which has a triplet 
energy of 2.0   eV  [27, 28] . However, BAlq is not suitable for use as a host or hole -
 blocking material for blue and green phosphorescent OLEDs.   

 Next, we discuss the energy - transfer mechanism in a BAlq:Ir(ppy) 3  system and 
the reason for the enhancement of phosphorescence from BAlq. Figure  8.19  shows 
the energy - level scheme of the S 1 , T 1 , and S 0  in the BAlq:Ir(ppy) 3  system  [32] . The 
S 1  in both BAlq and Ir(ppy) 3  is generated by photoexcitation. Fluorescence occurs 
in BAlq together with F ö rster transfers of the relatively effi cient S 1 (BAlq) →
 T 1 (Ir(ppy) 3 ) transition and possibly the S 1 (BAlq) → S 1 (Ir(ppy) 3 ) transition. We esti-
mated the F ö rster radius to be 2.4   nm from Eq. ( 8.2 ), assuming that the PL 
quantum yield of BAlq is 0.42  [58] . This distance is longer than the R 0  in a Alq 3 :
Ir(ppy) 3  system, which is 1.6   nm, indicating that the effi ciency of the F ö rster 
transfer in the BAlq:Ir(ppy) 3  system is higher than that in the Alq 3 :Ir(ppy) 3  system. 
This supports that the degree of fl uorescence quenching in BAlq (Fig.  8.18 ) is 
larger than that in Alq 3  (Fig.  8.12 ). For Ir(ppy) 3 , nearly 100% conversion of the 
rapid ISC from the S 1  to the T 1  occurs. Consequently, Dexter energy transfer of 
the T 1 (Ir(ppy) 3 ) → T 1 (BAlq) transition occurs, and phosphorescence from BAlq can 
be observed. This energy transfer is similar to that in the Alq 3 :Ir(ppy) 3  thin fi lms 
discussed earlier. Here, it should be noted that BAlq:Ir(ppy) 3  forms an endother-
mic system for the host (BAlq) to guest [Ir(ppy) 3 ] triplet energy transfer (the guest 
T 1  is higher than the host T 1 ), and that  ∆  G  is about +0.2   eV, which is a half of that 
for the Alq 3 :Ir(ppy) 3  system.   

 The PL spectra of the BAlq:Ir(ppy) 3  (50 wt%) thin fi lm at several temperatures 
are shown in Fig.  8.20   [32] . The phosphorescence from BAlq becomes weaker and 
broader and redshifts with increasing temperature, primarily due to thermally 

Fig. 8.19     Energy - level scheme of singlet excited (S 1 ), triplet 
excited (T 1 ), and singlet ground (S 0 ) states, and energy -
 transfer and light - emission processes in BAlq:Ir(ppy) 3  system. 



Fig. 8.20     Photoluminescence spectra of 50 - wt% Ir(ppy) 3  -
 doped BAlq thin fi lms at a range of temperatures from 8 to 
295   K. 
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nonradiative processes. However, if we focus on the temperature region from 200 
to 295   K, we can see a change in the PL spectra. Both yellow phosphorescence 
from BAlq (indicated by dash - dotted lines) and green emission (indicated by 
broken lines) were observed. The green emission became dominant with increas-
ing temperature, which suggests that the energy transfer is more active at higher 
temperatures. In an endothermic triplet – triplet emitter system, the population of 
the highly energetic T 1  in the guest increases with increasing temperature because 
of thermally promoted triplet energy transfer from the host to the guest. Moreover, 
the radiative decay rate of the T 1  in Ir(ppy) 3  is much faster than that of the T 1  in 
BAlq. Therefore, the green PL band can be assigned to phosphorescence from the 
T 1  in Ir(ppy) 3  which has been thermally transferred from the T 1  in BAlq.   

 Finally, we discuss the temperature dependence of the PL intensity of the BAlq:
Ir(ppy) 3  system. Figure  8.21  shows the temperature dependence of integrated 
phosphorescence intensity of BAlq [I P (BAlq)] and Ir(ppy) 3  [I P (Ir(ppy) 3 )] in the BAlq:
Ir(ppy) 3  (50 wt%) thin fi lm. The inset shows the ratio of I P (Ir(ppy) 3 ) to I P (BAlq) as 
function of inverse of temperature ( T   − 1 ) in the temperature range from 200 to 
295   K. It is evident from this fi gure that the logarithm of the intensity ratio is pro-
portional to  T   − 1 . Therefore, we assume the following relation:

   I Ir(ppy) I BAlq ,P 3 P C B( )/ ( ) exp( / )∝ −E k T     (8.4)   
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 where  E  C  is the characteristic energy of the temperature dependence and  k  B  is 
the Boltzmann constant. The solid line indicates the result of least squares fi tting. 
 E  C  is estimated from the slope of the solid line to be 0.16   eV, and is comparable to 
 ∆  G  corresponding to the difference in the triplet energy between Ir(ppy) 3  and BAlq 
( ∼ +0.2   eV). We also observed similar PL behavior for a BAlq:Ir(ppy) 3  (75 wt%) thin 
fi lm;  E  C  was estimated to be 0.16   eV. In general, PL intensities are functions of the 
density of the excited states and radiative decay rate  [69] . The almost agreement of 
 E  C  and  ∆  G  suggests that the radiative decay rates do not depend on temperature, 
and that the T 1  in BAlq is in thermal equilibrium with the T 1  in Ir(ppy) 3  at tempera-
tures above  ∼ 200   K. Furthermore,  ∆  G  for a BAlq:Ir(ppy) 3  system is larger than that 
for a CBP:FIrpic system ( ∆  G    =   +0.09   eV)  [16, 19, 20, 23, 33]  or TPD:Ir(ppy) 3  system 
(+0.07   eV)  [34, 35, 70, 71] , but smaller than that in the Alq:Ir(ppy) 3  system ( ∼ +0.4   eV) 
 [30, 31] . The difference in  ∆  G  for an endothermic triplet – triplet system supports 
that the temperature at which the emission from the phosphorescent guest is domi-
nant in the BAlq:Ir(ppy) 3  system is higher than that in the CBP:FIrpic system 
(above  ∼ 80   K)  [33] , and that the emission from the phosphorescent guest does not 
appear even at room temperature in an Alq 3 :Ir(ppy) 3  system  [30] .    

  8.7
Conclusion

 We studied energy - transfer processes between phosphorescent guests and fl uores-
cent hosts. Energy transfer plays an important role in the confi nement of triplet 

Fig. 8.21     Temperature dependence of integrated 
phosphorescence intensities of BAlq [ � , I P (BAlq)] and Ir(ppy) 3
[� , I P (Ir(ppy) 3 )] in 50 - wt% Ir(ppy) 3  - doped BAlq thin fi lm. Inset 
shows ratio ( � ) of I P (Ir(ppy) 3 ) to I P (BAlq) as function of 
inverse of temperature ( T − 1 ) at a range of temperatures from 
200 to 295   K.  
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energy on the phosphorescent guest, which determines emission effi ciency in 
OLEDs. In the CBP:FIrpic thin fi lm, where the triplet energy of FIrpic is 0.09   eV 
higher than that of CBP ( ∆  G    =   +0.09   eV), both exothermic triplet energy transfer 
from FIrpic to CBP and endothermic triplet energy transfer from CBP and FIrpic 
were observed as the unique temperature dependence of the PL intensity in addi-
tion to a complicated decay process. The phosphorescence intensity of the CDBP:
FIrpic thin fi lm, in which the triplet energy of FIrpic is 0.15   eV lower than that of 
CDBP ( ∆  G    =    − 0.15   eV), showed no temperature dependence. This suggests that the 
triplet energy was effi ciently confi ned on the FIrpic molecules in the CDBP host, 
and that CDBP is an effi cient host molecule for blue phosphorescent FIrpic. As a 
result, the external quantum effi ciency of an OLED based on CDBP:FIrpic is twice 
as high as that of an OLED based on CBP:FIrpic. We also observed enhancement 
of the phosphorescence from Alq 3  and BAlq in Alq 3 :Ir(ppy) 3  ( ∆  G   ∼  +0.4   eV) and 
BAlq:Ir(ppy) 3  ( ∆  G   ∼  +0.2   eV) thin fi lms. The triplet energies (phosphorescence 
lifetimes) were accurately determined to be 2.03   eV (5.3   ms) for Alq 3  and 2.18   eV 
(16   ms) for BAlq. We demonstrated that the energy transfer between Alq 3  or BAlq 
and Ir(ppy) 3  enables us to characterize the phosphorescence properties of Alq 3  or 
BAlq, and that Ir(ppy) 3  plays an important role as a triplet sensitizer for Alq 3  and 
BAlq. From these spectroscopic studies, it was revealed that the energy - transfer 
processes and the associated PL behaviors are mainly determined by the difference 
in the triplet energy between the guest and host molecules. 

 This work will be helpful in the development of new phosphorescent guest 
molecules, host molecules, and guest – host systems for highly effi cient OLEDs.  
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 Electroluminescence from Metal - Containing Polymers and 
Metal Complexes with Functional Ligands  
  Chris   Shuk     Kwan   Mak  , and   Wai Kin   Chan   

  The applications of metal - containing polymers and molecular metal complexes 
with functional ligands in light - emitting devices are presented. Discussion will be 
focused on ruthenium and rhenium complexes with multifunctional ligands. For 
the molecular complexes, the ligands are capable of transporting both electron and 
hole carriers, and the metal centers are responsible for light emission. The physical 
properties of the complexes can be fi ne tuned by varying the structures of the 
ligands. For the polymers, the metal complexes can be incorporated into the 
polymer on the main chain or side chain. Good quality polymer thin fi lms can be 
obtained by simple solution processing methods. Some of the polymers exhibit 
modest hole and electron carrier mobilities, which are dependent on the metal 
complex content in the polymers. The design approach enjoys the advantages of 
incorporating both charge - transporting ligands and light - emitting metal complex 
in a single molecule.     

  10.1
Introduction

 An organic light - emitting diode (OLED) is a solid - state electric - to - luminous energy 
conversion device comprising a layer or a series of thin organic fi lms sandwiched 
between two electrodes. The electroluminescence (EL) originates from the radiative 
decay of an exciton, which is generated from electron and hole recombination in the 
emissive layer. The thickness of all the combined active layers is only of the order of 
100   nm. It has been a subject of extensive research of academic interests and has 
recently made its debut in commercial applications for fl at panel display and solid -
 state lighting. Numerous potential advantages, such as thin profi le, high bright-
ness, power effi ciency, wide viewing angle, etc., are leading OLEDs, an attractive 
alternative to LCDs. The fi rst electroluminescence observed from organic sub-
stances was reported for anthracene single crystals in the 1960s  [1] . These devices 
suffered from a high driving voltage and a short lifetime. Tang and VanSlyke of 
Kodak reported the unprecedented electroluminescent properties of tris(8 - hydroxy-
quinoline) aluminum (Alq 3 ) in the heterostructure bilayered OLED device in the 
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late 80s  [2] . Since then, the design and synthesis of new electroluminescent materi-
als has received unabated attention. Shortly afterward, the Cambridge group devel-
oped the fi rst polymer - based OLED  [3] . This important breakthrough has opened 
up the opportunity of fabricating low cost, large area panel displays. Within two 
decades, the device effi ciency and lifetime have been improved at an astonishing 
pace by the evaluation of novel light - emitting materials and device architectures.  

  10.2
Traditional Materials Used in OLEDs 

  10.2.1
Molecular Materials 

 The electro - active materials used in OLEDs can be broadly classifi ed into two main 
categories: small molecules and polymers. Most of the early examples of materials 
for OLEDs were based on pure organic systems or complexes of main group metal-
lic elements. Guest – host systems were employed for the small molecule devices 
in order to maximize the device performance  [4] . In addition, the driving voltage 
can be lowered by effi cient charge transport from the host (matrix) to the guest 
(dopant) molecules and the stability of the device can also be increased  [5 – 11] . The 
combination of the guest – host system in the emissive layer is crucial because it 
is essential to enhance the trapping of excitons by the guest emitters and to mini-
mize the emission quenching by the guest molecules  [12 – 15] . Detailed discussions 
on using organometallic complexes as guest molecules in OLEDs will be given in 
the later sections.  

  10.2.2
Polymeric Materials 

 Organic polymers are classically defi ned as electric insulators and colloquially 
known as  “ plastics. ”  They have been widely used because of their excellent mechan-
ical, chemical, and electrically insulating properties. After the breakthrough in the 
1970s ’ , organic  π  - conjugated polymers were found to be promising candidates for 
electrical conductors  [16, 17] . Light has been shedding on the development of 
polymer - based optoelectronics, since the importance of this research area has been 
recognized by awarding the Nobel Prize to MacDiarmid, Heeger, and Shirakawa 
in 2000 for their discovery and contribution in conducting polymers. Research and 
development on light - emitting polymers have grown rapidly as a result of the fea-
sibility of tailor making their chemical and physical properties to meet the demands 
of new applications. Although the OLEDs based on small phosphorescent mole-
cules exhibit high effi ciencies, the materials have to be deposited as thin fi lm by 
the complex and expensive techniques, in which the device fabrication condition 
requires high vacuum and control temperature. In contrast, light - emitting conju-
gated polymers can be readily deposited from solution as thin fi lms over large areas 
by spin coating, doctor blade technique, or ink - jet printing. The size of the device 



is virtually unlimited and the large area two - dimensional multilayer device can be 
manufactured by roll - to - roll coating technologies. Therefore, conjugated polymers 
are the promising materials for LED or other photovoltaic devices, as they can 
provide an easier and cheaper way for the device fabrication. The discovery of 
electroluminescence from conjugated polymer by Friend and Holmes in 1990  [3]  
has provided a new impetus toward the intensive development of the polymer -
 based OLEDs. Different emission colors from organic polymers are now accessible 
throughout the visible spectrum with readily tunable properties such as thermal 
stability, HOMO – LUMO separation energy, and emission monochromaticity (Fig. 
 10.1 )  [18] . The fi rst example of polymer - based EL was observed with the yellowish 
green light - emitting poly ( p  - phenylene vinylene) (PPV). However, this polymer is 
intractable and insoluble, and a precursor polymer synthetic route needs to be 
adopted to rectify the dilemma  [19] . Subsequently, research in this area was focused 
on the development of process - like conjugated polymers. Several groups have 
reported soluble derivates of PPV synthesized by copolymerization of monomers 
that are soluble, or modifying the substituents on the polymer backbone  [20 – 22] . 
Despite the processing ability of the polymers, the electrical properties of PPV, 
such as HOMO/LUMO levels, charge mobility, and electron affi nity, etc., can also 
be fi ne tuned in order to optimize the device performance  [23 – 28] . Derivatives of 
PPV are good emitting materials in the green to red region. However, effi cient blue 
light - emitting polymers are still sparse. Early studies on the polymers with high 

Fig. 10.1     Examples of some organic light - emitting polymers. 
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emission energy were mainly focused on the violet – blue emitting poly( p  - phenyl-
ene)  [29] . Nevertheless, the polymer suffered from poor solubility. Although the 
introduction of solubilizing groups has improved the processing ability, reduction 
in photoluminescent quantum yield (PLQY) arisen from the undesired blue shift 
of the emission color to the violet region due to twisting of the polymer backbone. 
Another blue - emitting polymer polyfl uorene has brought up substantial interest 
due to their impressively high PLQY, high thermal stability, and excellent solubility 
in common organic solvents  [30 – 32] . The homopolymer, copolymers, and their 
derivatives are the most promising light - emitting polymers for red – green – blue 
(RGB) display applications  [33] . The best performing polyfl uorene - based polymer 
light - emitting diode (PLED) was reported to have external quantum effi ciencies 
(  η   ext ) of 2, 6, and 3%, and power conversion effi ciency (PCE) of 3.4, 20, and 1.2   lm 
W  − 1  for blue, green, and red colors, respectively  [34, 35] . The device operating life-
time of more than 20  000   h is needed for most of the applications. Although this 
has been achieved for the green and red devices, the lifetime of the blue devices is 
still a challenge. In 2005, Cambridge Display Technology (CDT) announced the 
latest development of high effi ciency, low driving voltage, and a blue PLED with 
lifetime over 100  000   h at 100   cd   m  − 2 . This important breakthrough has brought full 
color PLED displays to be realized.     

  10.3
Development of Phosphorescent Materials for OLEDS 

 Effi cient light emission process cannot be achieved in most of the pure organic 
materials because only spin - conserved transitions (25% quantum effi ciency accord-
ing to spin statistics) are allowed due to the spin selection rule. The majority of 
excitons formed in the OLEDs are in triplet state (75%) and the energy formed 
from this state will be dissipated as heat or vibrational energy. As a consequence, 
the EL quantum effi ciency is severely limited. Therefore, in the past 10 years, 
research in OLED materials has been focused on the development of materials 
that emit light from the triplet excited state. By utilizing such  “ phosphorescent ”  
molecules, the luminescence effi ciency of molecules can exceed the theoretical 
limit of 25% imposed on the singlet emission. Excellent and comprehensive dis-
cussions on the mechanisms of utilizing triplet emitters in OLEDs have been 
delivered in several literatures  [36, 37] . 

 Phosphorescent light - emitting materials are mainly divided into two main cate-
gories: molecular and polymeric materials. Molecular metal complexes have well -
 defi ned structures. They can usually be obtained in highly pure form and can be 
processed by thermal evaporation method. For polymeric materials, the structures 
of the molecules are not well - defi ned due to the polydispersity of the polymer mol-
ecules. In addition, intrinsic defects may also be present in the molecules. However, 
polymeric materials usually have higher mechanical strength and can form free 
standing fi lms. They can also be processed conveniently by solution methods such 
as spin coating, drop casting, ink - jet printing, or spraying techniques. 



  10.3.1
Small Molecules –  Pure Organic Dyes and Organometallic Complexes 

 In the literature, molecular phosphorescent complexes are mainly based on lan-
thanide metals and some heavy transition metals. Lanthanide compounds usually 
exhibit sharp emission bands and excellent monochromaticity, which result from 
the intra  f – f  transitions. Terbium and europium complexes  [39 –  43]  are the com-
monly used phosphors in OLEDs. Some examples are shown in Fig.  10.2 . Other 
lanthanide ions such as thulium, neodymium, etc., were also employed as blue or 
infrared emitters in OLEDs  [38] . Different types of ligands have been used to vary 
the HOMO/LUMO energy levels and improve the charge - transporting properties 
and stabilities of the materials. The device effi ciency, lifetime, and turn - on voltage 
can be optimized considerably with suitable metal – ligand combination  [44] .   

 Another important type of molecular phosphorescent complexes are based on 
transition metal complexes such as Ru, Os, Re, Pt, Ir, or Au. These complexes 
were frequently employed as phosphors because their excited lifetimes are mostly 
in the microsecond regime and the PLQY are generally high in contrast to lantha-
nide compounds. The investigation of triplet emitters as active materials in OLEDs 
has spurred the worldwide interest since the internal quantum effi ciency can be 
raised from 25% to near 100%  [45, 46] . Transition metal complexes based on 
neutral platinum  [47 –  49]  and iridium complexes are the well - developed phosphors 
and have attracted considerable attention in photonic applications due to their 
excellent quantum effi ciencies. Their emission energies can be fi ne tuned over 

Fig. 10.2     Examples of some light - emitting rare earth metal complexes. 
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the visible spectrum by changing a whole set of chelating ligands or simply by 
manipulating the substituents on the ancillary ligands  [50 – 60] . Highly effi cient 
phosphorescent OLEDs have been demonstrated by multilayer device architecture 
   [46, 61 – 63] . Recently, the PCE of the Ir(ppy) 3  based phosphorescent OLEDs has 
been reached to nearly 80   lm W  − 1  by employing  p – i – n  structure and double - emis-
sion layer device confi gurations  [64, 65] .  

  10.3.2
Polymeric Materials 

 Similar to pure organic small molecules, only singlet transitions are allowed and 
decay radiatively in conjugated polymers. Phosphorescent (or triplet) emitters 
are introduced as dopant into polymer to boost the electroluminescent quantum 
effi ciency reaching to that of small molecule phosphorescent device. The phospho-
rescent dyes can be diluted into the polymer matrix either by blending or covalently 
linked on to the polymer backbone or as pendants. Effi cient phosphorescent OLED 
devices usually comprise of charge transport materials as host matrix in the emis-
sive layer. Substantial studies have been focused on blending phosphorescent 
emitter with polymer host. Poly( N  - vinylcarbazole) (PVK) is a nonconjugated 
polymer containing hole - transporting carbazole as the side groups. The hole - 
transporting/electron - blocking properties, excellent fi lm forming properties, tem-
perature durability, and wide large HOMO – LUMO separation make PVK an 
attractive polymer host for phosphorescent dopants. Effi cient phosphorescent 
device based on Ir complex dispersed into PVK matrix, with   η   ext  of 7.5% and 
PCE of 5.4   lm   W  − 1  at 14   V  [66]  has been demonstrated. The   η   ext  and power con-
version effi ciency of the PVK – Ir complex based devices have been further increased 
with the addition of electron - transporting material 2 - (4 - biphenylyl) - 5 - (4 -  tert  - 
butylphenyl) - 1,3,4 - oxadiazole (PBD) in the emissive layer  [67, 68] . Conjugated 
polymers with high emission energy, for example, poly( p  - phenylene) based poly-
mers  [69] , polyfl uorene  [70 – 72]  and polycarbazole  [73, 74] , were used as host mate-
rials for phosphorescent emitters. The triplet state of the polymer host should be 
higher than that of the phosphorescent emitter in order to achieve effi cient electro-
luminescence. Until now, green to red phosphorescent emitters are restricted to be 
used in these conjugated polymer systems. The device effi ciency dropped dramati-
cally once the triplet energy of the emitter is higher than that of the polymer host. 
The PL and EL properties of a series of Ir complexes with different triplet energies 
(from green to red) doped in PVK ( T  1    =   2.5   eV) and polyfl uorene ( T  1    =   2.1   eV) hosts 
have been examined. The relative position of the triplet energy levels of the host 
and guest may affect the device performance signifi cantly  [75 – 77] . Remarkable 
device performances of the devices fabricated from phosphorescent polymers 
based on PVK and iridium complex emitters exhibited maximum   η   ext    =   6.9, 11, and 
6.6% for red, green, and blue PLEDs, respectively  [78] . Schanze  et al . have studied 
the photophysical and EL properties of a series of d 6  transition metal complex con-
taining poly/oligo(aryleneethynylene). The origins of the EL feature either  3 MLCT 
or  3  π  –  π  state  [79 – 81] . More recently, the synthesis of well - defi ned oligo/polyfl uo-
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rene containing Ir triplet emitters was demonstrated  [82] . The fl uorene building 
blocks conjugatively extended from the two cyclometallated ligands on the Ir metal 
center. Although substantial efforts have been put on red and green phosphores-
cent polymers, the design and synthesis of effi cient electrophosphorescent high -
 energy emitters is still a big challenge in the fi eld of optoelectronics. 

 The present contribution will emphasize on the material design, properties, and 
characterizations of molecular metal complexes and metal - containing polymers 
for light - emitting devices. Discussion will be focused on some functionalized 
ruthenium and rhenium diimine - based molecular and polymeric materials. It has 
been well known that the photophysical properties of metal complexes can be fi ne 
tuned by varying the structure of the ligands on the metal center. On the other 
hand, the ligands may also play an important role as the charge - transporting units 
in the electroluminescence process. In order to optimize the performance of 
OLED, enhancing the charge - transporting ability of the materials is as important 
as improving the quantum effi ciency of the emitters. In the past few years, there 
have been several examples devoted to the investigation of functional metal com-
plexes that can serve as both charge - transporting species and light emitters. Many 
of these examples are based on polypyridyl complexes of rhenium and ruthenium, 
which are emissive transition metal complexes with d 6  electronic confi gurations. 
The design, synthesis, and applications of these metal complexes will be presented 
and discussed in the following sections.   

  10.4
Ruthenium Containing Polymers 

  10.4.1
Photophysics of Ruthenium Complexes 

 The chemistry and photophysics of Ru(bpy) 3  2+  type complexes have been exten-
sively studied  [83 – 85] . Ruthenium(II) complex has a 4d 6  electronic confi guration 
that usually exhibits an octahedral geometry. The ground state confi guration under 
strong fi eld environment is ( t  2g ) 6 . Electrons can be promoted to different excited 
states upon photo excitation. The polypyridyl  N  - donor ligands are usually strong 
 σ  - donor with the orbitals localized on the nitrogen atoms. In addition, they are 
also  π  - donor and  π  *  - acceptor ligands with the orbitals localized on the aromatic 
rings. A simplifi ed molecular orbital diagram for these types of complexes is 
shown in Fig.  10.3 . The promotion of an electron from the d π  M  metal orbital to 
the  π  L  *  ligand orbitals results in the metal - to - ligand charge transfer (MLCT) excited 
states. Similarly, the transition of electrons from the  π  M  to  σ  *  M  and from the  π L 
to  π  *  orbitals results in the metal - centered (MC) and ligand - centered (LC) excited 
states, respectively. The energy levels of the MLCT, MC, and LC excited states are 
dependent on the properties of both the metal center and ligands. Therefore, with 
the same metal center, it is possible to vary the photophysical properties of the 
complexes by modifying the structures of the ligands. In most of the Ru(II) com-
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plexes, the lowest excited state is a  3 MLCT state, which is also responsible for 
several interesting luminescence and photo - redox activities. In general, the life-
time of the triplet MLCT excited states is in the order of ms to  µ s.   

 Ruthenium(II) polypyridyl complexes also exhibit interesting electrochemical 
properties. Several reversible redox processes can be observed. Oxidation of these 
complexes involves a metal - centered oxidation that produces Ru(III) species. Such 
process is relatively inert to the properties of the ligand concerned. On the other 
hand, the reduction may involve either metal - centered or ligand - centered orbital. 
The commonly observed reduction is a ligand - based process. The reduction 
process may take up more than one electron and its properties are largely depen-
dent on the nature of the ligand. 

 Tris(2,2 ′  - bipyridyl) ruthenium(II) complex Ru(bpy) 3  2+  is the most extensively 
studied ruthenium diimine complex. The LC, MC, and MLCT transitions are 
observed at ca. 280, 340, and 450   nm, respectively  [84] . Upon photoexcitation, this 
complex will emit from the MLCT excited states and the luminescence lifetime 
and intensity are temperature dependent. A wide variety of molecular Ru(bpy) 3  2+  
complexes have been used as photosensitizers, emission sensitizers, and photo-
oxidants. Other than the bidentate 2,2 ′  - bipyridine ligand, ruthenium complexes 
chelated with tridentate nitrogen donor ligands, such as 2,2 ′ :6 ′ ,2 ″  - terpyridine (tpy), 
have also drawn tremendous attention in the application of photosensitizers  [86] . 
Terpyridine is a well - known ligand to form a variety of stable and robust complexes 
with various d 6  transition metals such as Ru and Os. In terms of photophysical 
properties, Ru(tpy) 2  2+  type complexes demonstrate similar properties as Ru(bpy) 3  2+  
that they both exhibit lowest excited states with MLCT character. In addition, it is 
possible to build supramolecular model compounds by linking different Ru(tpy) 2  2+  
complexes at the 4 ″  positions. These compounds exhibit linear geometry and are 
useful in the investigation of detailed photophysical properties. For example, dyads 
or triads based on Os(tpy) 2  2+ , Ru(tpy) 2  2+ , or heterodinuclear complexes have been 
reported  [86] .  

Fig. 10.3     Schematic diagram of the molecular orbitals of Ru(bpy) 32+  complex. 
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  10.4.2
Examples of Ruthenium Complex Containing Polymers 

 2,2 ′  - Bipyridine and its derivatives are known to be good ligands for a variety of 
transition metal ions. An extensive review on polymers based on bipyridine ligand 
can be found in literature  [87] . Ruthenium(II) complexes with this ligand are of 
particular interest due to their remarkable photophysical and electrochemical 
properties. Numerous research efforts have been focused on metal containing 
polymers with this type of complex in the early studies. In general, ruthenium 
complex containing polymers can be prepared by two different methods: (1) by 
physically doping the ruthenium complex into a suitable polymer matrix; or (2) by 
incorporating the complex as part of the polymer molecule. The fi rst approach is 
relatively simple, but phase separation of the complex with the polymer is always 
an important factor to be considered. For the second approach (functional polymer 
approach), the ruthenium complex can be prepared as monomer, which is then 
subsequently polymerized via a suitable polymerization reaction. Due to the good 
chemical stability of most of the ruthenium complexes based on 2,2 ′  - bipyridine or 
other diimine bidentate ligands, many different polymerization methods, such 
as condensation  [88, 89] , radical chain reaction  [90] , palladium catalyzed coupling 
 [91, 92] , or atom transfer living polymerization  [93] , etc., can be used. On the other 
hand, it is also possible to prepare ruthenium containing polymer by fi rstly syn-
thesizing the polymer functionalized with 2,2 ′  - bipyridyl ligands, which is then 
subjected to metal coordination reaction. This approach is synthetically more facile 
because fewer steps are involved in the monomer synthesis. However, it will be 
more diffi cult to control the metal content in the resulting polymers. Ruthenium 
complexes can be incorporated either onto the saturated or conjugated polymer 
main chains. For nonconjugated polymers, most of the early works were focused 
on the studies of luminescence and electrochemical properties of the polymers. 
In 1982, the synthesis of the water - soluble  p  - aminostyrene -  N  - vinylpyrrolidone 
copolymer  1  (Fig.  10.4 ) incorporated with Ru(bpy) 3  2+  complex was reported  [90] . 
The ruthenium complex content in the copolymer was quite low ( < 10%). The 
luminescence from the ruthenium moiety was quenched in aqueous solutions by 
various quenchers such as Fe(CN) 6  4 −  , Co(phen) 3  2+ , and Cu 2+  ions. The quenching 
effect was also enhanced by the presence of polyanion such as poly( p  - styrenesul-
fonate). In another report, the syntheses of different polyamides or polyesters 
incorporated with Ru(bpy) 3  2+  complex were demonstrated  [94] . The polyamides 
based on 2,2 ′  - bipyridine - 4,4 ′ dicarboxylate were synthesized by the condensation 
reaction between 2,2 ′  - bipyridine - 4,4 ′  - dicarbonyl chloride and 1,6 - diaminohexane. 
Ruthenium complex was incorporated to the polymer main chain after the polym-
erization reaction. The presence of ruthenium was confi rmed by the change in 
UV - vis absorption spectra before and after metallation.   

 Most of the examples of ruthenium containing polymers are based on conju-
gated polymer systems. Polypyrroles that contain Ru(bpy) 3  2+  complex derivatives 
with different combinations of the ligands  2 –  4  were synthesized by electrochemi-
cal polymerization, which is shown in Fig.  10.4   [95] . The polypyrroles obtained 
showed the elimination of conductivity at high positive potential, but the electro-
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activity of ruthenium complexes was retained. In 1992, Yamamoto  et al.  reported 
the metal complexation of poly(2,2 ′  - bipyridine - 5,5 ′  - diyl)  5   [96] . The polymer formed 
electrochemically active complexes with ruthenium and nickel. Electron exchange 
between ruthenium complexes through the polymer main chain was observed 

Fig. 10.4     Examples of ruthenium containing polymers. 
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from the corresponding cyclic voltammogram. A similar electron transfer process 
between ruthenium centers on the main chain was also observed in the benzimid-
azole based polymer (polymer  6 )  [97] . Some highly rigid bipyridine containing 
heterocyclic polymers ( 7 ) with poly(benzobisoxazole) and poly(benzobisthiazole) 
main chains were synthesized by Chan  et al .  [98] . The metal - free polymers exhibit 
lyotropic mesophases in methane sulfonic acid and they also have one of the 
highest thermal stabilities reported in the literature (decomposition tempera-
ture   =   691 ° C under N 2 ). After complexation with ruthenium, the electrochemical 
and charge carrier mobilities were studied in detailed. Hole and electron carrier 
mobilities of the polymers were in the order of 10  − 5  cm 2  V  − 1  s  − 1 . It was suggested 
that the ruthenium complexes can play the role as charge - transporting species. 
Copolymer  8  composed of regular tetrathiophene and 2,2 ′  - bipyridine were reported 
by Trouillet (Fig.  10.5 )  [99] . The resulting polymer is highly soluble in common 
organic solvents, which allowed them to be characterized by various spectroscopic 
and electrochemical methods. Polymer  9  with aliphatic imine main chain was 
also synthesized by the polymerization between 4,4 ′  - diamino - 2,2 ′  - bipyridine and 
glyoxal, which was followed by metallation  [100] . In these polymers, the electronic 
interaction between the conjugated main chain and the ruthenium complexes was 
observed. The electrochemical data of some of the polymers discussed above are 
summarized in Table     10.1 . Other than performing polymerization on the polymer 
main chain, ruthenium complex polymers can also be synthesized by the metal 
coordination reaction. Rehahn  et al.  demonstrated the high molecular weight 
polymer  10  synthesized by the coordination reaction between tetrapyridophen-
azine and the ruthenium monomer [Ru(bpy)Cl 3 ]  x    [101] . The solution properties of 
the polymers obtained were thoroughly studied.     

 In addition to the linear polymers, dendritic polymers can also be obtained from 
Ru(bpy) 3  2+  complexes, as each ruthenium center can be coordinated by three 
bidentate ligands. Campagna  et al . synthesized various ruthenium containing 
polymers by the  “ complexes - as - metals ”  and  “ complexes - as - ligands ”  strategies 
 [102] . Dendrimers with 4, 10, and 22 metal ions were obtained, and an example 
of dendrimer  11  that contains 10 ruthenium metal centers is shown in Fig.  10.5 . 
These polymers exhibit very intense absorption for the MLCT transition ( ε   >  
10  000   M  − 1  cm  − 1 ), and the interactions between neighboring metal complex units 
were observed from electrochemical results.  

  10.4.3
Ruthenium Complexes for Light - Emitting Devices 

 Since Ru(bpy) 3  2+  type complexes exhibit interesting electrochemical and lumines-
cence properties, they are promising candidates as the light - emitting materials in 
OLEDs. Some examples of ruthenium complexes that were used for OLED applica-
tions are shown in Fig.  10.6 , and the device performances are summarized in 
Table     10.2 . In these devices, the ruthenium complexes can be deposited as a single 
emitting layer or doped into a charge transport or inert polymer matrix. The fi rst 
solid - state electroluminescent device based on Ru(II) complex ( 12a ) has been 
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Fig. 10.5     Examples of ruthenium containing polymers. 
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Fig. 10.6     Examples of some ruthenium complexes for electroluminescent applications. 

Table 10.1     Electrochemical and spectroscopic properties of 
some ruthenium containing polymers (structures of the 
polymers are shown in Figs.  10.4 and 10.5 ). 

 Polymer lmax , abs   lem ,
PL (nm) 

lem ,
EL (nm) 

Ered
1/2  (V)   Eox

1/2  (V)  Ref. 

  1   460  610  b      a      a      a     90 
 Poly[Ru(bpy) 2 ( 2 )]    a      a      a     − 1.25  c    1.05  c     95 
 Poly[Ru(bpy)( 2 ) 2 ]    a      a      a     − 1.20  c    1.195  c     95 
 Poly[Ru( 3 )( 2 ) 2 ]    a      a      a     − 1.14  c    1.26  c     95 
 Poly[Ru( 4 ) 3 ]    a      a      a     − 1.70  c    0.86  c     95 
  5     a      a      a     − 1.1  (b,c)    0.8  (b,c)     96 
  8   475    a      a     − 1.34,  − 1.60,

 − 2.04, 2.14  c   
 0.64, 0.78,
1.05  c   

  99 

  9   465  666    a     − 0.83,  − 1.49,
 − 1.66  d   

 0.99  d    100 

  10   460  b      a      a      a      a    101 
  11   541  809    a     − 0.73,  − 1.22  d    1.53  d    102 

   a    Not reported  
   b    Approximate value  
   c    vs. Ag/Ag +   
   d    vs. SCE   
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Table 10.2     Summary of EL performance of devices fabricated 
from ruthenium complexes (structures of the complexes are 
shown in Fig.  10.6 ). 

 Complex  Device confi guration lmax

Abs (nm) 
lmax

EL (nm) 
 Turn - on 
voltage Von

(V)

 Maximum 
luminance
(cd m  − 2 ) 

 External 
quantum
effi ciency 
hext  (%) 

 Ref. 

  12a   ITO/(PPV/SPS) 5 /
(PPV/PMA) 20 / 12a /Al 

 470  628  2.5 – 3.5   110  0.05  103 

  12a   ITO/PEO: 12a :LiCF 3 SO 3 /Al  470  628  2.5 – 3.0   100  0.02  104 
  12b   ITO/ 12b /Au  447  589   –    –   0.25  106 
  12c   ITO/PVK: 12c /PBD/Alq 3 /LiF/Al  460  612  11.0   500   –   116 
  12c   ITO/PVK: 12c /PBD/Alq 3 /LiF/Al  460  612  10.0   500   –   117 
  12c   ITO/PVK:PBD: 12c /Alq 3 /BCP/

Alq 3 /LiF/Al 
  –    –   9.0 – 10.0  3400   –   115 

  13a   ITO/ 13a /Al   –   630   –   1000  1.0  104 
  13b   ITO/ 13b /Al   –   630   –    –   0.4  105 
  13b   ITO/ 13b /Ga:In  455  660  2.3  3500  1.4  108 
  13b   ITO/ 13b /Al   –    –   3.0  1000  1.45  112 
  13b   ITO/PMMA: 13b /Al   –    –   2.6   400  3.0  112 
  13b   ITO/Au/ 13b /Ga:In  455  660  2.3  5000   –   109 
  13b   ITO/PMMA: 13b /Ag   –   630   –    –   2.7  113 
  13b   ITO/ 13b /Au  451  605   –    –   0.5  106 
  13b   ITO/Alq 3 / 13b /Ga:In   –   630  2.0   –   6.4  111 
  13c, d   ITO/ 13c  or  13d /Al   –   690   –    600  0.4  105 
  13f   ITO/PMMA: 13f /Ag   –   630   –    –   4.1  113 
  13f   ITO/ 13f /Au  459  610   –    –   0.75  106 
  13f   ITO/ 13f /Au   –    –   5.0   –   0.6  106 
  13g   ITO/PMMA: 13g /Ag   –   630   –    –   5.5  113 
  13h   ITO/ 13h /Au  454  612   –    –   0.5  106 
  13i   ITO/ 13i /Au  454  609   –    –   0.25  106 
  14   ITO/PVK: 14 /BCP/Alq 3 /Al  460  620  8.0   95  0.14  114 

demonstrated by Rubner  et al . in 1996  [103] . Subsequently, other devices that uti-
lized different tris - chelated Ru(II) diimine complexes ( 12a, 13a,b,c,d ) were fabri-
cated by spin - coating  [103 – 105]  technique. The device performances were generally 
poor in the early studies, with maximum luminance around a few hundred cd m  − 2  
and low   η   ext  (0.05%). Nevertheless, high effi ciency and low driving voltage devices 
with this type of materials can be envisioned by modifying the molecular structure 
or the device architecture. The luminance was increased to 1000   cd   m  − 2  at 5   V with 
  η   ext   ∼ 1% by using the hydroxymethylated and esterifed derivatives of Ru(bpy) 3  2+  
complex  [105] . Bernhard  et al . investigated the infl uence of bipyridine ligands with 
various aliphatic substituents on the device performance. Maximum   η   ext  (0.75%) 
was obtained from the device with [Ru(dtb - bpy) 3 ] 2+ (PF 6   −  ) 2   [106, 107]  (complex  13f  ). 
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Guo and Bard introduced a Ga:In eutectic cathode in the Ru(bpy) 3  2+  based devices. 
These single - layer devices exhibited   η   ext  ranged from 0.4 to 3.4%  [108 – 110] . By 
inserting a layer of Alq 3  at the anode interface, the emitting zone was shifted to 
the new interface between Alq 3  and Ru(bpy) 3  2+ . The device with the confi guration 
ITO/Alq 3 /Ru(bpy) 3 (ClO 4 ) 2 /Ga:In showed high   η   ext  and power effi ciency of 6.4% 
and 5.3   lm   W  − 1 , respectively  [111] .     

 The ruthenium(II) complexes can be diluted into the polymer matrix either by 
blending with a polymer host in order to reduce the effect of concentration quench-
ing. Single - layer devices of ruthenium complexes ( 13b,f  ) in various polymer 
blends (PMMA, polycarbonate or polystyrene) were examined by Rudmann and 
Rubner  [112] . The PMMA blends with Ag as cathode exhibited   η   ext  ranged from 
2.5 to 3.0%. Later, new derivatives of the Ru complex  13g  were studies with this 
optimized device confi guration (ITO/ 13g :PMMA/Ag)  [113] . The devices showed 
excellent stability under pulsed driving voltage with maximum   η   ext    =   5.5%, which 
reminds the highest value reported for ruthenium polymer - based OLEDs to date. 
Hole - transporting polymer, PVK, was also employed as the polymer host for 
the ruthenium complexes  12c  and  14   [114 – 117] . High luminance effi ciency 
(8.6   cd   A  − 1 ) and power effi ciency (2.1   lm   W  − 1 ) were obtained by introducing charge -
 transporting layers in the devices  [116, 117] .  

  10.4.4
Complexes Based on Multifunctional Ligands 

 There were several attempts in synthesizing multifunctional light - emitting 
complexes with charge - transporting units attached to the ligands. Organic light - 
emitting molecules that contained both hole - transporting triphenylamine and 
electron - transporting 1,3,4 - oxadiazole moieties were synthesized  [118] . These com-
pounds emitted blue – green light in the range between 450 and 490   nm. In another 
paper, Chan  et al.  reported a series of rhenium and ruthenium complexes that 
contain triphenylamine and oxadiazole moieties  [119] . They were synthesized 
easily by a one - step reaction between the 2,2 ′  - bipyridine dicarbonyl chloride and 
the corresponding aromatic tetrazoles (Scheme  10.1 ). Complexes with symmetri-
cal ligand ( 15a – e ) and asymmetrical structures ( 16a – e ) were reported  [119, 120] . 
The properties of these complexes are summarized in Table     10.3 . In general, 
ligands with more extended conjugated structures have lower transition energies. 
All these complexes exhibit an intense absorption at ca. 410 –  478   nm and an emis-
sion band at ca. 670 – 720   nm originated from the MLCT transitions. The neutral 
rhenium complex can be doped into a polycarbonate (PC) host with the concentra-
tion up to 40  wt% without observing phase separation. For the ruthenium com-
plexes, they were doped into poly(vinyl alcohol) (PVA). It was suggested that the 
complexes could play the roles as hole -  and electron - transporting units as well 
as light emitters. The charge carrier mobilities and EL properties of some of 
the complexes doped in different polymer hosts are shown in Table     10.4 . The 
rhenium complexes showed higher carrier mobilities than those of the ruthenium 
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complexes with the same ligand. Complex  15a – Re  exhibits a symmetric structure 
and has the highest carrier mobilities among all the complexes, which is probably 
due to the presence of two triphenylamine and oxadiazole moieties per ligand. In 
addition, other complexes based on ligand  15a  exhibit higher mobilities than those 
of  15b . After doping the complexes into a suitable polymer matrix, the resulting 
composites were fabricated into single - layer light emitting devices with the struc-
ture ITO/complex:polymer/Al. The EL spectra of  15a – Re  and  15b – Re  are shown 

Scheme 10.1     Synthesis of multifunctional rhenium and ruthenium complexes. 



Table 10.3     Properties of multifunctional light emitting rhenium 
and ruthenium complexes (structures of the complexes are 
shown in Scheme  10.1 ). 

 Complex  Ar  Decomposition 
temperature ( ° C) 

lmax

Abs (nm)  a
lmax

EL (nm)  a

  15a – Re  

 

N

   

 368  478  675 
  15a – Ru   378  440  680 
  16a – Re   308  444  694 
  16a – Ru   326  412  710 

  15b – Re  

 

C
CH3

CH3

CH3    

 347  475  682 
  15b – Ru   363  440  722 
  16b – Re   318  442  700 
  16b – Ru   356  450  723 

  15c – Re  

    

 352  458  711 
  15c – Ru   351  438  722 
  16c – Re   349  422  675 
  16c – Ru   388  446  693 

  15d – Re  

    

 361  415  682 
  15d – Ru   356  432  722 
  16d – Re   322  410  675 

  15e – Re  

    

 333  442  726 
  15e – Ru   342  425  713 

   a     Absorption maximum measured in CHCl 3  solution (for Re complexes) or CH 3 CN solution 
(for Ru complexes). Only the energy of the MLCT absorption band is given.   

Table 10.4     Electroluminescence and charge transport 
properties of multifunctional rhenium and ruthenium 
complexes (structures of the complexes are shown in Scheme 
 10.1 ). 

 Complex  Polymer 
hosta

lmax ,
EL
(nm)

 Turn - on
voltage
Von  (V) 

 External
quantum
effi ciency
hext  (%) 

 Maximum
luminance
(cd m  − 2 ) 

 Hole carrier 
mobility¨  µ  h
(10 − 4   cm 2   V  − 1   s  − 1 )  b

 Electron carrier 
mobility¨  µ  e
(10 − 4   cm 2   V  − 1   s  − 1 ) b

  15a – Re   PC  678  4  0.1  730  4.1  7.1 
  15a – Ru   PVA  665  5  0.1  650  3.4  5.8 
  16a – Re   PC  665  6  0.08  350  2.9  6.1 
  16a – Ru   PVA  700  5  0.07  130  2.6  4.6 
  15b – Re   PC  674  6  0.06  175  3.2  5.8 
  15b – Ru   PVA  710  5  0.04  160  2.5  4.2 
  16b – Re   PC  680  6  0.05  180  2.8  4.9 
  16b – Ru   PVA  720  7  0.03  190  2.3  3.6 

   a    PC   =   polycarbonate; PVA   =   poly(vinyl alcohol).  
   b    Measured at externally applied electric fi eld E   =   40   kV   cm  − 1 .   



346  10 EL from Metal-Containing Polymers and Metal Complexes with Functional Ligands

in Fig.  10.7 . All the rhenium complexes exhibit similar EL spectra with an emis-
sion band centered at ca. 670   nm. The current – voltage characteristics of the devices 
also follow closely to those of the luminescence – voltage characteristics, which 
implies equally effi cient charge injection and transport processes. The device 
based on  15a – Re  also exhibits the best device performance with the lowest turn - on 
voltage of 4   V. The external quantum effi ciency and luminance were measured to 
be 0.1% and 730   cd   m  − 2 . This can be explained in terms of its relatively lower hole 
injection barrier than that of complex  15b − Re .          

  10.4.5
Ruthenium Containing Polymers for Light - Emitting Devices 

10.4.5.1  EL Devices Based on Ruthenium Complex Containing 
Nonconjugated Polymers 
 Besides blending the ruthenium complexes with polymer host, another approach 
to reduce the concentration quenching of ruthenium complex in the thin fi lm is 
to copolymerize the complex with another monomer. This method eliminates the 
problem of phase separation of metal complex from the polymer matrix, as both 
complex and polymer are covalently attached together. Rubner  et al.  reported the 
electroluminescent properties of polyester  17  with ruthenium complexes cova-
lently linked onto the main chain  [121, 122] . Thin fi lm devices of ruthenium 
complex containing polyester and poly(acrylic acid) (PAA) were fabricated by using 
layer - by - layer deposition technique  [121 – 123] . In each deposition cycle, a polymer 
bilayer that contained cationic polyester  17  and the anionic PAA was formed. The 
polymer molecules were held to each other by electrostatic force. The thickness of 
each ( 17 /PAA) bilayer was controlled by varying the pH of the polymer solutions. 
The   η   ext  of the spin - coated devices and of the layer - by - layer devices were 0.08 and 
1%, respectively. Devices with   η   ext  as high as 3% was obtained with optimized 
polymer thickness. 

Fig. 10.7     Electroluminescence spectra of complexes  15a – Re  and  16a – Re.
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 Detailed studies on a series of polyamides ( 18a – e ) that contain 2,2 ′  - bipyridine -
 4,4 ′  - dicarboxylate and 2,2 ′  - bipyridine - 5,5 ′  - dicarboxylate were reported  [89] . The 
thermotropic and lyotropic liquid crystalline properties of the metal - free polymers 
were fully investigated. Only those polymers with low ruthenium content after 
complexation exhibited lyotropic mesophases, and the clearing temperatures 
decreased compared to the metal - free polymers. These polymers were also synthe-
sized by another approach in which the ruthenium complex monomer was copo-
lymerized with various diamines. No decomposition of the complex was observed 
during the course of the polymerization reaction. The photoconductivity and 
charge - transporting properties of the polymers were also studied. The hole and 
electron carrier mobilities of the polymers were in the order of 10  − 8   cm 2   V  − 1   s  − 1 , 
which subsequently increased by 2 - 3 orders of magnitudes after the incorporation 
of ruthenium complexes. 

 In a more recent paper, Malliaras  et al . reported the electroluminescence proper-
ties of ruthenium containing dendrimers  [124] . Five generations of polyamido-
amine - based dendrimers with 4, 8, 16, 32, and 64 Ru(bpy) 3  complexes on the 
periphery were synthesized. The structure of dendrimer  19  with 8 Ru complexes 
is shown in Fig.  10.8 . EL devices with ITO and gold electrodes were fabricated. 
The devices were found to behave similar to those based on Ru(bpy) 3  2+  fi lms. The 
EL effi ciency showed a monotonic decrease with the dendrimer generation. It was 
attributed to the decrease in the electronic carrier mobility and the increase in 
self - quenching, as the number of dendrimer generation was increased. It was 
suggested that the self - quenching is dependent on the precise dendrimer confi gu-
ration, which was not discussed in detail in the paper.    

10.4.5.2  Multifunctional Ruthenium Complex Containing Conjugated Polymers 
 The performance of organic light - emitting devices has been limited due to the 
relatively poor charge carrier mobilities; especially the transport of electrons. In 
nonconjugated polymers, charge transport is predominately given by hopping of 
charges between different charge carriers (e.g., the ruthenium complex), and the 
polymer main chain is not involved in the process. Therefore, incorporation of 
charge transport moieties on polymer main chain may further enhance the charge 
carrier mobilities of the polymers. It was found that hole and electron carrier 
mobilities in some ruthenium terpyridyl complex containing polymers were 
dependent on the metal complex content. The carrier mobilities were measured 
to be of the order of 10  − 5   cm 2   V  − 1   s  − 1   [125] . There were also examples of improving 
the electron carrier mobility of polymers by incorporation of aromatic oxadiazole 
or triazole moieties into the light - emitting polymer. The devices fabricated from 
these oxadiazole containing polymers exhibited improved performance due to 
improved charge injection and carrier mobilities  [126 – 128] . The design strategy is 
shown in Fig.  10.9 . The enhancement in charge mobility was attributed to the 
redox behavior of the ruthenium complexes, which can function as hole and elec-
tron carrier. Similar behavior was observed in other ruthenium containing poly-
mers with modest charge carrier mobilities  [125] . Because of these interesting 
results, multifunctional ruthenium containing conjugated polymers ( 22a – f, 23a – c ) 
were synthesized, and their structures are shown in Fig.  10.10   [91, 92] . The design 
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Fig. 10.8     Examples of ruthenium containing polyester, 
polyamides, and dendrimer (with 8 Ru(bpy) 32+  centers) for 
electroluminescent applications. 



Fig. 10.9     Design of multifunctional metal containing polymers. 

Fig. 10.10     Ruthenium and rhenium containing polymers with 
oxadiazole or phenanthroline moieties on the main chain. 
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strategy was to incorporate both charge - transporting units and light - emitting 
metal complexes on the same polymer chain. The key monomers are complexes 
 20  and  21 , which contain two aromatic oxadiazole units and a Ru(bpy) 3  2+  complex 
moiety. Both 2,2 ′  - bipyridine - 5,5 ′  - diyl and 2,2 ′  - bipyridine - 4,4 ′  - diyl ruthenium com-
plexes were prepared. These monomers were copolymerized with 1,4 - dibromo - 2,5 -
 dioctoxybenzene and 1,4 - divinylbenzene in different ratio by palladium catalyzed 
Heck Coupling reaction. All the polymers were obtained in good to excellent 
yield. In order to investigate the effect of metal content to the photophysical 
properties, copolymers with various ruthenium contents (from 10 to 100% per 
repeating unit) were prepared. A series of conjugated polymers based on 1,10 -
 phenanthroline (Phen) ligand were also synthesized. In this system, the Phen 
containing polymer was incorporated with ruthenium (polymers  24a – g ) or chlo-
rotricarbonyl rhenium (polymers  25a – e ) metal center in different ratios, and the 
latter ones are neutral complexes which have higher solubility in some nonpolar 
organic solvents.     

 The photophysical properties of the polymers are summarized in Table     10.5 . 
The electronic absorption spectra of polymers  22b, d, f  are shown in Fig.  10.11 . 
All these polymers exhibit an intense absorption band in the region between 410 
and 450   nm, which is assigned to the  π  –  π  *  absorption by the conjugated polymer 
main chain. When the ruthenium complex content increases, the absorption peak 
shows a bathochromic shift (low energy shift). This may be due to the lowering 
of the energy of the  π  *  orbital of the oxadiazole moieties on the main chain. The 
absorption due to the MLCT (d –  π  * ) absorption of the ruthenium complex can be 
found at ca. 500   nm. For polymers with lower metal content, the MLCT absorption 
was overwhelmed by the extension of the  π  –  π  *  absorption tail. When the metal 
content increases, the MLCT absorption band was observed as a shoulder at the 
lower energy end of the  π  –  π  *  transition.     

 The transport of charges in molecularly doped organic polymers has been inves-
tigated in the development of materials for xerography  [129] . The investigation of 
transient photocurrents was originally developed for organic single crystals and 
inorganic materials, which are characterized by nondispersive charge transport 
properties. However, due to the highly disordered nature in organic materials, the 
transport of charges is described by the disordered theory  [130] . The charge carrier 
mobilities of the polymers were measured by the time - of - fl ight experiment in 
which the transient photocurrent generated by a pulsed laser was monitored with 
an oscilloscope. From this photocurrent pulse, the carrier mobility of the polymer 
can be deduced. Typical transient photocurrent profi les for dispersive and nondis-
persive charge transport processes are shown in Fig.  10.12 , and the transient 
photocurrent of ruthenium containing polymer  22a  is also shown as reference. In 
this polymer, the transient photocurrent showed a featureless decay, indicating 
that the charge transport was highly dispersive (non - Gaussian carrier distribution) 
in nature. In such cases, the transit time  t  T  is defi ned by the intercept of the tan-
gents approximating the current pulse at early and late times in the log  I  vs log  t  
plot. The drift mobility   µ   was calculated according to the equation   µ     =    L / t  T / E , where 
 L  is the fi lm thickness and  E  is the external electric fi eld strength.   



10.4 Ruthenium Containing Polymers 351

Table 10.5     Properties of ruthenium and rhenium containing 
polymers with oxadiazole or phenanthroline moieties on 
the main chain (structure of the polymers are shown in 
Fig.  10.10 ). 

 Polymer  Ru content per 
repeating unit 

 Decomposition
temperature ( ° C) 

 Hole carrier
mobility  µ h
(10 − 4   cm 2   V  − 1   s  − 1 )  a

 Electron carrier 
mobility  µ e
(10 − 4   cm 2   V  − 1   s  − 1 )  a

  22a   0.1  434  0.47  0.50 
  22b   0.25  416  0.55  0.57 
  22c   0.35  412  1.8  3.1 
  22d   0.5  402  1.5  3.6 
  22e   0.65  401  4.9  7.9 
  22f   1  424  5.1  8.3 
  23a   0.25  399  0.21  0.3 
  23b   0.5  394  0.45  1.5 
  23c   1  387  0.64  3.2 
  24a   0.1  392  0.8  2.1 
  24b   0.2  383  1.3  2.8 
  24c   0.3  372  1.3  3.0 
  24d   0.4  371  1.5  3.3 
  24e   0.5  383  1.8  3.8 
  24f   0.6  382  2.4  4.6 
  24g   1  392  3.1  6.5 
  25a   0.1  408  0.4  1.2 
  25b   0.2  403  1.0  1.9 
  25c   0.3  410  1.1  2.4 
  25d   0.5  415  1.4  2.7 
  25e   0.7  407  2.1  4.0 

   a    Measured at  E    =   40   kV cm  − 1 .   

Fig. 10.11     Electronic absorption spectra of polymers  22b, 22d , and  22f  (Adapted from  [92] ). 



352  10 EL from Metal-Containing Polymers and Metal Complexes with Functional Ligands

 Carrier mobilities of rhenium and ruthenium containing polymers are listed in 
Table     10.5 . It can be seen clearly that both the hole and electron carrier mobilities 
are dependent on the metal complex content, and they are of the order of 10  − 4  to 
10  − 5   cm 2   V  − 1   s  − 1 . In general, these values are higher than the carrier mobilities of 
some PPV derivatives  [131, 132] , polycarbonate doped with oxadiazoles  [133] , or 
aromatic amines    [129, 134 – 136] . Polymers with 5,5 ′  - disubstituted 2,2 ′  - bipyridine 
(polymers  22a – f  ) exhibit slightly higher carrier mobilities than those of the 4,4 ′  -
 disubstituted analogues ( 23a – c ), and the measured electron mobilities are slightly 
higher than those of hole mobilities. It was suggested that the enhancement in 
electron drift mobilities was possible due to the presence of oxadiazole moieties 
in the polymer main chain. The temperature dependent electron carrier mobilties 
were also studied. A plot of electron carrier mobilities for polymers  22d,f  as a 
function of temperature is shown in Fig.  10.13 . Since the transport of charges is 
a thermally activated process, the activation energy can be calculated from the 
Arrhenius plot. From the fi gure, both polymers exhibit similar activation barriers 
under different electric fi eld strengths, which are approximately 0.1 – 0.2   eV. For 
the polymers based on ruthenium or rhenium Phen complexes ( 24a – g ), they 
exhibit similar hole and electron mobilities as polymers  22a – f , and the mobilities 
are also dependent on the metal content.   

 Electroluminescent properties of these polymers were studied by the fabrication 
of single layer light - emitting devices ITO/polymer/Al. The performances of some 
of the devices fabricated are summarized in Table     10.6 . The turn - on voltages of 
these devices are in the range between 6 and 8   V, and the external quantum effi -
ciencies are in the order of 10  − 1 %. The emission properties were dependent on the 
metal content in the polymers. The PL and EL spectra of polymers  22d,f , which 
have different ruthenium complex contents, are shown in Fig.  10.14 . In the PL 
and EL spectra of polymer  22d , the emission was dominated by the  π  *  –  π  emission 

Fig. 10.12     (a) Schematic diagrams showing the difference in 
transient photocurrent profi le for dispersive and nondispersive 
charge transport. (b) Transient photocurrent profi le observed 
in the time - of - fl ight experiment for polymer  22a . 
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at 590   nm originated from the polymer main chain. The emission from the MLCT 
states of the Ru complex only appears as a shoulder at ca. 650 – 700   nm, which is 
due to the low metal content in the polymer. For polymer  22f , the PL and EL 
spectra were dominated by the metal complex emission centered at 710   nm. No 
emission from the  π  - conjugated main chain could be observed. The low lying 
triplet emissive state of the Ru complex suffi ciently quenched the singlet emission 
from the polymer main chain via F ö rster/Dexter energy transfer processes or 
direct charge trapping. When the metal content (the quencher) was increased, the 

Fig. 10.13     Plot of electron carrier mobility for polymers  22d
and 22f  as a function of temperature under different externally 
applied electric fi elds (Adapted from  [92] ). 

Table 10.6     Electroluminescence performance of single-layered 
light emitting devices ITO/polymer/Al fabricated from 
polymers 22  –  25  (structures of the polymers are shown in 
Fig.  10.10 ). 

 Polymer  Turn - on
voltage (V) 

lmax  EL (nm)  Maximum
luminance
(cd m  − 2 ) 

 External 
quantum
effi ciency (%) 

  22d   8  590, 690  a    180  0.08 
  22e   6  710  220  0.1 
  22f   6  710  300  0.1 
  23a   6  600, 700  a    100  0.05 
  23b   6  690  150  0.07 
  24b   6.5  570, 710  a    90  0.15 
  24e   7  710  110  0.17 
  25b   7.5  570, 695  a    100  0.2 
  25e   7  700  130  0.21 

   a    The emission band appeared as a shoulder.   
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quenching effect becomes more prominent. The maximum luminance was mea-
sured in the device fabricated from polymer  22f  (300   cd   m  − 2 ). The Phen - based 
ruthenium and rhenium containing polymers exhibit slightly higher external 
quantum effi ciency and lower maximum luminance than the oxadiazole based 
metal containing polymers. By using this material design approach, the emission 
color of this series of polymers can be fi ne tuned by controlling the metal content 
in the polymer backbone.     

 Energy transfer processes were also observed in another series of multifunc-
tional metal containing polymers with ruthenium dipyridophenanzine (dppz) 
complexes incorporated  [137] . Aromatic conjugated polymers based on nitrogen 
heterocyclics compounds usually behave as n - type materials. Starburst molecules 
with quinoxaline moieties were shown to exhibit electron mobility of the order of 
10  − 4   cm 2   V  − 1   s  − 1   [138] . The structures of the ruthenium polymers  26b – e  with dppz 
moieties are shown in Fig.  10.15 . The metal - free dppz containing polymer  26a  was 
also synthesized for comparison. The rhenium containing polymers  27a – f  were 
synthesized by similar approach as abovementioned. Polymers  26b – e  are all 
soluble in polar solvents such as NMP, DMF, and DMSO due to the presence 
of the ionic groups on the main chain. Thin optical fi lms of high quality can be 
fabricated by spin coating or solution casting methods. However, the rhenium 
containing polymers  27a – f  are only soluble in  m  - cresol and slightly soluble in 
1,1,2,2 - tetrachloroethane, which are both nonvolatile solvents. The thin fi lms 
obtained from  m  - cresol solution showed very poor fi lm quality. Therefore, most 
of the physical measurements were carried out in solution phase, and the EL 
characterizations were mainly carried out for the ruthenium containing polymers. 
The PL spectra of  27a – f  are shown in Fig.  10.16 . Polymer  27a  exhibits a main 
chain emission centered at 550   nm, and the emission from the Re dppz complex 
is observed as a shoulder at ca. 680   nm. The intensity of the main chain emission 
decreased together with the increase in relative emission intensity from the 

Fig. 10.14     Photoluminescence and electroluminescence 
spectra of polymers 22d  and  22f  (Adapted from  [92] ). 
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rhenium complex, when the Re complex content increased. No main chain emis-
sion can be observed from polymer  27f . Similar to the previous series of polymers, 
it was attributed to the energy transfer from the  π  π  *  states of the main chain to 
the lower energy MLCT states of the metal complexes.     

 For the ruthenium containing polymers  26b – e , the hole and electron carrier 
mobilities of the polymers were in the range between 10  − 4  and 10  − 5   cm 2   V  − 1   s  − 1  and 
the values are summarized in Table     10.7 . The charge carrier mobilties were found 
to increase with the metal content. In addition, the electron carrier mobilities were 

Fig. 10.15     Rhenium and ruthenium containing conjugated 
polymers with dipyridophenanzine ligand on the main chain. 

Fig. 10.16     Photoluminescence spectra of polymers  27a – f
(see Fig.  10.15 ) with different rhenium complex contents. The 
arrows indicate the trend of increasing the rhenium complex 
content (Adapted from  [137]   –  Reproduced by permission of 
The Royal Society of Chemistry). 
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higher than the hole carrier mobilities for the polymers with the same metal 
content. The result indicates that the dppz moieties may function as a better elec-
tron transport unit. All these results strongly support the importance of the nature 
of the metal complex toward the charge - transporting processes in these polymers. 
The PL of the main chain and metal complex are observed at 570 and 680   nm, 
respectively, and their relative intensities are dependent on the metal complex 
content. The EL spectra from the device with the confi guration ITO/polymer/Al 
resemble to the PL spectra (Fig.  10.17 ), indicating that the emissive excited states 
are from the same origin. The turn - on voltage of these devices was measured to 
be approximately 10   V.      

10.4.5.3  Conjugated Polymers with Pendant Metal Complexes 
 An example of light emitting conjugated polymers with metal complex as pendant 
is shown in Fig.  10.18 . Polymers  27a  and  27b  with different ruthenium contents 
were synthesized from the Heck coupling reaction between divinylbenzene and 
the corresponding aromatic di - iodide incorporated with ruthenium complex  [139] . 

Table 10.7     Hole and electron carrier mobilities of polymers 
26a  –  e  measured at  E    =   40   kV cm  − 1  (structures of the polymers 
are shown in Fig.  10.15 ). 

 Polymer  Ru content per repeating unit µh  (10  − 4    cm 2    V  − 1    s  − 1 )   µe  (10  − 4    cm 2    V  − 1    s  − 1 ) 

  26a   0  0.55  0.85 
  26b   0.2  0.46  1.2 
  26c   0.4  0.89  1.6 
  26d   0.5  0.87  1.7 
  26e   1  3.2  4.0 

Fig. 10.17     Electroluminescence spectra of polymers  26a, 26d,
and 26e  (Adapted from  [137]   –  Reproduced by permission of 
The Royal Society of Chemistry). 
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In the UV - vis absorption spectrum of polymer  27b  (Fig.  10.19 ), the peak of the 
 π  –  π  *  transition was observed at 440   nm, but the Ru complex MLCT absorption 
only appeared as a very small shoulder at ca. 500 – 520   nm. Despite the low metal 
content in the polymer, the PL spectrum was dominated by the emission from the 
Ru complex MLCT states at 640   nm. The emission due to the main chain only 
appeared as a shoulder at 560   nm. This is also an indication of quenching of the 
main chain emission by the metal complex. The EL spectra of polymers  27a  and 
 27b  are shown in Fig.  10.19 . Polymer  27a  (with 10% Ru) showed the emission 
from both main chain and pendant Ru complex, which resulted in a yellow emis-
sion from the device. On the other hand, polymer  27b  was dominated by the red 
emission, entirely from the Ru complex. The results suggested that the desired 
emission color can be easily adjusted from the metal containing polymers with 
the metal complex either conjugatively linked onto the polymer backbone or 
attached as a pendant.        

Fig. 10.18     PPV incorporated with Ru(bpy) 32+  complexes at the side chain. 

Fig. 10.19     UV - vis absorption spectrum of polymer  27b  and 
electroluminescence spectra of polymers 27a  and  27b . 
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  10.5 
Summary

 It has been shown that metal containing polymers are also promising candidates 
as key materials in light - emitting devices. Emission properties of the devices can 
be modifi ed simply by varying the metal center of the complex, the structure of 
the chelating ligands, or the metal content in the polymer. In most of the examples 
of metal containing polymers, light emissions are originated from the triplet 
excited states, which reveals that the device effi ciency can be approached to that 
of small molecular electrophosphorescent materials and with superior processing 
ability for device fabrication. The metal complex can be incorporated on the 
polymer backbone or as a pendant. The different material architectures provide 
large versatility in tailor - making promising materials with desired properties via 
various types of polymerization reactions for monomers with different function-
alities. The electronic properties of these two types of metal containing polymers 
can be fi ne tuned and the emission can be obtained spanning from UV to IR. In 
contrast to the currently developed PLEDs materials based on platinum or iridium, 
most of the ruthenium polymers presented in this chapter are by no means con-
sidered to be highly effi cient light - emitting materials, since the intrinsic electronic 
properties are different and the device confi gurations for the ruthenium - based 
device still have room for improvement. Nevertheless, they demonstrated unique 
electrochemical and electronic properties which have drawn the attention of 
researchers for further development in this area. Bearing numerous merits of 
metal containing polymers, high effi ciency OLEDs based on this type of material 
are expected to play an important role in the display industry. In addition to serving 
as light emitters, metal complexes can also play a role as sensitizers and charge 
transport units. Electronic interactions between metal complexes and the polymer 
main chain may result in interesting photophysical properties. It is of fundamental 
importance to understand these processes. There have been examples of employ-
ing ruthenium containing polymers as the photosensitizing materials in polymer -
 based photovoltaic cells  [140] . Polymer  22f  was fabricated into photovoltaic cells 
by sandwiching the polymer between ITO and C 60 /Al electrodes, in which the 
fullerene functioned as the electron accepting layer  [92] . The power conversion 
effi ciency was measured to be 0.5%. In a more recent example, photovoltaic cells 
composed of ruthenium terpyridyl complex containing PPV and sulfonated poly-
aniline were fabricated by the layer - by - layer deposition technique  [141] . The advan-
tage of this thin fi lm formation method is that the thickness of the polymer 
multilayer can be easily and accurately controlled by varying the number of deposi-
tion cycles in the fabrication process. The controlled fi lm - forming process and 
well - defi ned fi lm morphology are essential in optimizing the device performance. 
More examples of metal containing multifunctional polymers as the electroactive 
materials for various photonic and electronic applications can be envisaged in the 
near future.  
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 Molecular Engineering of Iridium Complexes and 
their Application in Organic Light Emitting Devices  
  Mohammad K.   Nazeeruddin    ,   Cedric   Klein  ,   Michael   Gr ä tzel  ,   Libero   Zuppiroli  , and 
  Detlef   Berner   

  Iridium (III) cyclometalated complexes exhibit exceptional photophysical proper-
ties useful for Organic Light - Emitting Diode (OLED) applications. In this chapter, 
we report a study of neutral, cationic and anionic Ir(III) complexes, and describe 
a strategy to tune the phosphorescence wavelength and emission quantum yields 
by selective ligand functionalization. A typical light - emitting electrochemical cell, 
and multi - layer device architecture containing triplet emitters with the effect of 
doping concentration on the transport characteristics is described.     

  11.1
Introduction

 Iridium(III) cyclometalated complexes are attracting widespread interest because 
of their unique photophysical properties and applications in organic light - emitting 
diodes (OLEDs). Several groups have extensively used neutral iridium cyclometa-
lated complexes in OLEDs and obtained up to 19% external quantum effi ciency 
 [1 – 4] , which require a multilayered structure for charge injection, transport, and 
light emission. In these devices, neutral iridium complexes are used, which can 
be evaporated under vacuum  [5] . Another type of organic light - emitting device is 
the light - emitting electrochemical cell (LEC), which makes use of ionic charges to 
facilitate electronic charge injection from the electrodes into the organic or inor-
ganic molecular semiconductor, eliminating the need for extra layers  [6 – 11] . This 
is a promising alternative to OLED, particularly for large - area lighting applications 
 [11] . In these cells, the use of ionic complexes facilitates electronic charge injection 
into the light - emitting fi lm  [7, 12 – 15] . 

 The main requirement for OLEDs and LECs is that the phosphorescent emitter 
should have sharp color and exhibit very high phosphorescent quantum yields. 
Modifi cation of iridium complexes by modulating ligands for tuning of phospho-
rescence wavelength from blue to red is attractive for both fundamental research 
and practical applications. The goal of this chapter is to elucidate phosphorescent 
color tuning characteristics of iridium complexes, to discuss the corresponding 

363

Highly Effi cient OLEDs with Phosphorescent Materials. Edited by H. Yersin
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-40594-7

11



364  11 Molecular Engineering of Iridium Complexes and their Application

OLED device architecture in which they are used as dopants, the related charge 
transport features, and the quantum effi ciency. 

 The photophysical and photochemical properties of 4d and 5d metal complexes 
using polypyridyl ligands have been thoroughly investigated during the last three 
decades. The main thrust behind these studies is to understand the energy and 
electron transfer processes in the excited states and to apply this knowledge to 
potential practical applications such as dye - sensitized solar cells, organic light -
 emitting diodes, and light - emitting electrochemical cells. The electrochemical, 
photophysical, ground, and the excited state properties of these complexes play an 
important role for charge transfer dynamics at the interfaces. 

 For organic light - emitting diodes and light - emitting electrochemical cells, phos-
phorescent iridium complexes are one of the key components. The choice of 
iridium metal is of special interest for a number of reasons: (i) because of its qua-
sioctahedral geometry, one can introduce specifi c ligands in a controlled manner; 
(ii) the photophysical and the electrochemical properties of iridium complexes can 
be tuned in a predictable way; (iii) the iridium metal possess stable and accessible 
oxidation and reduction states; (iv) tris - orthometallated iridium complexes are 
known to have the highest triplet quantum yields. 

 The periodic chart of the elements is fascinating for chemists working with 
metals, for example, iridium metal is in the group VIII B, which lies below cobalt 
and rhodium metals. Although, cobalt is an inexpensive and abundant metal, the 
photophysical and electrochemical properties of its complexes are diffi cult to tune 
in an expected fashion. The other notable disadvantage of the cobalt metal is its 
small ligand fi eld splitting compared to rhodium and iridium. On the other hand, 
iridium being in the third row of the transition metal ions has a stronger ligand 
fi eld splitting compared to cobalt and rhodium. Moreover, the spin orbit coupling 
in iridium complexes leads to enhanced conversion of singlet state into triplet state 
population resulting in augmented quantum yields. In the following section, we 
will briefl y discuss the ligand fi eld splitting of octahedral d 6  complexes. 

  11.1.1
Ligand Field Splitting 

 The fi ve d orbitals d  xy  , d  xz  , d  yz  ,   dx y2 2− , and   dz2, of free transition metal ions, in the 
gas phase, are degenerated in energy. Though, it is oversimplifi ed, one can view 
the formation of a complex between metal ion and ligands as an electrostatic 
attraction between positively charged metal and negatively charged ions or the 
negative ends of the dipoles of neutral ligands. The approach of the negative or 
neutral ligands toward a charged metal repels electrons residing in d orbitals and 
raises their energies both with respect to those residing on the ligands and the 
metal. In an octahedral ligand fi eld, these fi ve degenerate d orbitals split into 
degenerate t 2g  (d  xy  , d  xz  , d  yz  ,) and e g  (  dx y2 2− , and   dz2) set of orbitals. The energy gap 
between these sets of degenerated orbitals is called ligand fi eld splitting ( ∆  Oh ). The 
ligand fi eld splitting value increases by about 40% as one moves from the fi rst row 
(3d) to the second (4d) and third (5d) row transition metal ions. A schematic rep-



resentation for splitting of d orbitals and the position of ligand orbitals in an 
octahedral complex is shown in Fig.  11.1 .    

  11.1.2
Photophysical Properties 

 The photophysics of polypyridyl complexes of iridium can be understood with the 
aid of an energy diagram shown in Fig.  11.2 . In these complexes, there are three 
possible types of excited states: (a) metal - centered (MC) excited states, which are 
due to promotion of an electron from t 2g  to e g  orbitals; (b) ligand - centered (LC) 
states that are  π  –  π  *  transitions; (c) metal - to - ligand charge transfer states (MLCT). 
An electron transition from metal t 2g  orbitals to empty ligand orbitals without spin 
change is allowed, which is called singlet – singlet absorption. The allowed transi-
tions are identifi ed by large extinction coeffi cient. The transitions with spin change 
are called singlet – triplet absorption, which are forbidden and associated with small 
extinction coeffi cient. However, the excited singlet state may involve in spin fl ip, 
resulting in an excited triplet state that is called intersystem crossing (ISC). The 
radiative process of a singlet and triplet excited state to a singlet ground state is 
termed as fl uorescence and phosphorescence, respectively. The excited singlet 
states associated with ligand - centered (LC)  π  –  π  *  and metal - to - ligand charge 
transfer transitions (MLCT) converts into triplet excited states effi ciently in iridium 
complexes due to spin – orbit coupling resulting enhanced phosphorescence 
quantum yields. For the cyclometalated iridium complexes, the wavefunction of 
the excited triplet state, responsible for phosphorescence is principally expressed 
as combination of the ligand - centered and the MLCT excited triplet state. However, 

Fig. 11.1     A d - orbital splitting pattern for Co 3+ , Rh 3+ , and Ir 3+  in 
an octahedral fi eld. The relative e g  levels with respect to t 2g

and ligand π  *  orbitals are shown arbitrarily. 

11.1 Introduction  365
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not all the complexes are highly luminescent because of the different deactivation 
pathways, and the discussion is beyond the scope of this chapter.     

  11.2
Phosphorescent Iridium Complexes 

  11.2.1
Tuning of Phosphorescence Colors in Neutral Iridium Complexes 

 Neutral iridium complexes were obtained by orthometalation reaction with ligands, 
which contain a benzene ring attached to a functional group containing a donor 
atom such as 2 - phenylpyridine (ppy) and benzo[h] - quinoline (bzq)  [16] . The 
coordination of ppy and bzq ligands to metal is analogous to that found in 2,2 ′  -
 bipyridine except nitrogen is replaced by carbon anion  [17] . In a typical example, 
three 2 - phenylpyridine ligands coordinate around iridium(III) resulting in a 
neutral complex, in which the phenyl group carries a formal negative charge due 
to loss of proton and subsequent orthometalation to iridium metal. The highest 
occupied molecular orbital (HOMO ’ s) in tris - phenylpyridine iridium(III) [Ir(ppy) 3 ] 
is principally composed of orbitals of the phenyl ring and the metal d orbitals. The 
pyridine is formally neutral and the major contributor to the lowest unoccupied 
molecular orbital (LUMO) in [Ir(ppy) 3 ] complex  [18] . 

 The absorption spectra of [Ir(ppy) 3 ] display strong ligand - to - ligand (LC,  π  –  π  * ) 
and metal - to - ligand charge transfer (MLCT) transitions in the UV and the visible 
region, respectively. The MLCT transitions bands are lower in energy compared 
to the ligand - centered  π  –  π  *  transitions. The excited triplet state shows strong 

Fig. 11.2     Schematic and simplifi ed molecular orbital diagram 
for an octahedral d 6  metal complex involving 2 - phenylpyridine 
(C3  symmetry) type ligands in which various possible 
transitions are indicated. 
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phosphorescence in the green region at around 515   nm, with an excited state life-
time of 2    µ s  [19] . 

 In order to tune the phosphorescence color of [Ir(ppy) 3 ], Watts et al., synthesized 
several substituted 2 - phenylpyridine - based neutral iridium complexes  [19 – 21] . 
Table  11.1  shows the list of complexes, which show strong phosphorescence from 
a  3 MLCT excited state, and the phosphorescence lifetime of these complexes is in 
the range of 2 – 3    µ s in nitrogen - saturated acetonitrile at room temperature  [20] . 
The photophysical and electrochemical data (see Table  11.1 ) demonstrate the infl u-
ence of ligands bearing electron - withdrawing and the electron - donating substitu-
ents. It is interesting to note the difference between the complexes  7  and  8  (Table 
 11.1 ), which is simply the effect of position of electron - donating substitution on 
the phenyl ring. In complex  8 , the electron - donating group is substituted at 3 - 
position of phenyl ring that destabilizes the HOMO by 0.2   V when compared to 
the complex  7  in which the electron - donating group is substituted at 4 - position. 
The HOMO of a 2 - phenylpyridine cyclometallated iridium complex is located pri-
marily on the phenyl groups, therefore incorporation of electron - donating sub-
stituent in the positions  para  to the iridium – carbon bond decreases the emission 
energy due to  mesomeric  (oxygen lone pair donation to the aromatic  π  orbitals) 
effect. From the electrochemical data of the complexes shown in Table  11.1 , it is 
evident that the less positive oxidation potential values result from ligands with 
electron - donating substituents and more positive oxidation potential values result 
from ligands with electron - withdrawing substituents.   

Table 11.1     Emission, lifetime, and electrochemical data of 
complexes 1 – 8 . 

N

N
Ir

N

R2

R1

R2

R1

R2

R1

1 : R1=H ; R2=H
2 : R1=H ; R2=CH3
3 : R1=H ; R2=C3H7
4 : R1=H ; R2=tBu
5 : R1=H ; R2=F
6 : R1=H ; R2=CF3
7 : R1=H ; R2=OCH3
8 : R1=OCH3 ; R2=H

 Complex  Emission. 
lmax  (nm) 

 Lifetime 
t  ( µ s) 

 E 1 / 2
ox  V vs. saturated 

calomel electrode (SCE) 

  1   494  1.9  0.77 
  2   493  1.9  0.70 
  3   496  1.9  0.67 
  4   497  1.9  0.66 
  5   468  2.0  0.97 
  6   494  2.2  1.08 
  7   481  2.2  0.75 
  8   539  2.9  0.55 
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Table 11.2     Absorption, emission and electrochemical properties of the iridium complexes  9 – 16 . 

Ir

N N

N N

F

F

F

F

N

N
N

CF3

Ir

N N

N N

F

F

F

F

N

N
N

N

CF3

Ir

N N

N N

F

F

F

F

N

N
N

N

C3F7

N

N

Ir
N

O O

F

F

F

F

N

N

Ir

N
N

O O

F

F

F

F

11019

615141

Ir
N

N
N

N

N

N

N

Ir

N N

N
N

N
N

N

N

Ir
N

O O

F

F

F

F

12

13

 Complex  Absorption, 
lmax  (nm) 

 Emission 
lmax  (nm) 
at 298   K 

 Electrochemical data 
V vs. ferrocene (Fc) 

 Lifetime 
( µ s) 

 E 1 / 2
ox   E 1 / 2

red

   9   295, 349  455  0.98   − 2.72  0.040 
  10   300, 349  457  1.11   − 2.72  0.008 
  11   302, 348  455  1.11   − 2.53  0.009 
  12    –   468  1.00   − 1.9   –  
  13   321  444  0.41   − 3.20   –  
  14   359, 469  649  0.77   − 1.71  1.9 
  15    –   581   –    − 1.2   –  
  16    –   666  1.00   − 1.1   –  

  Data taken from Refs.  [22, 23, 26, 30] .   

 In these complexes, the photophysical properties are very similar to the 
phenylpyridine - based iridium complexes because of substitution of electron - 
donating or electron - withdrawing groups on the phenyl ring. This is not surprising 
because the substitution of donor or acceptor groups tunes both the highest occu-
pied molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals 
(LUMO) levels of the metal complex in parallel, leading to marginal changes in 
the photophysical properties. 

 In mixed ligand complexes  9 – 12 , shown in Table  11.2  the HOMO levels have 
stabilized signifi cantly compared to the tris - phenylpyridine iridium(III) complex 
leading to blue shifts of the emission maxima, which is also apparent from the 
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electrochemical data  [22, 23] . On the other hand, the blue shift of the emission 
maxima in complex  13  is due to destabilization of LUMO ’ s of the 1 - 
phenylpyrazolyl ligand. Several other groups have developed heteroleptic iridium 
complexes (see Table  11.2 ) in which the LUMO levels were stabilized (see Table 
 11.2  for E 1/2  red  values of complexes  14 – 16 ) compared to tris - phenylpyridine 
iridium(III) complex leading to phosphorescent color maxima from green to red 
 [24 – 29] . Therefore, the compounds in Table  11.2  provide an exciting opportunity 
to tune the emission spectral properties from blue to red, by simply selecting 
appropriate donor/acceptor ligands compared to the tris - homoleptic complexes of 
the type shown in Table  11.1 .    

  11.2.2
Tuning of Phosphorescence Colors in Cationic Iridium Complexes 

 The tuning aspect of the MLCT transitions in cationic iridium complexes 
is illustrated by considering the following complexes: [Ir(2 - phenylpyridine) 2 
(4,4 ′  -  tert  - butyl - 2,2 ′  - bipyridine)]PF 6  ( 17 ), [Ir(2,4 - difl uorophenylpyridine) 2 (4,4 ′  - 
dimethylamino - 2,2 ′  - bipyridine)](PF 6 ) ( 18 ), and [Ir(2 - phenylpyridine) 2 (4,4 ′  - 
dimethylamino - 2,2 ′  - bipyridine)](PF 6 ) ( 19 ). These complexes were synthesized 
in a low boiling solvent dichloromethane by reacting the corresponding 
dichloro - bridged iridium(III) dimer with 4,4 ′  -  tert  - butyl - 2,2 ′  - bipyridine or 4,4 ′  -
 dimethylamino - 2,2 ′  - bipyridine ligands (see Table  11.3 )  [31] .   

 The cyclic voltammogram of complex  19  (Fig.  11.3 ) measured in acetonitrile 
containing 0.1   M tetrabutylammonium hexafl uorophosphate with 100   mV scan 
rate shows a reversible wave at 0.72   V vs. Fc due to oxidation of iridium(III/IV), 
which is cathodically shifted by 210   mV compared to the complex  17  due to the 
donor strength of 4,4 ′  - dimethylamino - 2,2 ′  - bipyridine  [7, 31] . The three reversible 
reduction waves at  − 2.17 and  − 2.61, and  − 2.87   V vs. Fc (only two waves are shown 
in Fig.  11.3 ) are assigned to the reduction of 4,4 ′  - dimethylamino - 2,2 ′  - bipyridine 
and the two 2 - phenylpyridine ligands, respectively. It is interesting to note that the 
ligand - based reduction potential of  19  is signifi cantly shifted cathodically (390   mV) 
compared to the complex  17  demonstrating that the destabilization of LUMO 
orbitals of 4,4 ′  - dimethylamino - 2,2 ′  - bipyridine offsets more than the destabilization 
of iridium HOMO orbitals caused by donor 4,4 ′  - dimethylamino - 2,2 ′  - bipyridine 
ligand, ensuing an increase in a gap between the HOMO and the LUMO of  19  
compared to the HOMO – LUMO gap of complex  17 .   

 The cyclic voltammogram of complex  18  shows a reversible couple at 1.0   V 
vs. Fc due to oxidation of iridium(III/IV), and two reversible reduction waves at 
 − 2.13 and  − 2.49   V vs. Fc are due to 4,4 ′  - dimethylamino - 2,2 ′  - bipyridine and 2 - (2,4 -
 difl uorophenyl)pyridine ligand, respectively. The HOMO orbitals in  18  are stabi-
lized upon insertion of fl uoride substituents on the phenyl pyridine ligands, thus 
ensuing an increase between HOMO and LUMO gap of  18  compared to HOMO 
and LUMO gap of  17  and  19  (Table  11.3 )  [32] . 

 UV - Vis absorption spectra of the complexes  17, 18 , and the  19  in dichloro-
methane solution at 298   K display bands in the UV and the visible region due to 
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intraligand ( π  –  π  * ) and metal - to - ligand charge transfer transitions (MLCT), respec-
tively (Fig.  11.4  and Table  11.3 )  [33] . When excited at 298   K within the  π  –  π  *  or 
MLCT absorption bands, complex  18  shows emission maxima at 463 and 493   nm 
due to the 4,4 ′  - dimethylamino - 2,2 ′  - bipyridine ligand that increases the gap between 
LUMO of 4,4 ′  - dimethylamino - 2,2 ′  - bipyridine and HOMO of iridium resulting in 
a blue shift of the emission maxima compared to the  17   [7, 19] .   

 It is worth to note that the argon - degassed dichloromethane solution of the  18  
and  19  shows bright luminescence in a lighted room, and displays unusual phos-
phorescence quantum yields of 80    ±    10% in the solution at room temperature. The 
emission spectral profi le is independent of excitation wavelength and emission of 
 18  and  19  decayed as a single exponential with lifetimes of 2 and 4    µ s in CH 2 Cl 2  
solution, respectively  [34] . 

 The electronic structure of these complexes - based DFT calculations, together 
with plots of selected molecular orbitals are shown in Fig.  11.5 . The highest occu-
pied molecular orbital (HOMO) in these complexes is an antibonding combination 
of Ir(t 2g ) and ppy( π ) orbitals, and is calculated at  − 5.50 and  − 5.66   eV for  18  and  17 , 

Table 11.3     Absorption, emission, and electrochemical properties of iridium cationic complexes  17 ,  18 , and  19 . 

N

N

Ir
N

N

17

PF6

N

N

Ir
N

N

F

F

F

F

N

N N

N

Ir
N

N

N

N

9181

PF6 PF6

 Complex  Absorption,  l  (nm)  a

(e  / 10 4    M  − 1    cm  − 1 ) 
 Emission 
at 298   K  b

 Electrochemical data 
V vs. Fc  c

 Lifetime  d

( µ s) 

 E 1 / 2
ox   E 1 / 2

red

      17   581  e    0.88  e     − 1.83  e    0.557  e   
  18   266 (8.27); 316 (2.89): 

344 (2.20); 376 (1.45); 
410 (0.41); 444 (0.14) 

 463, 493  1.0   − 2.13  4.11    ±    0.02 
  − 2.49 
  − 2.77 

  19   268 (5.62); 290 (3.49): 
356 (0.95); 376 (0.85); 
444 (0.19) 

 491, 520  0.72   − 2.17  2.43    ±    0.02 
  − 2.61 
  − 2.87 

   a    Absorption data were measured in CH2Cl2 solution.  
   b    Emission data were collected at 298   K by exciting at 380   nm.  
   c     Electrochemical measurements were carried out in acetonitrile solution and the potentials are V vs. 

ferrocinium / ferrocene (Fc).  
   d    Liftetime data are collected in degassed solutions.    
   e    Data taken from Ref.  [7] .   
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Fig. 11.3     Cyclic voltammogram of complex  19  measured in 
acetonitrile in presence of 0.1   M tetrabutyl ammonium 
hexafl uorophosphate supporting electrolyte with 100   mV scan 
speed. The black line shows scanning between  − 2.4 and 1   V, 
and the grey line between  − 2.8 and 1   V, the observed 
irreversible new wave at around  − 1.35   V is due to unknown 
product that is formed while scanning more negatively. 

Fig. 11.4     Absorption and emission spectra of  18  (solid line) 
and 19  (dashed line) in dichloromethane solution at 298   K. 
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Fig. 11.5     Energy and character of the frontier molecular 
orbitals of 17 ,  19 , and  18  complexes. Also shown are 
isodensity plots of selected molecular orbitals. 

respectively  [32] . The lowest unoccupied molecular orbitals (LUMO) of both com-
plexes is a  π  *  orbital localized on the 4,4 ′  - dimethylamino - 2,2 ′  - bipyridine ligand 
and is calculated at  − 2.49 and  − 2.3   eV for  17  and  18 , respectively. At higher energy, 
the LUMO is followed by an almost degenerate couple of phenylpyridine  π  *  
orbitals, whose energies approach that of the 4,4 ′  - dimethylamino - 2,2 ′  - bipyridine 
 π  *  LUMO while going from  17, 19  to  18 .    

  11.2.3
Tuning of Phosphorescence Colors in Anionic Iridium Complexes 

 The tuning aspects of phosphorescence colors in anionic iridium complexes 
are illustrated using the following representative complexes. The (C 4 H 9 ) 4 N[Ir(2 -
 phenylpyridine) 2 (CN) 2 ] ( 20 ), (C 4 H 9 ) 4 N[Ir(2 - phenyl) - 4 - dimethylaminopyridine) 2 
(CN) 2 ] ( 21 ), (C 4 H 9 ) 4 N[Ir(2 - (2,4 - difl uorophenyl) - pyridine) 2 (CN) 2 ] ( 22 ), (C 4 H 9 ) 4 N[Ir(2 -
 (2,4 - difl uorophenyl) - 4 - dimethylaminopyridine) 2 (CN) 2 ] ( 23 ), and (C 4 H 9 ) 4 N[Ir(2 - (3,5 -
 difl uorophenyl) - 4 - dimethylaminopyridine) 2 (CN) 2 ] ( 24 )  [35] . All these complexes 
were conveniently synthesized in a low boiling dichloromethane by reacting 
the dichloro - bridged iridium(III) dimer with tetrabutylammonium cyanide. The 
crystal structure of complex  20  shows that the cyanide ligands are coordinating 
through the carbon atom and adopt a  cis  confi guration (Fig.  11.6 ).   
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 Table  11.4  shows a comparison of photophysical and electrochemical properties 
of the complexes  20 – 24 , which were measured in dichloromethane solution at 
298   K. When these complexes excited within the   �π π− *  and MLCT absorption 
bands, they show emission maxima in the blue and yellow regions of the visible 
spectra. The air - equilibrated dichloromethane solutions exhibit shorter lumines-
cence lifetimes (70 – 90   ns) compared to the degassed solutions (1 – 3    µ s). It is appar-
ent from the photoluminescence data, which were obtained by exciting at 380   nm, 
that the complexes  20 – 24  show a color range from brilliant blue to yellow, unravel-
ling tuning aspect of the HOMO and the LUMO levels.   

 The LUMO levels complex of  21  are destabilized by incorporating dimethyl-
amino group on the 4 - position of pyridine and in complex  22 , the HOMO levels 
are stabilized by insertion of fl uoride substituents on the phenyl ring of the 2 -
 phenylpyridine ligand. However, in complex  23  both aspects, i.e., destabilization 
of the LUMO orbitals by incorporating dimethylamino group on the 4 - position of 
pyridine together with stabilization of HOMO orbitals by insertion of fl uoride 
substituents on the phenyl of 2 - phenylpyridine ligand, lead to an increase of the 
HOMO – LUMO gap accompanied by a blue shift of the emission spectra. Figure 
 11.7  shows a representative absorption and emission spectra of the complex  23  
measured in dichloromethane solution at 298   K. The complex displays bands in 
the UV and the visible region due to intra - ligand ( π  –  π  * ) and metal - to - ligand charge 
transfer transitions (MLCT), respectively  [33, 35] . When excited within the  π  –  π  *  
and MLCT absorption bands at 298   K, complex  23  shows emission maxima at 450 
and 473   nm, due to the 2,4 - difl uorophenyl - 4 - dimethylaminopyridine ligand that 
increases the HOMO – LUMO gap, resulting in a blue shift of the emission maxima 
compared to the complexes  21  and  22 .   

Fig. 11.6     Crystal structure of (C 4 H 9 ) 4 N[Ir(2 - phenylpyridine) 2 (CN) 2 ]  20 . 
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Table 11.4     Structures, absorption, emission, quantum yields, lifetime, and 
electrochemical data of complexes 20 ,  21 ,  22 ,  23 , and  24  measured at 298   K 
in dichloromethane solution. 

N

N

IrF
F

F
N

N
F

C N

C N
Bu4N

N

N

Ir

N

N

C N

C N
Bu4N

N

N

Ir

N

N

C N

C N
Bu4N

N

N

IrF
F

F

F

C N

C N
Bu4N

N

N

Ir
C N

C N
Bu4N

F

F

F F

1202 22

4232

 Complex  Absorption,  l  (nm) 
(e  / 10 4  M  − 1    cm  − 1 ) 

 Emission 
at 298   K  a

 Lifetime 
( µ s) 

 Electrochemical 
data V vs. Fc 

 E 1 / 2
ox   E 1 / 2

red

  20   260 (41.7), 337 (0.85), 384 (0.58), 
433 sh (0.61) 

 470, 502  3.3  0.55   − 2.69 

  21   272 (3.79), 302 sh (2.21), 3.32 (1.07), 
354 (0.89), 380 (0.59) 

 465, 488  2.0  0.33   − 3.0 

  22   254 (6.04), 290 (2.79), 362 (0.78), 
390 (0.38) 

 460, 485  3.3  0.96   − 2.6 

  23   266 (2.83), 290 (2.63), 302 (2.38), 
338 (1.32), 360 (1.08) 

 451, 471  1.4  0.58   − 2.98 

  24   268 (5.25), 288 (4.20), 302sh (3.22), 
356 (1.52), 378 (0.95) 

 468, 492  3.0  0.53   − 2.8 

   a     The emission spectra were obtained from de - gassed solutions by exciting into the lowest MLCT band.   
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 The difference between complexes  23  and  24  is only that the position of the 
fl uoride atoms on the phenyl ring of the 2 - phenylpyridine ligand, which are at 
2,4 - position in the former and 3,5 - position in the later. The complex  24  emission 
maxima is signifi cantly red shifted compared to the complex  23 , demonstrating 
the infl uence of position of the substituents on photophysical properties. One 
possible explanation for this astonishing spectral shift of the complex  24  compared 
to the complex  23  is that the fl uorides in the 3,5 - position act as electron - releasing 
groups, destabilizing the metal HOMO orbitals thereby decreasing the HOMO –
 LUMO gap. In complex  23 , fl uorides are in 2,4 - positions and act as electron - 
withdrawing groups, resulting in stabilization of HOMO orbitals thereby increasing 
the HOMO – LUMO gap. 

11.2.3.1  Phosphorescent Color Shift in Anionic Iridium Complexes by 
Tuning of HOMO Levels 
 Figure  11.8  shows schematically the concept of HOMO level tuning in iridium 
pseudohalogen complexes of the type TBA[Ir(ppy) 2 (CN) 2 ] ( 20 ), TBA[Ir(ppy) 2 (NCS) 2 ] 
( 25 ), and TBA[Ir(ppy) 2 (NCO) 2 ] ( 26 ). These complexes were conveniently synthe-
sized under inert atmosphere by reaction between the dichloro - bridged iridium 
dimer [Ir(ppy) 2 (Cl)] 2  in dichloromethane solvent with an excess of pseudohalogen 
ligand such as tetrabutylammonium cyanide, tetrabutylammonium thiocyanate or 
tetrabutylammonium isocyanate, respectively with over 70% yields  [4] .   

Fig. 11.7     Absorption (solid line) and emission (dashed line) 
spectra of complex 23  in dichloromethane solution at 298   K. 
The inserts show a photo of the 23  solution, exhibiting very 
strong blue emission upon excitation at 380   nm and the 
chemical structure of 23 . 
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 The cyclic voltammogram of  20 ,  25 , and  26  shows a quasireversible oxidation 
potentials at 0.91, 0.45, and 0.18   V vs. ferrocene, respectively. Changes in electron -
 donating or withdrawing nature of the ancillary ligands can result in a variation 
of electronic properties at the metal center. It is interesting to compare these three 
complexes that contain cyanide, thiocyanate, and isocyanate ligands. The 0.73   V 
anodic shift in oxidation potential of the  20  compared to the complex  26  shows 
the extent of  π  back bonding to the cyanide ligand from iridium(III) center. The 
enormous enhancement in  π  back bonding leads to signifi cant blue shift of the 
emission maxima of the complex  20  compared to the complexes  25  and  26 . 

 The absorption spectra of these complexes display bands in the UV and the 
visible region due to intra - ligand ( π  –  π  * ) and metal - to - ligand charge transfer transi-
tions (MLCT), respectively  [33] . The MLCT band in  20  (463   nm), signifi cantly blue 
shifted compared to the  25  (478   nm) and  26  (494   nm) indicating the extent of  π  -
 acceptor strength of CN  −   ligand compared to the NCS  −   and NCO  −   ligands. The 
spectral shifts are consistent with electrochemical data of these complexes. Hay 
in his paper has analyzed the spectral properties of iridium(III) phenylpyridine 
complexes using density functional theory (DFT), in which the low - lying transi-
tions are categorized as metal - to - ligand charge transfer transitions and the high -
 energy bands at above 280   nm are assigned to the intra - ligand  π  –  π  *  transition of 

Fig. 11.8     Schematic drawing of HOMO and LUMO orbitals 
for complexes 20 ,  25 , and  26  and their phosphorescence 
properties, which were obtained by exciting at 415.4   nm using 
a krypton ion laser. 
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2 - phenylpyridine  [18] . Argon - degassed solution of complexes  20 ,  25 , and  26  when 
excited within the  π  –  π  *  and MLCT absorption band at 298   K, show emission 
maxima at 470, 506, and 538   nm, respectively with longer lifetimes (0.8 – 3.4    µ s) 
(Table  11.5 ).     

  11.2.4
Controlling Quantum Yields in Iridium Complexes 

 Orthometallated iridium complexes are known to have the highest triplet emission 
quantum yields due to several factors  [36, 37] : (a) Iridium has a large d - orbital 
splitting compared to other metals in the group. (b) Strong ligand fi eld strength 
of the phenylpyridine anionic ligand, increases the d - orbital splitting, leading to 
an enlarged gap between the e g  orbitals of Ir and the LUMO of the ligand. 
(c) Close - lying  π  –  π  *  and MLCT transitions, which together with the heavy atom 
effect enhances the spin – orbit coupling. However, the mixed ligand cationic 
iridium complexes show appreciably lower quantum yields compared to the 
tris - orthometallated iridium complexes because of the lower LUMO orbitals of the 
2,2 ′  - bipyridine ligand  [7, 19, 38] . One strategy to increase the quantum yields of 
Ir complexes is to introduce F and/or CF 3  substituents. This results in a stabiliza-
tion of both the HOMO and the LUMO. Since the HOMO stabilization is larger 
than that of the LUMO, it leads to an increase in the gap between HOMO – LUMO 
 [39] . Another strategy however is to decrease the gap between the lowest  π  *  orbitals 
of the 2 - phenylpyridine ligand and the 2,2 ′  - bipyridine ligand by introducing donor 
substituents such as dimethylamino groups at the 4,4 ′  - positions of 2,2 ′  - bipyridine, 
which are known to have a strong destabilization effect on the LUMO (see 
complexes  18  and  19 ). In such type of complexes, the  π  –  π  *  and MLCT states 
associated with the 2 - phenylpyridine and 4,4 ′  - dimethylamino - 2,2 ′  - bipyridine 
ligands are expected to be located closely together, which enhances the excited 
state decay through radiative pathways. 

Table 11.5     Emission, lifetime, and quantum yields data of 
complexes 20 ,  25 , and  26  measured at 298   K in CH 2 Cl 2 . 

 Complex  Abs.  lmax  nm, ( e  / 10 3    M  − 1    cm  − 1 ) a  Em. 
lmax  (nm) 

 Em. 
 Ø  f

 Lifetime 
t  ( µ s) 

 E 1 / 2
ox  V 

vs. Fc 

  20   463 (0.21), 384 (0.58), 337 (0.85),
 260 (41.7) 

 470, 502  0.94  3.1  0.91 

  25   476 (0.65), 400 (3.4), 355 (5.3), 
335 (6.7), 266 (38.9) 

 506, 520  0.97  1.4  0.45 

  26   497 (1.26), 464 (2.36), 408 (3.41), 
384 (4.22), 347 (6.62), 276 (35.1) 

 538, 560  0.99  0.8  0.18 

   a     The emission spectra were obtained from degassed solutions by exciting into the lowest 
MLCT band.   
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 The quantum yield of complexes  18  and  19  measured using recrystallized 
quinine sulphate in 1N H 2 SO 4  and the widely referred complex Ru(bpy) 3 (PF 6 ) 2  as 
quantum yield standards. The data obtained using both the standards are in excel-
lent agreement and indeed show yields remarkably high, i.e., 80%. 

 The quantum yields of iridium complexes can also be modulated by introducing 
ligands having strong ligand fi eld stabilization energy such as NCS  −  and CN  −  . In 
these complexes, the gap between the metal e g  and the ligand LUMO orbitals 
increases resulting in a decay of the excited charge transfer states through radiative 
pathways  [4] .   

  11.3
Application of Iridium Complexes in Organic Light - Emitting Devices (OLEDs) 

 Doping of the emitting layer of OLED devices with well - selected dye molecules is 
an established way to improve the OLED performances. To clarify, in the context 
of this article, we understand by doping not the introduction of additional charges 
as in the classical semiconductor sense but rather the introduction of dye mole-
cules with appropriate energy levels for color tuning. Besides this aspect, doping 
also leads to a change of the transport characteristics and to a considerable increase 
of the lifetime and the quantum effi ciency. 

 A longtime back people thought that the luminescent dyes, used since the dis-
covery by Tang et al., are theoretically limited to an internal conversion effi ciency 
of 25%  [40] . This factor arrives from quantum mechanics, where 75% of the charge 
wavefunctions are of the nonemissive triplet case and only 25% are of the singlet 
case, allowing radiative recombination. Taken into account that only one - fi fth of 
the created photons can leave the device, the external quantum effi ciency was 
limited to 5%  [41] . But in contrary to this, the family of so - called phosphorescent 
dyes (triplet emitters) permits the opening of an additional radiative recombina-
tion channel and harvesting of up to nearly 100% of the exited states to photon 
creation. Responsible for this is the presence of heavy metal atoms such as Pt or 
Ir  [42]  leading to a strong spin – orbit coupling. The common way of device realiza-
tion is to mix small concentration of a highly phosphorescent guest into a host 
material with suitable charge transport abilities. Taking into account an unchanged 
out - coupling factor of one - fi fth, the theoretical external quantum effi ciency for the 
triplet dyes jumps up to 20%. The fi rst time electrophosphorescence was shown 
by Hoshino et al., by mixing benzophenone into a poly(methylmethacrylate) host 
 [43] , but the quantum effi ciency was still low. Meanwhile quantum effi ciencies up 
to the theoretical limits are reported in the literature  [42] . 

 Typical dye doping concentrations of singlet and triplet emitters are very differ-
ent. For singlet emitters, the effi cient doping ratio is often limited to the range 
from an half percent to two percent, as for examples, 1.3% for Rubrene in Alq 3  
 [44]  or 0.7% for DEQ in Alq 3   [45] . For triplet emitter dyes, doping ratios until 10% 
or far above are possible without remarkable loss in quantum effi ciency  [46] . 
Increased doping concentrations of triplet emitters are desirable to prevent or 



reduce saturation effect at increased current densities due to long lifetimes of the 
excited states  [47] . But high doping concentrations are accompanied by side effects. 
To have the dye molecules with appropriate behavior inside the matrix is one point; 
the other point is that the dye molecule should also be able to localize the exciton. 
In principle, three techniques are discussed to get the exciton on the dye dopant: 
(1) endothermic energy transfer  [48]  (2) exothermic energy transfer  [49] , and (3) 
charge trapping as it applies for heavily doped systems and for blue phosphores-
cent devices  [47] . 

 Another aspect is that large energy gap matrices are desired to suppress both 
the electron and energy transfer pathways from the emissive dopant back to the 
host material  [50] . Pai et al. observed the transition from hole hopping between 
host molecules to trap - controlled tunnelling transport as a function of doping 
concentration  [51] . At concentrations of the additive below 2 wt%, the transport is 
dominated by the slow release of charges from the dye sites acting as charge traps. 
For concentrations above 2 wt%, hopping occurs via trap and host sites. As the 
trap concentration is further increased, the transport by tunnelling via the additive 
sites gets dominant. 

 The long lifetime of the triplet excitons enables them theoretically to diffuse 
signifi cant distances. To reduce this, typical diode architectures including phos-
phorescent emitters require at least one more auxiliary layer, such as hole - blocking 
layer, compared to fl uorescent emitter containing diode, and the energy levels of 
the host should be signifi cantly higher to localize the excitons on the dopant  [47] . 
This approach will be discussed in the following part in more detail. 

  11.3.1
Standard OLED Device Architecture 

 A typical multilayer device architecture containing triplet emitters is described in 
the following and a sketch of the resulting energy level scheme is shown in Fig. 
 11.9 . ITO (indium - tin - oxide) coated glass substrate used as anode was precleaned 
with some standard procedure like successive ethanol, acetone, and soap ultra-
sonic treatments. On the top, a 10   nm thick CuPc (copper phthalocyanine) hole 
injection layer is deposited. Next a 40   nm thick hole transport layer of  α  - NPD 
( N,N  ′  - diphenyl -  N,N  ′  - bis( 1  - naphthyl) - 1,1 ′ biphenyl -  4,4  ″ diamine) is evaporated, fol-
lowed by a 20   nm layer of the wide energygap matrix of BCP (4,4 ′  - bis(carbazol - 9 -
 yl) - biphenyl) coevaporated with a constant rate of a phosphorent emitter molecule. 
For hole blocking and resulting charge confi nement in the emitting matrix - layer, 
a 5   nm layer of BCP (2,9 - dimethyl - 4.7 - diphenyl - phenatroline) can be useful for 
quantum effi ciency improvement. Finally, 30 – 40   nm thick Alq 3  (tris( 8 - 
hydroxyquinolato )  aluminum ) electron transport layer is deposited to improve the 
out - coupling effi ciency  [52]  and to reduce exciton quenching by the metallic 
cathode  [42] . For performance improvement, the organics should be purifi ed and 
thermally evaporated at a rate of 1.0    Å /s at a base pressure lower than 10  − 6  mbar. 
A well working cathode for such architecture consists of a 0.8   nm LiF layer depos-
ited right after the ETL in combination with 100   nm thick Al layer. To decrease 
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contamination effects and impurity layers, the whole fabrication should be done 
without breaking the vacuum. The active area of engineering segments is in the 
range of 4 to 10 mm 2 .   

 To show the effect of doping concentration on the transport characteristics, it is 
instructive to have a look on doping ratio dependent current – voltage [ I ( V )] charac-
teristics. Therefore, the presented standard device architecture doped with 
different ratios of the phosphorent emitter molecule [acetylacetonato - (bis(2 - 
phenylpyridine)iridium(III)], labeled as complex  27 , is used as a model case. Figure 
 11.10  shows the different current – voltage [ I ( V )] characteristics for complex  27  
doped in CBP - host for doping concentrations ranging from zero to 12   mol%. The 
voltage region below    ≈    2.5 – 3   V is characterized by a single carrier type transport and 
the exact value depends on the doping concentration. Above this threshold voltage, 
a steep increase in the diode current corresponding to two - carrier injection is 
observed, which leads to light generation. The lower current threshold fi eld ( U  th1 ) 
here defi ned as the voltage for a current of 1    µ A/cm 2 , decreases monotonously from 
3.5   V for the undoped case to 2.9   V for maximum doping of 12   mol% (see Table 
 11.6 ). This indicates that the dye molecules seem to improve carrier injection into 
the emission layer. The energy barrier for holes at the  α  - NPD/CBP interface is 
0.43   eV (HOMO – HOMO barrier). However, the energy barrier from  α  - NPD to 
complex  27  is negligible, i.e., less than 0.1   eV [HOMO ’ s of  α  - NPD   =   5.53   eV, 
CBP   =   5.96   eV, and of complex  27    =   5.6   eV]  [4] . For higher doping concentrations, 
this injection and transport mechanism is even improved. The energy barriers for 
the electrons are less important for all organic/organic interfaces ( ≤ 0.2   eV).     

 As the doping concentration increases, the edge in the  I ( V ) curve at around 
1    ×    10  − 4    A/cm 2  gets more pronounced. This edge marks the transition between the 

Fig. 11.9     Typical electrophosphorescent multilayer device 
architecture composed of a hole injection layer (HIL), a hole 
transport layer (HTL), an emission layer (EL), a hole - blocking 
layer (HBL), and fi nally an electron - transporting layer (ETL). 
The HOMOs and LUMOs of the corresponding molecules are 
shown  [4] . The vacuum level is assumed to be constant. 



two kinds of transport behavior as the applied electric fi eld increases. At the lower 
current side of the edge (  J     <    10  − 4    A/cm 2 ), an increase of the steepness of the  I ( V ) 
characteristic for increasing doping ratio is seen. For better interpretation a power -
 law ( I     −     V X  ,  x    =    x  1  as the index for current densities in the injection limited regime 
below the edge 10  − 4    A/cm 2  and  x   =   x  2  as the index for current in the space charge 
limited current densities regime above the edge 10  − 4  A/cm 2 , respectively), is fi tted 
of the  I ( V ) characteristics, the results are summarized in Table  11.6 . This increase 
of the exponent  x  1  can be interpreted as injection improvement at the  α  - NPD/

Fig. 11.10     (a) Current versus voltage characteristics for 
different doping concentrations of phosphorescent dye 27  in a 
CBP matrix. The steepness increases with increasing dopant 
concentration. (b) The characteristics are similar to Fig. 
11.10(a) but on linear scales. 
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emission layer (complex  27  doped) interface, which can therefore be considered 
as the transport - limiting factor in the measured current range. Also, the upper 
current threshold fi eld ( U  th2 ) defi ned as the voltage for a current of 100   mA/cm 2 , 
decreases monotonously from 11.1   V for the undoped case to 9.4   V for the maximum 
doping of 12   mol%. But in contrary to this, the power - law exponent  x  2  of the 
current (voltage) curve above the current edge decreases slightly indicating a small 
deterioration of the total charge transport behavior in this current (voltage) range. 
Such a change can arise from dopant induced increase in the trap density accom-
panied by a lowering of the mobility and resulting in an increase of space charges 
screening the applied electric fi eld  [53] . 

 Furthermore, by direct charge injection from the adjacent hole and electron 
transport layers onto the phosphor molecule doped into the wide energy - gap 
matrix, exciton formation occurs directly on the dopant. In other words, in this 
image, it is not the effi ciency of the energy transfer from the host to the dye dopant, 
it is rather in the sense of easier injection of the holes onto the dopant where they 
 “ only ”  have to wait for the electron. As already pointed out, it is a function of dye 
concentration if the charge jumps from dye to dye or if it is energetically favorable 
for the charge to detrap by jumping from the dye to the host. A phenomenological 
description of the exciton creation on the dye molecule was given by Yersin  [54] . 

 In the case that the dye doping leads to a strong electron mobility reduction, the 
recombination zone distribution can split into two separated emission zones 
resulting in color changes. The fi rst part takes place in the doped area located at 
the  α  - NPD/doped layer interface with the emission color of the dopant and the 
second part around the doped/undoped layer interface  [55] . The recombination 
part outside the doped area in the pure Alq 3  electron transport layer leads to the 
typical green emission at a wavelength of 530   nm. In such a case, it might be 
helpful to introduce a hole - blocking layer (HBL) into the device architecture to 
reconfi ne the recombination zone inside the doped part to have only the emission 
color of the dopant. Figure  11.11  presents an illustration of the low and high 
voltage cases of the impact on the voltage - dependent recombination zone distribu-

Table 11.6     Current versus voltage  I ( V ) characteristics as a 
function of the doping concentration of complex 27  in a CBP 
matrix (given are the threshold voltages corresponding to the 
two characteristic current densities of 1    µ A / cm 2  and 
0.1   A / cm 2 ). 

 Doping rate Uth1

(1    µ A / cm 2 ) 
 Exponent  x1 : 
3    ×    10  − 8  – 1    ×    10  − 4    A / cm 2

Uth2

(0.1   A / cm 2 ) 
 Exponent 
x2   J     >    1    ×    10  − 4    A / cm 2

 Undoped  3.5  12.7  11.1  8.0 
  3%  3.35  13.4  10.5  7.5 
  6%  3.1  14.7  10.0  7.4 
  9%  3.0  16.1   9.75  7.0 
 12%  2.9  16.9   9.4  6.8 



tion due to strongly decreased electron mobility inside the emission layer by dye 
doping.   

 Alq 3  used as the standard matrix material for luminescent dyes cannot be used 
for complex  27  because the energy gap is too small to allow for an effective energy 
transport from dye to dye without charge de - trapping. On the other side, also the 
energy transfer rate from the host to the dye via F ö rster transfer is not effi cient 
between Alq 3  and complex  27   [56] . Because by this mechanism the transfer rate 
is proportional to the overlap of the emission spectra of the host and the absorp-
tion of the dye, which is negligible in the considered case. 

 Figure  11.12(c)  shows the variation of the quantum effi ciency as a function of 
the doping concentration. We see a slightly variation for concentrations between 
3 and 12% with its maximum at 9% and 13.2% of external quantum effi ciency. 
Only for comparison, for the undoped CBP layer, the quantum effi ciency is only 
0.94%. This corresponds to an improvement of around one and half orders of 
magnitude. Still more impressive is the improvement for the power effi ciency, 
which increases from 0.65 lm/Watt for the undoped case (not presented) up to 
37 lm/Watt for the 9% doped case, which represents an improvement factor of 56. 
These values are close to the values cited in the recent literature  [3] . However, they 
are lower than the best values achieved with triplet emitters in TAZ host  [57] . 
A reason could be that the very low TAZ HOMO level of  − 6.6   eV favors direct 

Fig. 11.11     Recombination zone distribution of 
partially doped diodes for the low and high 
voltage case. In the doped part, reduced hole 
and electron mobility is assumed. p ( x ) and 
n ( x ) are the charge density distributions and 
the arrows mark the resulting recombination 
zones which lead to light generation. Dotted 
arrows indicate color emission from the 

matrix, while line arrows indicate color 
emission from the dopant. We see that for 
higher voltages/respective higher current 
density, the recombination zone splits into 
two parts whereas that part of the emission 
zone, which moves outside the doped part, is 
responsible for the color change. 
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Fig. 11.12     (a) Schematic representation of cross - section of 
the OLED device; (b) External quantum and power effi ciencies 
versus current, and (c) External quantum effi ciency as a 
function of the doping concentration is presented. 



injection and transport at the dopant level and therefore, the exciton escaping rate 
from the dopant to the host becomes negligible. This impressive value of quantum 
effi ciency is based on a well - balanced charge ratio inside the emission layer without 
any leaking current, neither to the anode nor to the cathode side. Other experi-
ments by Berner et al.  [55]  have shown how to get nearly equalized charge balance 
by using ITO/CuPc on the anode side and LiF/Al on the cathode side, taken into 
account the hole - blocking capabilities of BCP and the electron - blocking capabili-
ties of  α  - NPD  [58 – 61] .   

 A nondesirable characteristic of phosphorescent dye doped OLED is that the 
maximum of the external quantum effi ciency (QE) is located at low voltages 
around typically 5   V and that for higher voltages a strong decrease in the QE is 
seen. This kind of decrease is discussed as arising from triplet – triplet annihilation 
effects  [62, 63] . 

 For the 6   mol% doped device, the number of dopant molecules inside the doped 
volume can be calculated with the hypothesis of homogeneous distribution of the 
molecules. With 12    µ s of the averaged lifetime of the excited state of complex  27  
and the additional assumption of homogeneous distribution of excited molecules, 
the upper level of the average distance in the volume between excited molecules 
as a function of the current density can be estimated. Thereby the charge density 
distribution was admitted to the half of the doped zone, which is a reasonable 
assumption as it was demonstrated by model calculations  [55] . This effective 
distance is directly related to the current dependent quantum effi ciency  η  (I)  of the 
device. Figure  11.13  shows the normalized quantum effi ciency relative to its 
maximum  η  max  –  η  (I)  over the effective distance of excited phosphor molecules. The 
minimum of the curve around 20   nm shows us the interaction distance at which 
triplet – triplet annihilation gets important. The fact that the recombination zone is 

Fig. 11.13     Normalized quantum effi ciency relative to its 
maximum ηmax  –  η(I)  over the effective distance between excited 
phosphor molecules. The minimum shows the effective 
distance whereas the T – T annihilation becomes effi cient. 
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even more localized to the interface for high current densities, this distance can 
be taken only as an upper limit.   

 The quantum effi ciency distribution of complex  27  doped devices as a function 
of the current density and concentrations is shown in Fig.  11.14 . We see that the 
peak of maximal quantum effi ciency increases to higher current density values 
with increasing doping concentrations. This can be explained by a larger recom-
bination zone distribution for higher concentrations and therefore larger effective 
distance between excited molecules.   

 Table  11.7  gives a summary of the operating conditions for the discussed devices 
as a function of current density and doping concentration. With increasing doping 
concentration, the voltage to achieve a defi ned brightness decreases. This refl ects 
the change of the  I ( V ) characteristic with only a slightly change of the quantum 
effi ciency.   

Fig. 11.14     Quantum effi ciency distribution as a function of 
the current density for the 3, 6, 9, and 12   mol% doped 
devices. The numbers give the current densities in mA/cm 2 , 
where the maximum of concentration dependent quantum 
effi ciency is located. 

Table 11.7     Summary of operating conditions of complex 27 in a CBP matrix. 

 Doping rate  Bias at 100   cd / m 2  (V)  Bias at 1000   cd / m 2  (V)  Bias at 10   000   cd / m 2  (V) 

 Undoped  8.1  10.9   –  
  3%  5.2   6.9   ∼ 10.1 
  6%  4.7   6.2    ∼ 9.5 
  9%  4.4   5.8   8.7 
 12%  4.4   5.8   8.7 



 Figure  11.15  shows the electrophosphorescence spectra of complex  27  for 3% 
and 12% doped in CBP. A slightly red shift for increasing doping concentration 
is seen, but the emission spectra were independent for current densities up to 
150   mA/cm 2 . Such a red shift as a function of the doping concentration was also 
seen for DCM2, however with much bigger effect  [64] . The red shift was attributed 
to a polarization effect of the molecule introduced from the matrix  [64] . The emis-
sion spectra of Fig.  11.15  correspond exactly to the emission peak, which is found 
from solution phosphorescence spectra of the complex  27 . No emission peak 
contribution of the  α  - NPD layer, of the host layer, which are located in the blue 
between 440   nm and 480   nm, or of the exciplexes are visible. In the model case, 
the line width (FWHM) of the triplet emitter is only 52   nm in comparison to the 
line width of 83   nm of undoped Alq 3  emission, which leads to more saturated color, 
which is necessary for high performance color displays.    

  11.3.2
Light - Emitting Electrochemical Cell (LEC) Device Architecture 

 Another type of organic light - emitting device is the light - emitting electrochemical 
cell (LEC), which makes use of ionic charges to facilitate electronic charge injection 
from the electrodes into the organic molecular semiconductor, eliminating the 
need for extra layers  [6 – 11] . This is a promising alternative to an OLED, particularly 
for large - area lighting applications  [11, 65 – 67] . In these cells, thicker organic active 
layers can be used, while keeping the operating voltage low. Further, one does not 
need a low work function metal electrode. Recently, cationic Ir complexes  17 ,  18 , 
and  19  were incorporated in LECs leading to green  [15]  and blue – green  [39, 68]  
electroluminescence. 

Fig. 11.15     Electrophosphorescence of the complex  27  in a 
CBP matrix for the 3% (black line) and 12% (grey line) doped 
cases are shown. 
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 To investigate the electroluminescence properties of the cationic complex 
 19  [Ir(2 - phenylpyridine) 2 (4,4 ′  - dimethylamino - 2,2 ′  - bipyridine)]PF 6 , light – emitting 
electrochemical cells (LECs) were fabricated in a nitrogen atmosphere glovebox 
 [11] . They consisted of a 100   nm spin - coated layer of pristine  19 , sandwiched 
between an ITO and an evaporated Ag electrode  [31] . 

 It is well known that solid - state LECs exhibit a signifi cant response time since 
electroluminescence can only occur after the ionic double layers have been built 
up at the electrode interfaces  [8, 11] . Since in this case, only the PF 6   −   anion is 
mobile, the double layers are formed by accumulation and depletion of PF 6   −   at the 
anode and cathode, respectively. The LEC device with  19  started to emit blue – green 
light at a bias of 5   V after several minutes. The electroluminescence spectrum, as 
shown in Fig.  11.16  trace a, is very similar to the photoluminescence spectrum 
recorded for a spin - coated fi lm on glass and of a solution of the complex. For 
comparison, the electroluminescence spectra recorded for similar devices with 
[Ir(ppy) 2 (bpy)]PF 6  (trace b, yellow emission) and [Ru(bpy) 3 ](PF 6 ) 2  (trace c, orange/
red emission) as active material are also shown  [11] . The fact that blue – green 
emission is obtained with an Ag cathode at a voltage as low as 2.5   V indicates the 
power of the LEC behavior.     
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 Progress in Electroluminescence Based on 
Lanthanide Complexes  
  Zu - Qiang   Bian   and   Chun - Hui   Huang *  

  Electroluminescent devices based on lanthanide complexes are of considerable 
interest because their emission originates from the electronic transitions of the 
central ions that give sharp narrow spectral characteristic and potentially high 
emission quantum effi ciency. After a brief overview of the device construction and 
operating principles, a review is given to recent progress in lanthanide complexes 
based luminophores, especially, Eu and Tb complexes which are being developed 
for improving the color properties of electroluminescent displays. It is concluded 
that incorporation of functional groups (electron or/and hole - transporting groups) 
into ligands on lanthanide complexes is a special kind of  “ doping ”  technique 
which is an effi cient strategy with general signifi cance to promote the performance 
of the materials for organic light - emitting diodes (OLEDs).     

  12.1
Introduction

 The rapid development in the electroluminescence (EL) of organic materials has 
attracted much attention for their promising applications in optoelectronics and 
low cost fl at panel display technology  [1 – 6] . While designing light - emitting materi-
als for OLEDs, three main issues must be addressed: emission color, emission 
effi ciency, and lifetime. Although OLEDs studies have demonstrated considerable 
progress, it is still diffi cult to optimize simultaneously, the color, effi ciency, and 
lifetime of the conjugated organic polymers or small molecules which are widely 
used for luminescent materials. It is especially diffi cult to obtain pure emission 
colors from conjugated polymers or small organic molecules because their emis-
sion spectra usually have a full width at half maximum (FWHM) of 50 – 100   nm or 
even wider. Filtering out part of the emission can give pure color OLEDs, however, 
these OLEDs are ineffi cient because only a part of their emission is utilized. 

 In contrast to organic chromophores, luminescent lanthanide complexes are 
believed to be promising candidates to solve this problem. The spectroscopic 
properties of some lanthanide ions are ideal for use in full color display as known 
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from inorganic luminescent materials in cathode ray and projection television 
tubes. Luminescent lanthanide complexes belong to a special class of emitters, 
exhibiting the following important advantages. 

 (1)  Sharp emission band . Lanthanide complexes are characterized by effi cient 
intramolecular energy transfer from the excited singlet state (S1) to the triplet state 
(T1) of the ligand, and then to the excited 4f states of central lanthanide metal ion. 
When they relax from the excited state to the ground state of lanthanide ions, the 
corresponding emission will take place. The sharp spectroscopic bands, usually 
less than 10   nm in FWHM, originate from the f – f transitions. Compared to that 
of polymers or organic small molecules, the emission bands from lanthanide 
complexes are much narrower. 

 (2)  Potentially high internal quantum effi ciency . EL effi ciencies of fl uorescent 
materials are limited to 25% excitons formed because about 75% of the excited 
states formed by electron – hole recombination in the EL process populate the 
triplet state, which will decay nonradiatively. In contrast, in lanthanide complexes, 
the lanthanide ions are excited via intramolecular energy transfer from the triplet 
excited states of the ligands and the relaxation from the singlet to the triplet states 
of the ligands also occurs through intersystem crossing. Therefore, the energy of 
both singlet and triplet excitons formed by electron – hole recombination can be 
utilized for emission. Although the intersystem crossing effi ciency is not 100%, 
the lanthanide complex EL effi ciency could at least exceed those of commonly used 
fl uorescent materials to a large extent. 

 (3)  Facile ligand modifi cation . In order to improve the chemical and physical 
properties of the emitting materials, such as vapor phase deposition, solubility, 
stability, or carrier transporting properties, modifi cation of the ligands is neces-
sary. Since the 4f shells of trivalent lanthanide ions are well shielded by the fi lled 
5s and 5p orbitals, the 4f energy levels are only weakly perturbed by the environ-
ment outside the lanthanide ions. Therefore, the modifi cation does not result in 
high emission wavelength shift. 

 According to the emission properties, lanthanide complexes can be divided into 
four groups  [7] . 

 (1) Sm 3+  (4f  5 ), Eu 3+  (4f  6 ), Tb 3+  (4f  8 ), and Dy 3+  (4f  9 ): For these ions, the emissions 
originating from the transition of 4f electrons from the lowest excited states to 
the ground states fall into the visible light region, and the probabilities for these 
transitions are relatively high. Therefore, the strong emissions can be observed by 
human eyes. 

 (2) Pr 3+  (4f  2 ), Nd 3+  (4f  3 ), Ho 3+  (4f  10 ), Er 3+  (4f  11 ), Tm 3+  (4f  12 ), and Yb 3+  (4f  13 ): For 
these ions, the energy levels between the lowest excited state and the ground state 
are very close to each other. Therefore, emission often occurs in the infrared 
region. However, their intensities are weaker by several magnitudes compared to 
that of the visible emission mentioned above because nonradiative transitions 
occur easily. 

 (3) Eu 2+  (4f  7 ), Yb 2+  (4f  14 ), Sm 2+  (4f  6 ), and Ce 3+  (4f  1 ): The oxidation states of these 
ions are lower than those of the ordinary lanthanide ions. The radiation originating 
from d – f transitions in these ions often result in a broader emission band. 



 (4) Sc 3+  (4f  0 ), Y 3+  (4f  0 ), La 3+  (4f  0 ), Gd 3+  (4f  7 ), and Lu 3+  (4f  14 ): The 4f electronic 
confi gurations of these ions belong to  “ empty, ”   “ half fi lled, ”  or  “ all fi lled ”  confi gu-
rations. Therefore, f – f transition emission cannot occur with the exception of 
gadolinium complexes which emit in ultraviolet light region. This class of ions 
cannot give emission in the visible region. However, complexes with these ions 
can emit light under certain conditions. For example, some complexes do have 
emission in the visible region when suitable ligands are coordinated to these lan-
thanide ions. They are classifi ed as ligand emission complexes. 

 Based on the outlines mentioned above, one can see, in principle, that all lan-
thanide complexes can be photoluminescent and thus electroluminescence is 
possible. Indeed, electroluminescent devices with most of the lanthanide com-
plexes (except Pm, Sc, and Ce complexes) have been reported and some of them 
have been reviewed  [8] .  

  12.2
The Device Construction and Operating Principles 

 Electroluminescence is the phenomenon in which electrical energy is converted to 
luminous energy  [6] . In the early 1960s, electroluminescence from organic crystals 
was fi rst observed for anthracene  [9] . Since the effi ciencies of the resulting devices 
were very low and the lifetimes were short, the electroluminescence was not widely 
attractive until 1987 when Tang and Van Slyke  [10]  succeeded in developing an 
OLED with a luminance over 1000   cd/m 2 , which is high enough for practical appli-
cations, at an operating voltage below 10   V. Another fundamental piece of work 
contributing to the evolution of OLEDs was a publication in 1990 by the Cambridge 
group  [11] , in which the observation of EL from devices based on the conjugated 
polymer poly ( p  - phenylenevinylene) (PPV) was reported. The simplicity of manu-
facture together with the possibility to fabricate fl exible, large area, extremely thin 
full - color displays generated a sudden surge of interest in this research fi eld. As a 
result, organic electroluminescence has now reached the point where commercial-
ization of small, pixel - addressed displays becomes possible  [6] . 

 The basic structure of organic light - emitting diodes is depicted in Fig.  12.1 . A 
typical heterostructure (i.e., more than one layer of organic fi lms) OLED consists 
of a hole - transporting layer (HTL), an emitting material layer (EML), and an 

Fig. 12.1     The basic structure of OLEDs. 
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electron - transporting layer (ETL) sandwiched between two electrodes. An indium 
tin oxide (ITO) - coated glass substrate is usually used as the anode since one of the 
electrodes needs to be transparent in order to observe light emission from the 
organic layer. Metals with low work functions such as Al, Mg, Ca, or their alloys are 
used as cathode in order to guarantee effi cient electron injection. Organic layers are 
deposited mainly by thermal evaporation or spin coating from solutions for small 
molecule or polymeric materials, respectively. Metal layers are usually made by 
thermal evaporation. All layers should be chemically stable, especially under the 
device operating conditions, and resistant to oxidation or photo - oxidation.   

 When an external voltage is applied to the electrodes, charge carriers, i.e., holes, 
from the anode and electrons from the cathode are injected into the organic layer 
beyond a specifi c threshold voltage depending on the organic material applied. In 
the presence of the applied electric fi eld, the charge carriers move toward the 
opposite electrode through the active layer until they meet each other. Electron 
transport will occur through the lowest unoccupied molecular orbital (LUMO). 
Holes are transported through the highest occupied molecular orbital (HOMO). 
The effi ciency of electron and hole transporting is determined by the mobilities 
of the charge carriers in the organic layers. When holes and electrons combine, 
they can form excitons. In suitable cases, as required for OLEDs, this leads to a 
population of excited states of the emitter materials which subsequently emits light 
through the transparent electrode (Fig.  12.2 ). Details of the mechanism of exciton 
formation and population processes of excited emitter states can be found in Ref. 
 [12] . To date, the most practical and commercially used electron - transporting mate-
rial is tris (8 - hydroxyquinolinato) aluminum (AlQ) with its molecular structure 
shown in Fig.  12.3  (1). There are several hole - transporting materials which are 
preferred. Among them,  N , N  ′  - diphenyl -  N ,  N  ′  - bis(3 - methylphenyl) - 1,1 ′  - biphenyl - 4, 
4 ′  - diamine (TPD) and  N , N  ′  - diphenyl -  N , N  ′  - bis(1 - naphthyl) - 1,1 ′  - diphenyl - 4,4 ′  -
 diamine (NPB) have been studied and used extensively (Fig.  12.3  (3, 4)). Since the 

Fig. 12.2     The formation of excitons. 



electron mobility in organic materials is generally several orders of magnitude 
lower than the hole mobility, an electron - conducting hole - blocking layer such as 
2,9 - dimethyl - 4,7 - diphenyl - 1,10 -  phenanthroline (BCP) or 3 - (4 - biphenylyl) - 4 - phenyl -
 5 - (4 -  tert  - butyl - phenyl) - 1,2,4 -  triazole (TAZ) shown in Fig.  12.3  (7, 8), is often added 
between the layer of luminescent materials and the electron - transporting layer or 
the metallic electrode to balance the charge injection and transport rates. Then the 
recombination of electrons and holes is confi ned in the emitting layer and conse-
quently a high electroluminescent effi ciency can be obtained.     

 From the above discussion, it is obvious that a good emitting material needs to 
achieve several basic requirements. First, it should be an effi cient luminophor and 
a good charge transporter. Second, it must be capable of undergoing effi cient 
charge transfer to an electrode. Moreover, it must be thermally stable for small 
molecular materials to form a fi lm by thermal evaporation in vacuum. Many lan-
thanide complexes are highly luminescent, however, only a few of them can 
simultaneously satisfy these requirements for EL applications. Therefore, further 
development should be focused on exploring new lanthanide complexes that 
satisfy the requirements listed above for EL applications.  

Fig. 12.3     Structures of some electron - transporting materials 
(1, 2), hole - transporting materials (3 to 6) and hole - blocking 
materials (7, 8). 
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  12.3
The Red Electroluminescence Based on Europium Complexes 

 As shown in Fig.  12.4 , the emissions based on europium ion peak at about 580, 
592, 612, 652, and 703   nm, correspond to the f – f electronic transitions of  5 D 0  →  7 F 0  
(usually strongly forbidden),  5 D 0  →  7 F 1 ,  5 D 0  →  7 F 2 ,  5 D 0  →  7 F 3 , and  5 D 0  →  7 F 4 , respec-
tively. Among these, the 612   nm emission from the  5 D 0  →  7 F 2  electronic dipole 
transition is dominant and the monochromaticity (defi ned by the intensity ratio 
of  5 D 0  →  7 F 2  to  5 D 0  →  7 F 1  transitions) is usually larger than 10. Therefore, a pure 
saturated red emission can be observed when the europium complexes are used 
as emitters.   

 The fi rst europium complex used for fabricating an OLED was tris (thienyltri-
fl uoroacetonato) europium (Eu(TTA) 3 )  [14] , which was molecularly dispersed in a 
hole - transporting poly(methylphenylsilane) (PMPS). Luminescence started at 
12   V, and a maximum intensity of 0.3   cd/m 2  at 18   V was achieved when the device 
was operated in a continuous dc mode (biased ITO positive) with the confi guration 
of ITO/PMPS - Eu(TTA) 3 /PBD/Mg/Ag (PBD, structure shown in Fig.  12.3  (2), 2 -
 (4 - biphenyl) - 5 - (4 -  tert  - butylphenyl) - 1,3,4 - oxadiazole, used as electron - transporting 
layer). Following that observation, much attention was paid to this fi eld. However, 
the results have not been as satisfactory as expected. Figure  12.5  shows some 
examples of different Eu 3+  complexes.   

 Later, the importance of the neutral ligands and their modifi cation for improving 
the performance of lanthanide complexes used in fabrication of OLEDs was noticed, 
and a doping technique was also introduced into the fi eld. As a result, electrolumi-
nescence performance has made a signifi cant progress in the past few years. 

 For comparison, a summary of some typical performance data for Eu - based 
OLEDs reported in literature is listed in Table  12.1  and the structures of the com-
plexes  13 ,  14 ,  15 ,  16 , and  23  are shown in Fig.  12.6 .     

Fig. 12.4     The luminescent spectrum of an europium complex 
Eu(DBM)3 (L)  [13] . (Reprinted with permission from Ref.  [13] , 
copyright 2002, Elsevier). 
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Fig. 12.5     The structures of some europium complexes used as emitters. 

Table 12.1     Summary of some typical performance data for Eu - based OLEDs in the literature. 

 Emitter layer hext  (%); L  (cd   m  − 2 ); hp  (Lm   W  − 1 );  Ref. 
I  (mA   cm  − 2 )   V  (V)   I  (mA   m  − 2 ) 

 Eu(TTA) 3 (Phen)(13)   – ;  –   7; 16   – ;  –    18  
 Eu(TTA) 3 (Phen)/CBP(1%)  1.4; 0.4  505; 12.0   – ;  –    19  
 Eu(DBM) 3 (Phen)(14)   – ;  –   50; 15.0   – ;  –    20  
 Eu(DBM) 3 (Phen)/PBD(1   :   3, mol   :   mol)   – ;  –   460; 16.0   – ;  –    21  
 Eu(DBM) 3 (Bath)(15)   – ;  –   400; 15.0   – ;  –    22  
 Eu(DBM) 3 (Bath)/TPD(3/1)  1.0; 0.6  820; 18.0  1.0; 0.6   23  
 Eu(DBM) 3 (Bath)/TPD(1/2)  4.6; 0.01   – ;  –    – ;  –    24  
 Eu(TTA) 3 (TmPhen)(16):CBP(1%)  4.3; 0.1  800; 24.5  1.6; 0.1   25  
 Eu(TTA) 3 (DPPz)(23)/CBP(4.5%)  2.1; 1.23  1670; 13.6  2.1; 1.23   31  

    η   ext ,  I : the external quantum effi ciency (  η   ext ) under a given current density ( I )  
   L ,  V : the maximum brightness ( L ) under a given driving voltage ( V  )  
    η  p  ,  I : the power effi ciency (  η  p  ) under a given current density ( I )   

 The most commonly used anion ligands of europium complexes for EL are TTA 
or DBM (see Fig.  12.6 ). A neutral ligand with well - matched triplet energy level 
would greatly help the photoluminescence and electroluminescence in ternary 
europium complexes. For example, T. Sano et al. used the (Eu(TTA) 3 (Phen)) 
complex as emitter, TPD and AlQ as the hole - transporting material and electron -
 transporting material, respectively, and obtained a maximum luminance of 
7   cd/m 2  from a device with the confi guration ITO/TPD/Eu(TTA) 3 (Phen)/AlQ/
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MgIn  [18] . The ligand Phen acts to saturate the coordination number of the euro-
pium ion and also to improve the Eu 3+  phosphorescence emission intensity, volatil-
ity and stability of the complex. Thus, using Eu(TTA) 3 (Phen) as the emitting 
material provides an order of magnitude improvement in performance over the 
device based on the complex Eu(TTA) 3  in which the maximum brightness for 
Eu(TTA) 3  was only 0.3   cd/m 2   [14] . 

 Doping is a useful technique for optimizing the device performance. Proper 
host materials not only can improve the fi lm formation properties and the 
thermal stability of the fi lm, but also improve the luminescence effi ciency through 
improvement of energy transfer from host material to the guest materials. Tris -

Fig. 12.6     Modifi cations of the neutral ligands of europium complexes used in OLEDs. 
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 (dibenzoylmethanato)(1, 10 - phenanthroline) europium(III), Eu(DBM) 3 (Phen), is a 
good luminescent material. However, using it as an emitter in a device with a 
structure of ITO/CuPc (5   nm)/ α  - NPD (35   nm)/Eu(DBM) 3 (Phen) (20   nm)/BCP 
(15   nm)/AlQ (25   nm)/LiF/Al gave only a maximum brightness of 50   cd/m 2  at 15   V 
 [20] . This result may be due to the poor charge - transporting properties of the 
complex. Doping the europium complex in charge - transporting materials such as 
NPB or PBD is a helpful method to obtain better device performance. Doping 
Eu(DBM) 3 (Phen) into NPB host, the maximum brightness of 200   cd/m 2  at 15   V 
was attained with the device confi guration of ITO/CuPc (5   nm)/ α  - NPB (35   nm)/
NPB:Eu(DBM) 3 (Phen) (20%   :   80%) (20   nm)/BCP (15   nm)/AlQ (25   nm)/LiF/Al  [20] . 
Doping Eu(DBM) 3 (Phen) into PBD host, a device with the structure ITO/TPD 
(40   nm)/Eu(DBM) 3 (Phen):PBD (1   :   3, mol   :   mol) (30   nm)/AlQ (30   nm)/Mg: Ag gave 
a maximum brightness of 460   cd/m 2  at 16   V  [21] . The same trend could also 
be observed with the Eu(DBM) 3 (Bath) and Eu(DBM) 3 (Bath):TPD systems. After 
Eu(DBM) 3 (Bath) was doped into a hole - transporting material TPD, the maximum 
brightness increased from 400   cd/m 2  at 15   V to 820   cd/m 2  at 18   V with a similar 
device confi guration  [22, 23] . 

 Sun et al. reported the synthesis of an europium complex Eu(TTA) 3 (DPPz) (Fig. 
 12.6 , compound  23 )  [30] , as a red emitter in electroluminescent devices. One such 
device with the confi guration ITO/TPD (50   nm)/Eu(TTA) 3 (DPPz):CBP (4.5%, 
30   nm)/BCP (30   nm)/AlQ (25   nm)/Mg 0.9 Ag 0.1 /Ag exhibited an external quantum 
effi ciency of 2.1%, current effi ciency 4.4   cd/A, power effi ciency 2.1   lm/W, and 
brightness 1670   cd/m 2 . Several electroluminescent devices using Eu(TTA) 3 (L) (L 
stands for a substituted phenanthroline) (see Fig.  12.6  compounds  21  to  26 ) as 
dopant emitters were also fabricated and tested. Some of these devices exhibited 
behaviors among the best reported devices incorporated a europium complex as 
the red emitter  [31] . 

 However, doping usually leads to the potential danger of phase separation 
during device operation. Recently, the anionic or neutral ligands have been 
modifi ed either by changing the framework or by introducing charge - transporting 
group into these ligands. Figure  12.6  summarizes several examples (see Fig.  12.6  
compounds  15  to  30 ). 

 Liang et al.  [36]  reported an oxadiazole functionalized europium complex 
Eu(DBM) 3 (OXD - PyBM) (see Fig.  12.6  compound  30 ), with the aim of realizing 
highly effi cient red light emission. DBM (dibenzoylmethane) was chosen as the 
anionic ligand due to its relatively high PL effi ciency. 2 - (2 - Pyridyl) - benzimidazole 
(PyBM) was included as the neutral ligand since it was thought to enhance the elec-
tron - transporting property of the material, in addition to saturate the coordination 
number of the europium ion and improve the volatility and stability of the euro-
pium complex. An oxadiazole moiety was introduced to the PyBM ligand through a 
fl exible spacer for improving the electron - transporting property and the solubility 
of the resulting complex. Pure red emission at 612   nm for the simple double - layer 
device with structure ITO/TPD (40   nm)/Eu(DBM) 3 (OXD - PyBM) (50   nm)/LiF 
(1   nm)/Al (200   nm) was observed with the maximum brightness of 322   cd/m 2 , the 
luminous effi ciency of 1.9   cd/A, and the quantum effi ciency of 1.7%. 
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 Our recent results also proved that modifi cation of the ligand is an effi cient 
strategy to improve device performance. For example, a device ITO/TPD (20   nm)/
Eu(DBM) 3 (Phen) (40   nm)/BCP (20   nm)/AlQ (40   nm)/Mg: Ag gave a maximum 
brightness of 156   cd/m 2  at 16   V and a power effi ciency 0.35   lm/W at 7   V, 
0.20   cd/m 2 . When the Phen was replaced by Phencarz (Fig.  12.6  compound  19 ) in 
the europium complex, the highest power effi ciency of 2.7   lm/W at 5   V and 0.5   cd/
m 2 , and the luminance exceeding 2000   cd/m 2  at 20   V were obtained from a device 
with a similar confi guration of ITO/TPD (20   nm)/Eu(DBM) 3 (Phencarz) (40   nm)/
BCP(20   nm)/AlQ (40   nm)/Mg 0.9 Ag 0.1  (200   nm)/Ag (80   nm)  [28] . The excellent result 
was believed to derive from the improvement of the hole - transporting property 
owing to the introduction of the carbazyl group. 

 In fact, modifi cation of ligand not only improves the charge transporting prop-
erty but also enhances the thermal stability and photoluminescence of complexes, 
and thus greatly improves the electroluminescence performance. Table  12.2  shows 
the effects of the modifi ed Phen neutral ligands (Fig.  12.7 ) on PL effi ciencies, 
thermal properties and EL effi ciencies of OLEDs based on the europium com-
plexes  [37] .     

 Comparing Eu(DBM) 3 (L3) with Eu(DBM) 3 (L1), the maximum brightness is 
more than two orders of magnitude larger with the same device confi guration 
ITO/TPD (50   nm)/Eu(DBM) 3 (LN) ( N  = 1 to 3) (50   nm)/Mg: Ag (200   nm)/Ag 
(100   nm) (Table  12.2 ). 

 Another effective way is to modify the anionic ligands. Figure  12.8  shows some 
examples in this respect.   

Table 12.2     EL performance comparison of rare earth complexes with different neutral ligands. 

 Complex  Neutral
ligand

 Decomposition
temperature ( ° C) 

 Solid
fl uorescence 

 Maximum brightness
cd/m2 , (V) 

 31  L1  358  1   3.7 (17   V) 
 32  L2  381  5.3  197 (20   V) 
 33  L3  408  5.2  561 (16   V) 

Fig. 12.7     The three - ternary europium complexes with different 
neutral modifi ed Phen ligands  [37] . 
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 In 2000, a europium complex with a modifi ed DBM  β  - diketone was reported by 
Bazan and coworkers  [38] . In the europium complex, the phenanthroline ligand 
acts as the electron - transporting medium and the carbazyl group attached to a  β  -
 diketone is used for the hole - transporting functional group. Furthermore, the 
hexyloxyl groups substituted on the phenyl prevent the complex from crystallizing 
and allow the formation of transparent clear fi lms directly from the solution. In 
the single layer device ITO/Eu(NDBM) 3 (Phen) (compound  34 )/Ca, the light output 
was 9   cd/m 2  with an external EL quantum effi ciency of 0.08%. By introducing the 
layer of polyvinylcarbazole (PVK) as a hole injection and electron blocking layer, 
the effi ciency of the device ITO/PVK/Eu(NDBM) 3 (Phen)/Ca was improved con-
siderably (50   cd/m 2  at 15   mA   cm  − 2 ) with an external EL quantum effi ciency of 
0.3%. 

 In 2001, a new mixed ligand europium complex Eu(DCNP)(DBM) 2 (Phen) 
(compound  36 ) for electroluminescence was reported  [40] . Two devices based on 
this complex were fabricated by the doping technique with vacuum deposition 
at a pressure of about 10  − 6    torr. The confi gurations of the two devices were 
ITO/TPD (50   nm)/Eu(DCNP)(DBM) 2 (Phen):PBD (10   wt%, 10   nm)/TAZ 
(25   nm)/AlQ (30   nm)/Mg:Ag (10   :   1) (200   nm) (device 1) and ITO/TPD 

Fig. 12.8     Modifi ed diketones incorporated in the europium complexes used in OLEDs. 
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(50   nm)/Eu(DCNP)(DBM) 2 (Phen):CBP(10   wt%, 20   nm)/BCP (15   nm)/AlQ 
(30   nm)/Mg:Ag(10   :   1)(200   nm) (device 2). Both devices resulted in the characteris-
tic emission of the Eu 3+  ion. Device 1 exhibited an external quantum effi ciency   η   ext  
of 3.5%, power effi ciency   η  pw   2.0   lm/W (10   cd/m 2 , 0.17   mA/cm 2 ),   η   ext 1.6%, and   η  pw   
0.69   lm/W (84   cd/m 2 , 2.9   mA/cm 2 ); while the effi ciency of device 2 was about 
one order of magnitude lower than that of device 1 in the relatively low current 
density region. The effi ciency was comparable with that of device 1 in the higher 
current density region. The maximum luminance of device 2 reached 924   cd/m 2  
at 380   mA/cm 2 . The good performance of device 1 in the low current density region 
may owe to relatively balanceable charge transportation at the emitting layer. 

 We synthesized several modifi ed  β  - diketones and their corresponding com-
plexes for study in electroluminescent devices  [41]  (compounds  37  to  41 ). The 
complexes were designed with an effort to combine the electron - transporting 
group and the hole - transporting group into one molecule. The functional groups 
could be introduced to the  β  - diketone, directly (compounds  37  to  39 ) or through 
an alkoxy chain (compound  41 ). In order to adjust the recombination zone to be 
fairly confi ned in the emitting layer, the  β  - diketone bearing different functional 
groups can be used to coordinate with the central ion individually (compounds  37 , 
 38 , and  40 ) or simultaneously (compounds  39  and  41 ). For example, when Eu(c -
 DBM) 3 (Bath) was used as emitting material to fabricate a device with the confi gu-
ration ITO/TPD/Eu(c - DBM) 3 (Bath)/BCP/AlQ/Mg 0.9 Ag 0.1 /Ag, green light at 520   nm 
can be observed although BCP was used as the hole - blocking layer. This result 
indicates that Eu(c - DBM) 3 (Bath) acts as a hole - transporting property leading to the 
recombination of excitons only in the AlQ layer. To adjust the carrier - transporting 
properties and make the recombination zone confi ned to the emitting layer, a new 
mixed ligand complex Eu(DBM) 2 (c - DBM)(Bath) (compound  38 ) was synthesized 
by replacing c - DBM partly with DBM. A device with the confi guration ITO/
TPD(30   nm)/Eu(DBM) 2 (c - DBM)(Bath) : PBD (1   :   1 molar ratio, 40   nm)/PBD(30   nm)/
Mg 0.9 Ag 0.1 (200   nm)/Ag(100   nm) was fabricated leading to better performance. A 
maximum Eu 3+  characteristic emission was found to be 2797   cd/m 2  (0.27   lm/W, 
14   V). 

 Recently, an international patent application for improved electroluminescent 
device confi gurations based on europium complexes as emitting materials was 
published  [43] . This type of device has a fi rst layer of a electroluminescent metal 
complex or organometallic complex in which the central ion could be Sm(III), 
Eu(III), Tb(III), or Dy(III) etc. and a layer of a second organometallic complex in 
which the central ion could be Yb(III), Lu(III), Gd(III), or Ce(III) etc. The bandgap 
of the second complex is larger than that of the metal in the fi rst electrolumines-
cent complex. However, the maximum brightness of this kind of device is not so 
encouraging. 

 Another international patent application for a class of binary metal complexes 
with a general formula (L  α  ) n M 1 M 2 (L p ) was also published recently  [44] . In 
(L  α  ) n M 1 M 2 (L p ), L p  is a neutral ligand, M 1  is a rare earth element, or an actinide, M 2  
is a nonrare earth metal, L  α   is an organic ligand and  n  is the combined valence 
state of M 1  and M 2 . For example, using the binary metal complex (shown in Fig. 
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 12.9 ) as emitting material, a device with a confi guration ITO/CuPc (2.2   nm)/ α  -
 NPB (18.3   nm)/EuAl(DBM) 6 (OPNP) (55.0   nm)/BCP (6.0   nm)/AlQ (12.0   nm)/LiF 
(0.9   nm)/Al (500   nm) gave the brightness of 528   cd/m 2  at 21   V in which the current 
effi ciency was 0.132   cd/A and electroluminescent effi ciency was 0.088   lm/W.   

 Although the maximum brightness and the external quantum effi ciency of 
Eu(III) complex - based devices reported gradual increase, europium complexes 
have been known to show partial or complete decomposition during the vacuum 
thermal evaporation. This is partly due to the high molecular weight (MW 1000) 
of Eu complexes, which does not allow vacuum sublimation of the complex 
smoothly. Another reason originates from the fact that some of the Eu complexes 
lack volatility for their electronically polarized structure, and consequently they 
suffer from decomposition before sublimation due to the high sublimation tem-
perature. For example, Eu(DBM) 3 Phen can be evaporated smoothly in vacuum, 
however, Eu(DBM) 3  decomposes before sublimation. 

 To solve this problem, Adachi and coworkers  [45]  synthesized Eu(DPM) 3 :BCP 
by co - deposition of Eu(DPM) 3  and BCP (see Fig.  12.10 ). They introduced BCP as 
a neutral ligand to the complex because it can transport electrons and block holes 
and has satisfactory electron mobility ( ∼  10  − 4    cm 2    v  − 1    s  − 1 )  [46] . They selected HDPM 
as anionic ligand due to Eu(DPM) 3  has a relatively smaller molecular weight of 
701.8 and three bulky nonpolar  t  - buty1 groups that completely surround the Eu 3+  
ion, and weaken the interactions between adjacent Eu(DPM) 3 , consequently 
making Eu(DPM) 3  enable to sublime easily. Data show that an external quantum 
effi ciency of  ∼ 1.0% and a maximum luminescence of 2123   cd/m 2  were obtained 

Fig. 12.9     The molecular structure of EuAl(DBM) 6 (OPNP). 

Fig. 12.10     The structure of Eu(DPM) 3  and Eu(DPM) 3 (BCP). 
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with a device confi guration of ITO (100   nm)/TAP (50   nm)/Eu(DPM) 3  : BCP (molar 
ratio = 1   :   1) (20   nm)/BCP (10   nm)/AlQ (30   nm)/MgAg (100   nm)/Ag.   

 Encouraged by the results that fl uorinated substitutes in ligands increase, the 
volatility of the complex, and thus facilitate thin fi lm fabrication, Zhang et al.  [47]  
synthesized a new complex Eu(HFNH) 3 (phen) (Fig.  12.11 ). The device based on 
the complex with the structure ITO/TPD (50   nm)/the complex: CBP (10%, 40   nm)/
BCP (20   nm)/AlQ (30   nm)/LiF (1   nm)/Al (200   nm) exhibited the maximum 
brightness of 957   cd/m 2 , current effi ciency of 4.14   cd/A, and power effi ciency of 
2.28   lm/W with a pure red Eu 3+  ion emission. Especially, at the high brightness of 
200   cd/m 2 , the device still has a high current effi ciency of 2.15   cd/A.    

  12.4
The Green Electroluminescence Based on Terbium Complexes 

 Although AlQ has been studied extensively as a green emitting material, terbium 
complexes are still of great interest in the fi eld of electroluminescence (EL) because 
they have many distinct advantages as mentioned above (see Section  12.1 ). 

 The photoluminescence emission based on the terbium ion peaks at 491, 549, 
582, and 618   nm correspond to the f – f electronic transition of  5 D 4  →  7 F 6 ,  5 D 4  →  7 F 5 , 
 5 D 4  →  7 F 4 , and  5 D 4  →  7 F 3 , respectively (Fig.  12.12 ). Among them,  5 D 4  →  7 F 5  is domi-
nant. Therefore, a bright green emission can be observed when terbium complexes 
are used as emission materials.   

 Kido et al. fi rst reported an electroluminescent device using a terbium complex, 
Tb(acac) 3 , as an emitter in early 1990  [49] . Although the maximum brightness was 
only 7   cd/m 2  at 20   V, it opened an area for green emission materials using lantha-
nide complexes for electroluminescence. 

 Compared to europium complexes, terbium complexes reported for electrolu-
minescence are relatively rare  [48 – 58] . They can be summarized mainly into two 
aspects: terbium carboxylates and  β  - diketone complexes. 

 Terbium carboxylates not only have good luminescence but also exhibit good 
ultraviolet absorption. However, they are diffi cult to use as emission materials in 
OLEDs due to their multicoordination mode and consequent formation of inor-
ganic polymers with poor solubility or volatility. Since the carboxylates have been 

Fig. 12.11     The structure of Eu(HFNH) 3 (phen). 



reviewed by Kido  [8] , we will focus on the newly developed  β  - diketonate terbium 
complexes in this article. 

 In 2001, Zheng and coworkers reported an oxadiazole - functionalized terbium(III) 
 β  - diketonate as shown in Fig.  12.13 . Using this complex to fabricate a device with 
the confi guration of ITO/PVK : PBD, the Tb complex/AIPOP/C S F/Al, a bright 
green emission was observed. At 15   V, the light output reached 100   cd/m 2  with an 
external EL effi ciency of 1.1% and 550   cd/m 2  with an effi ciency of 0.6% at 20   V. 
But starting from 19   V, a broad peak appeared at about 430   nm which is attribut-
able to exciplex formation between PVK and the Tb complex  [53] .   

Fig. 12.12     The luminescent spectrum of a terbium complex 
Tb(eb - PMP) 3 (TPPO)  [48] . (Reprinted with permission from 
Ref.  [48] , copyright 2003, American Chemistry Society) 

Fig. 12.13     The molecular structure and the molecular formula 
of the oxadiazole - functionalized Tb (III)  β  - diketonate (complex 
47). (Reprinted with permission from Ref.  [53] , copyright 
2001, American Chemistry Society) 

12.4 The Green Electroluminescence Based on Terbium Complexes  405



406  12 Progress in Electroluminescence Based on Lanthanide Complexes

 In 2002, Wang and coworkers reported a binuclear luminescent terbium complex 
with formula [Tb(acac - azain) 3 ] 2  as shown in Fig.  12.14   [54] . Due to the high 
molecular weight of the compound, it cannot be sublimed in vacuum and so 
cannot be used as an emitter in OLEDs by vacuum deposition. Using PVK as the 
host/hole transport layer and PBD as the electron transport layer, a double layer 
device with confi guration ITO/PVK: [Tb(acac - azain) 3 ] 2  (20%, 50   nm)/PBD (30   nm)/
LiF (1.5   nm)/Al (150   nm) was fabricated. Characteristic Tb(III) emission bands 
were observed which matched the PL of the compound (Fig.  12.15 ). A weak emis-
sion band at 400   nm generated from PVK was also observed. The turn - on voltage 
was 11   V and the highest effi ciency of 0.65   cd/A for the double - layered device was 
achieved at 13   V and 1.72   mA/cm 2 .     

 In 1998, the fi rst example of electroluminescent devices using a terbium 
pyrazolonate complex, tris(1 - phenyl - 3 - methyl - 4 - isobutyl - 5 - pyrazolone) -
 bis(triphenylphosphine oxide) terbium (Tb(ip - PMP) 3 (TPPO) 2 ) (Fig.  12.16  
compound  49 ), as emitter was reported by our group  [55] . With a confi guration 
ITO/TPD/Tb(ip - PMP) 3 (TPPO) 2 /AlQ/Al, the device gave a maximum brightness 
of 920   cd/m 2  at a drive voltage of 18   V and a luminous effi ciency of 0.51   lm/W at 
a current density of 0.70   mA/cm 2 . Two years later, Christou and coworkers  [56]  
prepared OLEDs based on modifying the above system with the device confi guration 
of ITO/MTDATH/TPD/Tb(tb - PMP) 3 (TPPO)/TAZ/Al. A maximum brightness of 
2000   cd/m 2  with a luminescence effi ciency of 2.63   lm/W was observed. They 
thought that the device current is apparently hole limited for Tb(tb - PMP) 3 (TPPO) 
(Fig.  12.16  compound  52 ).   However, when appropriate transport layers MTDATH 
and TAZ were used, charge recombination was moved away from the electrode/
phosphor interface to the transport/phosphor interface, which was rationalized in 

Fig. 12.14     The molecular structure and the simplifi ed 
structural formula of [Tb(acac - azain) 3 ] 2 . (Reprinted with 
permission from Ref.  [54] , copyright 2002, American 
Chemistry Society) 



Fig. 12.15     PL of [Tb(acac - azain) 3 ] 2  in PVK and EL of the 
double layer device. (Reprinted with permission from Ref.  [54] , 
copyright 2002, American Chemistry Society). 

Fig. 12.16     Structures of some terbium pyrazolonate complexes. 

terms of an energy level diagram (see Fig.  12.17 ) in which the HOMO of the 
phosphor was placed at 6.4   eV.   

 After a systematic study on the terbium pyrazolonate complexes, we demon-
strated that Tb(ip - PMP) 3 (TPPO) 2  (compound  49 ) had very good electron - 
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49. L1=TPPO, L2=TPPO,

50. L1=CH3CH2OH, L2=H2O,

51, L1=TPPO,

52. L1=TPPO,

53. L1=TPPO,

54. L1=H2O,

55. L1=Phen,

R=–CH(CH3)2,

R=–CH(CH3)2,

R=–CH(C2H5)2,

R=–C(CH3)3,

R=–CH2C(CH3)3,

R=CH2C(CH3)3,

R=–CH2C(CH3)3,

Tb(ip-PMP)3(TPPO)2 [55]

Tb(ip-PMP)3(CH3CH2OH)(H2O) [57]

Tb(eb-PMP)3(TPPO) [48,57]

Tb(tb-PMP)3(TPPO) [56]

Tb(tba-PMP)3(TPPO) [58]

Tb(tba-PMP)3(H2O) [58]

Tb(tba-PMP)3(Phen) [58]
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transporting properties and the recombination zone was confi ned mainly in the 
TPD layer, while Tb(ip - PMP) 3 (H 2 O)(EtOH) (compound  50 ) only showed a hole -
 transporting property and the recombination zone was confi ned mainly in the 
AlQ layer (Fig.  12.18 ). To adjust the carrier - transporting properties and make the 
recombination zone easily confi ned in terbium complex layer, we synthesized 
a new terbium complex tris[1 - phenyl - 3 - methyl - 4 - (2 - ethylbutyryl) - 5 - pyrazolone] 

Fig. 12.17     Proposed energy level diagram of the HOMO and 
LUMO energies of the materials used to prepare OLEDs 
based on Tb(tb - PMP) 3 (TPPO)  [56] . (Reprinted with permission 
from Ref.  [56] , copyright 2000, John Wiley). 

Fig. 12.18     EL spectra of devices with the same confi guration 
ITO/TPD (20   nm)/Tb - complex (50   nm)/AlQ (30   nm)/Mg 0.9 Ag 0.1

(200   nm)/Ag (80   nm) using complexes 49 (A2), 50 (B2) and 
51 (C2) as emitter with applied voltage 10   V  [57] . (Reprinted 
with permission from Ref.  [57] , copyright 2003, American 
Chemistry Society). 



(triphenylphosphine oxide) terbium, (Tb(eb - PMP) 3 (TPPO)), (compound  51 ) by 
modifying the ligand  [48, 57] . Since the coordination number of lanthanide com-
plexes is changeable, the goal of the modifi cation was to increase the steric hin-
drance of the  β  - diketonate and to fashion the environment which has no room 
suitable for two TPPO to coordinate with the central Tb 3+  ions.   

 The results revealed that holes and electrons were more easily confi ned to this 
complex by constructing a proper device confi guration. To prevent the hole from 
entering the AlQ layer, a 20   nm hole - blocking material, BCP was inserted between 
complex  51  and AlQ in the device with confi guration ITO/TPD (20   nm)/complex 
 51  (50   nm)/BCP (20   nm)/AlQ (30   nm)/Mg 0.9 Ag 0.1  (200   nm)/Ag (80   nm). At an 
applied voltage of 18   V, the light output reached 8800   cd/m 2 , and a peak external 
quantum and power effi ciency of 21   cd/A and 9.4   lm/W were achieved at 7   V, 
87   cd/m 2  (see Fig.  12.19 ). Moreover, a performance with peak power effi ciency of 
11.3   lm/W at 7   V and brightness higher than 12   000   cd/m 2  at 18   V was achieved 
from a device with confi guration ITO/NPB (10   nm)/Tb(eb - PMP) 3 (TPPO) (50   nm)/
BCP (20   nm)/AlQ(40   nm)/Mg 0.9 Ag 0.1  (200   nm)/Ag (800   nm).   

 Our results also proved that the neutral ligands used in these terbium complexes 
strongly affected their photoluminescence and electroluminescence performances. 
Recently, three terbium complexes Tb(tba - PMP) 3 (TPPO), Tb(tba - PMP) 3 (H 2 O), and 
Tb(tba - PMP) 3 (Phen) (compounds  53  to  55 ) with different neutral ligands were 
synthesized and how the neutral ligand affects the mechanism of luminescence 
was studied in detail  [58] . Experiments revealed that the neutral ligands TPPO and 
Phen strongly affect the PL intensities of the terbium complexes. The integral 
emission intensity is quite different from each other with a ratio of Tb(tba -
 PMP) 3 (TPPO)   :   Tb(tba - PMP)(H 2 O)   :   Tb(tDa - PMP)(Phen) = 2.1   :   1.3   :   1 (Fig.  12.20 ). 

Fig. 12.19     Current – voltage ( � ), luminance – voltage ( � ), and 
external quantum and power effi ciency (inset) curves of device 
ITO/TPD(20   nm)/Tb(eb - PMP) 3 (TPPO)(50   nm)/BCP(20   nm)/
AlQ(30   nm)/Mg 0.9 Ag 0.1 (200   nm)/Ag(800   nm)  [57] . (Reprinted 
with permission from Ref.  [57] , copyright 2003 American 
Chemistry Society). 
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Obviously, this difference originated from the different coordination environ-
ments caused by the varying neutral ligand. Compared to the complex Tb(tba -
 PMP) 3 (H 2 O) without a neutral ligand (H 2 O was lost during the vacuum deposition), 
TPPO strengthened the PL intensity of the complex Tb(tba - PMP) 3 (TPPO). On the 
other hand, Phen decreased the PL intensity of the complex Tb(tba - PMP) 3 (Phen). 
The results indicated that this is caused by the different excited energy levels 
between tba - PMP, TPPO, and Phen, which were obtained from their phosphores-
cence spectra measured with their corresponding gadolinium complexes 
Gd(tba - PMP) 3 (H 2 O)(EtOH), Gd(TPPO) 2 (NO 3 ) 3  and Gd(Phen) 2 (NO 3 ) 3 , as shown in 
Table  12.3 .     

 From Fig.  12.21 , we can see that compared to complex  54 , the excitation energy 
absorbed by TPPO can be effi ciently transferred either to tba - PMP and then to the 
central ion Tb 3+ , or transferred directly to Tb 3+  ion since TPPO ’ s excited singlet 
and triplet energy levels match with the excited states of tba - PMP and the  5 D 4  
energy level of Tb 3+ , and consequently enhance the PL intensity of complex  53 . 

Fig. 12.20     Photoluminescence spectra ( λex  = 285   nm;  λem  = 
545   nm) of Tb(tba - PMP) 3 (TPPO), Tb(tba - PMP) 3 (H 2 O), and 
Tb(tba - PMP) 3 (Phen) measured from their 80   nm vacuum 
evaporated fi lms on quartz substrates. (Reprinted with 
permission from Ref.  [58] , copyright 2004, American 
Chemistry Society). 

Table 12.3     The singlet and triplet state energy levels of the ligands  [58] . 

 Complexes  Singlet energy level (eV)  Triplet energy level (eV) 

 Gd(tba - PMP) 3 (H 2 O)(EtOH)  3.81  2.51 
 Gd(TPPO) 2 (NO 3 ) 3   4.51  2.35 
 Gd(Phen) 2 (NO 3 ) 3   3.87  2.09 



On the contrary, back energy transfer occurred between Phen and tba - PMP or Tb 3+  
since the triplet energy level of Phen is lower than that of tba - PMP and also the 
 5 D 4  energy level of Tb 3+  as well. Terbium complex electroluminescence (EL) also 
greatly depended on its PL intensity. The performances of the complexes  53 , 
 54 , and  55  achieved were 9540   cd/m 2 , 7.2   lm/W, 3230   cd/m 2 , 1.17   lm/W, and 
690   cd/m 2 , 0.13   lm/W, respectively, with power effi ciency ratio of complex 
 53    :   complex  54    :   complex  55  = 55   :   9   :   1, which was greatly increased compared to 
their PL intensity ratio of complex  53    :   complex  54    :   complex  55  = 2.1   :   1.3   :   1.    

  12.5
The Near Infrared Electroluminescence Based on Neodymium, Erbium, 
or Ytterbium Complexes 

 Comparing to those lanthanide elements which have strong emission in visible 
region, the research on the PL or EL of the elements which have emission in the 
near infrared region, such as Nd, Er, Pr, Yb, Ho, and Tm is relatively rare. This 
is due to their much lower emission quantum effi ciency ( ϕ  PL   ∼  10  − 4  – 10  − 6 ), which 
originates from the fact that the deactivation process often occurs through the 
nonradiative relaxation. However recently, increasing attentions have been attracted 
due to their electronic and optical applications, in particular for optical communi-
cation  [59 – 63] , biological and sensor applications  [64] . Obviously, the reports on 
electroluminescence are even less compared to that on photoluminescence. In this 
respect, research efforts are often paid to the following attempts: (1) design of 
ligand with large steric hindrance or other method to avoid the relaxation of energy 
via resonance vibration  [65] ; (2) adjustment of the triplet energy level of the ligand 
to match the lowest unoccupied orbital of the central ion  [66 – 68] ; (3) improvement 

Fig. 12.21     Schematic energy level diagram and the energy 
transfer processes. S 1 : fi rst excited singlet state, T 1 : fi rst 
excited triplet state. (Reprinted with permission from Ref.  [58] , 
copyright 2004, American Chemistry Society) 
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of the energy transfer by using hetero - bimetallic compound or introduction of the 
functional group into the emitting molecule or blending the electronic conductive 
material directly with the emitting material such as conductive polymer etc., pro-
moting the transport of the electrons and holes    [69, 70] . 

 Gillin and Curry  [71]  fabricated an Er - containing OLED in which the Er - tris(8 -
 hydroxyquinoline) complex was used as the emitting material. All of the organic 
layers and the cathode were fabricated by vacuum deposition. Characteristic Er 
emission at 1.53    µ m due to the  4 I 13/2  to  4 I 15/2  intra - atomic electron transition was 
obtained from the device ITO/TPD/ErQ/Al. The radiative lifetime of the excited 
state  4 I 13/2  was measured to be  ∼ 230   ms. By incorporating Nd 3+  into the same 
chelate, emissions at 0.900 ( 4 F 3/2  →  4 I 9/2 ), 1.06 ( 4 F 3/2  →  4 I 11/2 ), and 1.32    µ m ( 4 F 3/2  →
  4 I 13/2 ) have been demonstrated and similarly emission at 0.98    µ m from  2 F 5/2  →  2 F 7/2  
of Yb(III) ion in Yb - tris(8 - hydroxyquinoline) has been obtained, as shown in 
Fig.  12.22 .   

 Yanagida and coworkers reported an OLED based on Nd(DBM) 3 Bath. In the 
device, Nd(DBM) 3 Bath was the emitting material; TPD and AlQ were used as the 
hole -  and electron - transporting materials. Sharp near - infrared emission bands 
corresponding to f – f transitions of the Nd ion were obtained (Fig.  12.23 ). However, 
the device was found to be degradated during the measurement  [72] .   

 Li et al.  [73]  demonstrated very good electron injection ability of a Yb complex, 
Yb(DBM) 3 Bath. Using it as an electron - transporting and emitting material, TPD 
as a hole - transporting layer, the EL device with the structure of ITO/TPD (40   nm)/
Yb(DBM) 3 Bath : TPD (weight ratio approx. 1   :   1, 40   nm)/Yb(DBM) 3 Bath (80   nm)/
Ag : Mg (150   nm) was made and an intense emission corresponding to the  2 F 5/2  →
  2 F 7/2  electronic transition of the trivalent Yb ion was observed. Threshold values 

Fig. 12.22     The electroluminescence spectra obtained from RE 
tris(8 - hydroxyquinoline) (REQ, RE = Nd, Er, or Yb) based 
OLEDs. (Reprinted with permission from Ref.  [71] , copyright 
2001, Elsevier Science) 



of drive voltage and current density for the observation of IR emission from Yb 3+  
ion were 4.5   V and 1.6   mA/cm 2 , respectively. IR emission was obtained under a 
low drive voltage (below 10   V). 

 Although initial studies on infrared luminescence from OLEDs mostly focused 
on small molecular weight emitters, some researchers were interested in the 
development of conjugated polymer - based active layers recently, as these tend to 
suffer less from recrystallization problems, and are therefore more promising 
candidates for achieving a better diode durability. 

 Sun and coworkers reported the PL and EL properties of an erbium complexes 
 [74] , tris(acetylacetonato)(1,10 - phenanthroline)erbium [Er(acac) 3 (Phen)]. To fabri-
cate the EL devices from the compound, PVK was employed as a host polymer. 
The thin fi lms of PVK doped with Er(acac) 3 (Phen) were prepared by spin coating 
from PVK : Er(acac) 3 (Phen) (10   :   8 by weight) dichloroethane solution. They dem-
onstrated sharp 1.54    µ m infrared emission at room temperature from the EL 
devices with the structure of ITO/PVK : Er(acac) 3 (Phen)/Al : Li/Ag. 

 Schanze et al.  [65]  found that when poly[2 - methoxy - 5 - (2 ′  - ethylhexyloxy) - 1,4 -  
phenylene vinylene] (MEH - PPV) was used as a host with Ln(TPP)acac, (Ln = 
lanthanide, TPP = 5,10,15,20 - tetraphenylporphyrinate, acac = acetoacetonate) as a 
dopant (Fig.  12.24 ), the visible PL and EL of the host were quenched, and replaced 
by the near - IR emission characteristic of the lanthanide complex.   

 They also reported the photoluminescent and electroluminescent properties of 
near - infrared emitting lanthanide monoporphyrinate complexes, Ln(TPP)L (L = 
hydridotris(1 - pyrazolyl) - borate (Tp) or (cyclopentadienyl)tris(diethylphosphinito) 
cobaltate(I) L(OEt)) blended into conjugated and nonconjugated polymer hosts 
(Fig.  12.25 ). A blue emitting alkoxysubstituted poly( P  - phenylene) (PPP - OR11) was 
used as the conjugated polymer host and nonconjugated hosts included poly-
styrene, poly(methyl methacrylate), poly( N  - butyl methacrylate), and poly(bisphenol 
A - carbonate)  [75] . Complete quenching of the PPP - OR11 host fl uorescence (i.e., 

Fig. 12.23     Emission spectra in the near - IR region; (a) EL 
spectrum of ITO/TPD/Nd(DBM) 3 Bath/AlQ/Mg : Ag device at 
the applied voltage of 19   V, (b) PL spectrum of deposited fi lm 
of Nd(DBM) 3 Bath. Thickness of deposited fi lm for PL was

2000     Å�  and excited by 390   nm light  [72] . (Reprinted with 
permission from Ref.  [72] , copyright 1999, American Institute 
of Physics) 
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 > 95%) was observed at 5   mol % of Ln(TPP)Tp, and host quenching was accompa-
nied by sensitization of near - infrared emission from the lanthanide complex. 
OLEDs fabricated with PPP – OR11 exhibited turn - on voltages of approximately 4   V, 
whereas nonconjugated polymer devices had higher turn - on voltages (ca. 8   V), 
independent of the polymer used. Comparable external electroluminescence (EL) 
effi ciencies in the order of 10  − 4  were observed from both the conjugated and non-
conjugated polymer host devices. They suggested that hole transport was domi-
nated by the Ln(TPP)L material, and carrier transport was believed to occur via 
a site - to - site hopping mechanism. They further confi rmed that the porphyrin 
complex was active as a charge - transporting material by the characterization of the 

Fig. 12.24     Chemical structures of MEH - PPV, PPP - OR11 and 
Ln(TPP)acac  [65] . (Reprinted with permission from Ref.  [65] , 
copyright 2001, American Institute of Physics) 

Fig. 12.25     Chemical structures of Ln(TPP)Tp, Ln(TPP)L(OEt) 
(Ln is Yb, Er, Nd, or Ho), PPP - OR11, polystyrene (PS), 
poly(bisphenenol -A  - carbonate) (PC), poly(methyl 
methacrylate) (PMMA), and poly( N  - butyl methacrylate) 
(PBMA). (Reprinted with permission from Ref.  [75] , copyright 
2004, American Chemistry Society) 



electroluminescence spectra and a series of near - infrared emitting electrolumines-
cent devices in which the active material consisted of a series of LnTPP complexes 
dispersed in polystyrene (PS) as a host matrix  [76] .   

 Schanze et al. blended Yb(DNM) 3 (Phen) (DNM = dinaphthoylmethane) with 
PPP – OR11 (see Fig.  12.26 ) to fabricate near - infrared emitting EL devises which 
showed enhanced near - IR output at 977   nm when compared to those fabricated 
with Yb(DBM) 3 (Phen)/PPP – OR11 blends. The maximum near - IR external effi -
ciencies of the devices with Yb(DBM) 3 (Phen) and Yb(DNM) 3 (Phen) were 7  ×  10  − 5  
(at 6   V and at 0.81   mA/mm 2 ) and 4  ×  10  − 4  (at 7   V, and 0.74   mA/mm 2 ), respectively. 
The better results highlighted the importance of spectral overlap on the effi ciency 
of energy transfer from the host to the Yb complex  [77] .    

  12.6
The Ligand Emission Electroluminescence Based on Yttrium, Lanthanum, 
Gadolinium, or Lutetium Complexes 

 It is well known that Y 3+  and La 3+  have 4f  0  electronic confi guration and usually 
their complexes do not emit in visible light region. In 2001, we reported a fi rst EL 
device based on tris(1 - phenyl - 3 - methyl - 4 - isobutyryl - 5 - pyrazolone) (2,2 ′  - dipyridyl) 

Fig. 12.26     The chemical structures of PPP - R10, PPP - OR11, 
and the Yb complexes  [77] . (Reprinted with permission from 
Ref.  [77] , copyright 2003, John Wiley) 
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yttrium [Y(ip - PMP) 3 (Bipy)] (Fig.  12.27  compound  72 ) which can emit blue photo-
luminescence emission peaking at 452   nm and belongs to ligand emitting complex 
 [78] . The device with the confi guration of ITO/PVK (40   nm)/Y(ip - PMP) 3 (Bipy) 
(80   nm)/Mg : Ag (200   nm)/Ag (100   nm) emitted bright green light peaking at 
502   nm instead of blue light, which was attributed to the exciplex formation at the 
solid interface between the PVK and the complex. The device exhibited a maximum 
luminance of 177   cd/m 2 . Similar exciplex emission located at 522   nm was 
also observed from the device ITO/TPD(40   nm)/La(ip - PMP) 3 (Bipy) (80   nm)/
Mg : Ag(200   nm)/Ag(100   nm)  [79] .   

 Interestingly, the EL device based on Gd(ip - PMP) 3 (Bipy)  [80]  with the same 
ligands ip - PMP and Bipy does not present such an exciplex ’  emission. As shown in 
Fig.  12.28 , the central peak of EL at 516   nm, with a shoulder peak at 420   nm origi-
nated from TPD, is identical to the PL spectrum of Gd(ip - PMP) 3 (bipy) and exciplex 
formation was not found from the EL spectrum of the device ITO/TPD (40   nm)/
Gd(ip - PMP) 3 (Bipy) (80   nm)/Mg : Ag   (200   nm)/Ag (100   nm). The reason may be that 
the spin - orbit perturbation of the electronic levels of the ligand, predominantly 

Fig. 12.27     General chemical structural formulas of RE(ip -
 PMP) 3 (TPPO) 2 , RE(ip - PMP) 3 (Bipy), and RE(ip - PMP) 3 (Phen) 
(RE3+  = Y 3+ , La 3+ , Gd 3+ , and Lu 3+ ). 

Fig. 12.28     PL (Left axis) of TPD and Gd(ip - PMP) 3 (Bipy) 
(λex =280   nm) and EL (Right axis) of the device ITO/
TPD(40   nm)/Gd(ip - PMP) 3 (Bipy) (80   nm)/Mg : Ag(200   nm)/
Ag(100   nm) at 10   V  [80] .



induced by the paramagnetic Gd 3+  ion, gives rise to the longer lifetime excited state 
of Gd(ip - PMP) 3 (Bipy), which is not for the benefi t of the formation of exciplex.   

 Lu 3+  has 4f  14  electronic confi guration and no f – f transition is observed. We 
reported a series of devices based on three ternary lutetium complexes Lu(ip -
 PMP) 3 (TPPO) 2 , Lu(ip - PMP) 3 Bipy, and Lu(ip - PMP) 3 Phen (Fig.  12.27 ). Similar to 
the gadolinium complexes, no exciplex ’  emission was obtained from the device 
based on Lu(ip - PMP) 3 (TPPO) 2 , the reason is due to the nonplanar confi guration 
of ligand TPPO. It is known that the formation of an exciplex is a result of the 
charge transfer between a donor excited state and an accepter ground state at the 
interface, which often occurs between planar molecules. Neutral ligand Bipy 
became plane after it was coordinated to Lu 3+  and made Lu(ip - PMP) 3 (Bipy) easily 
form exciplex. The same phenomenon was observed from the complex Lu(ip -
 PMP) 3 (Phen). When a positive voltage was applied to the ITO electrode of the 
device ITO/TPD(40   nm)/Lu(ip - PMP) 3 (TPPO) 2  (40   nm)/Mg 0.9 Ag 0.1 , blue light origi-
nated from this complex was observed, while the same confi guration devices using 
the other two complexes as emitting materials exhibited green light peaking at 
512   nm, which is contributed by exciplex formed at the interface of TPD and the 
corresponding lutetium complex  [81] .  

  12.7
Conclusion

 In a word, considerable progress has been achieved with OLEDs by utilizing com-
plexes with lanthanide ions such as Eu and Tb as the emitting materials. However, 
the quantum effi ciencies of most of these lanthanide complexes are unfortunately 
still low and the lifetimes of these devices are unsatisfi ed. This may be due to the 
ineffi ciency of the energy transfer, poor stability of the lanthanide complexes 
under the fabrication and the operation of the devices. Thus, in order to obtain 
effective OLEDs using lanthanide - based compounds, we should design ligands 
which have more effi cient energy transfer to the lanthanide metal ions. Further-
more, the host materials must be effective for energy transfer. For the practical 
application of lanthanide complexes in OLEDs, further development should also 
be focused on obtaining lower cost, more easily fabricated, and better chemically 
and thermally stabilized lanthanide complexes. Recent results revealed that incor-
porating functional groups (electron or/and hole transporting groups) into lantha-
nide complex ligands is a special kind of  “ doping ”  technique, which is an effi cient 
and useful strategy to improve the performance of these materials for OLEDs.  
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– electronic transitions 23–25, 29–30, 
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Alq3 133–134, 294–301
– chemical structure 295–296
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– spectra 298
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– iridium-based emitters 207
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– chemical structure 374
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375–377
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– synthesis 372
– tuning 372–377

annihilation see triplet-triplet annihilation
6-aryl-2,2′-bipyridine arylacetylide Pt(II) 

complexes 265–268
arylacetylide complexes, Pt(II) materials 

262–263, 265–268

b
B(L1)(C6 F5)2 194
BAlq 301–306

– chemical structure 302
– temperature dependence 305–306
– thin fi lm 303, 305
– vibronic-structured emission 303

benzazole ligands 148
4-biphenyloxolato aluminum(III) bis (2-

methyl-8-quinolinato)4-phenylphenolate 
see BAlq

tris(2,2′-bipyridyl) ruthenium(II) see 
Ru(bpy)3

2+

2,2′-bipyridine
– neutral iridium complexes 366
– ruthenium containing polymers 337

blocking layer
– exciton confi nement 137
– OLED design 5

blue-emitting materials 153, 288–294
– high-energy triplet states 288
– iridium-based 209–212
– osmium-based 193–198

broadening effects see spectral broadening

c
carbazole-based host materials 316–318
carbazole derivatives 318–322
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carbazole polymers
– chemical structure 319, 323
– high-effi ciency phosphorescent 

pLEDs 322–325
– ionization potentials 323
– triplet energies 323

carrier-transporting layers 289
carriers

– confi nement 136–139
– generation 114–125
– see also charge carriers

cationic iridium complexes
– molecular orbitals 372
– photophysical properties 369–372
– synthesis 369
– tuning 369–372

CBP 134–138, 261, 276
– energy transfer 283–307
– thin fi lm 288

charge carriers
– electric-fi eld induced generation 

114–125
– spin correlations 103–107
– spin persistance 119–120
– see also carriers

charge transfer
– dopant-matrix 9
– metal-metal-to-ligand 212
– metal-to-ligand see metal-to-ligand 

charge transfer
charge transfer states 8

– electric fi eld modulated fl uorescence 
111, 114

– electronic excitations 18–29
– iridium complexes 378
– metal-to-ligand 29
– spin correlations 101
– spin–lattice relaxation 104

charge transporting materials 395
charge trapping 230

– conjugated polymer matrices 
243–244

– PVK 224–227
– recombination 7
– ruthenium containing polymers 353
– sequential 222

chelating chromophores 209
chelating ligands

– ancillary 143
– modifi cations 188
– pyridyl azolate 185–186

chemiluminescence 40
chromophoric ligands 23
color tuning 148

– anionic iridium complexes 372–377
– cationic iridium complexes 369–372
– iridium-based emitters 207–209
– luminescent complexes 190
– metal cation 190
– neutral iridium complexes 366–369
– phosphorescence 367

compounds, organo-transition metal see 
organo-transition metal compounds

confi guration interaction (CI)
– organo-transition metal compounds 

30
– zero-fi eld splitting 30

conjugated polymers
– charge trapping 243–244
– energy difference 315
– PtOEP doped 243–251
– ruthenium containing 337, 347–357

coordination chemistry 189
coordination reaction 339
coordination sphere

– MC excitation 15
– recombination 9

copolymerization
– carbazole tuning 322
– ruthenium containing polymers 

346–347
crystal fi eld theory 15
crystalline matrices 82
current density

– blue phosphorescent molecules 293
– carbazole polymers 324
– Pt(II) bis(phenoxy)diimine 275
– tridentate Pt(II) complexes 269–270

current effi ciency
– Ir(ppy)3 6
– organometallic complexes 135

current–voltage characteristics
– exciplex emission 236–238
– PVK 225

cyanide ligands 376–377
tris-cyclometalated iridium complexes 163
cyclometallated complexes 139–153

– ancillary ligands 143–145
– energy level mixing 140
– excited states 140–145
– facial isomers 145–146
– iridium 131–162, 177–178
– isomers 145–146
– ligand tuning 148–150
– ligands 140, 143–145
– lowest excited state 141
– meridional isomers 145–146
– MO analysis 142–143



Index 423

– modifi cations 139
– near-UV luminescent 150–153
– organoiridium 131–162
– parent complex modifi cations 139
– Pt(II) 265–268
– synthesis 139–140

d
d-orbitals splitting 15, 365
decay dynamics

– emission 80
– excited states 175–176
– phosphorescence 51–56

decay rates
– radiative 24–29
– triplet substates 25

decay time(s)
– emission 56, 80
– Ir(btp)2 (acac) 60, 80
– Ir(ppy)3 47–48, 52
– lowest triplet state 45–48
– magnetic fi eld 62
– organo-transition metal compounds 

38
– spin–lattice relaxation 53
– substates 48, 52, 61, 80
– triplet emitters 1
– vibrational satellites 72

degenerate states 21–22
delayed emission modulation 122
delayed fl uorescence 115, 119, 300

– E-type 124
delayed photoluminescence 115, 117
dendrimers 339

– PDI 231
– ruthenium containing polymers 348

dendritic shells 230–234
density functional theory (DFT) 43

– triplet substates 24
depopulation

– rate constant 47
– spectral broadening 82

Dexter energy transfer
– BAlq 304
– guest-host systems 284
– polymer-based electrophosphorescent 

devices 222
– PtOEP doped devices 247–250

DFT see density functional theory
4,4′-N,N′-dicarbazole-biphenyl see CBP
4,4′-di(N-carbazolyl)biphenyl see CBP
bis[(4,6-difl uorophenyl)-pyridinato-

N,C2′](picolinate) iridium see FIrpic
α-diimine arylacetylide complexes 262–263

β-diketone complexes 404
diketones, modifi ed 401–402
N,N′-diphenyl-N,N′-(bis(3-methylphenyl)-[1,1-

biphenyl]-4,4′-diamine (TPD) 229
dipole-forbidden transition 45
direct charge injection 382
direct process

– phosphorescence dynamics 49–50
– spin–lattice relaxation 49

dopant-matrix charge transfer (DMCT) 9
dopant-matrix interactions 78
dopants

– high-resolution spectroscopy 40
– recombination 9
– site energy distribution 77
– spectral broadening 81

doping
– phosphor 136–139
– polymer-based electrophosphorescent 

devices 221
– PtOEP devices 243–251

doping concentrations, iridium complexes 
378, 380–382

DPPZ see ruthenium dipyridophenanzine
Dq parameter 15–16
dyes

– chemical structure 230
– metal-containing polymers 333–334
– separation 222

e
E-type delayed fl uorescence 124
effi ciencies

– current see current effi ciency
– internal conversion 378
– lanthanide complexes 414–415
– luminance 134, 228
– luminous power 5–6
– OLEDs 120
– Pt(II) bis(pyrrole)diimine 276
– quantum see quantum effi ciency

Einstein relation 225–226
electric fi eld modulated fl uorescence and 

phosphorescence
– detection scheme 112
– diffusivity 108
– ISC 110
– singlet population 107
– spin persistence 114–125
– spin states 107–125
– triplet formation rate 113

electric fi eld pulse
– phosphorescence modulation 121
– spin persistance 117
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electro-active materials 330
electroluminescence

– effi ciencies 136, 414–415
– electron trap 231
– emission 7
– erbium complexes 411–415
– europium complexes 396–404
– excited states 3–10
– lanthanide complexes 391–420
– ligand emission 415–417
– near infrared 411–415
– neodymium complexes 411–415
– OLEDs 3–10
– organoiridium complexes 132
– spin states 113–114
– terbium complexes 404–411
– time-resolved 113
– tridentate Pt(II) complexes 268

electroluminescence spectra
– ancillary ligands 147
– multifunctional complexes 346
– poly(para-phenylene) 109
– Pt(II) bis(pyrrole)diimine 277
– Pt(II) porphyrin complexes 279
– Pt(II) Schiff base 273
– PtOEP 133
– ruthenium containing polymers 354
– tridentate Pt(II) complexes 267
– tris(8-hydroxyquinoline) 412

electron-electron interactions 27
– singlet-triplet splitting 37

electron-hole recombination 7
electron spin resonance, spin–lattice 

relaxation 105
electron transport layer (ETL)

– iridium complexes 379–380
– OLEDs 4
– Pt(II) α-diimine arylacetylide 

complexes 264
electron-transporting materials, chemical 

structure 394
electron trapping 231, 233

– recombination 7
electron withdrawing 150
electronic transitions 11–29

– 0–0 transitions 42
– allowedness 62
– Alq3 298
– Franck–Condon activity 70
– high magnetic fi elds 58
– highly resolved 42–43
– spectral broadening 83
– triplet emitters 2

– vibrational satellites 65
electrons, binding energy 101–102
electrophosphorescence

– blue organic 153
– cyclometallated organoiridium 

complexes 131–162
– polymer-based devices 221–258
– PtOEP doped devices 250–250

emission
– delayed 117, 122
– electroluminescence 7
– ligand tuning 148–150
– luminescent lanthanides 392
– near infrared 148–150
– organo-transition metal compounds 

29
– phosphorescent devices 235–239
– quenching 5, 16–17
– time-resolved 72–74
– vibrational satellite structures 

70–72, 75–76
emission color see color tuning
emission decay

– spin–lattice relaxation 55
– temperature dependence 80
– triplet state properties 80–81

emission decay time
– high magnetic fi elds 62
– organo-transition metal compounds 

38
– triplet emitters 1

emission energy
– ancillary ligands 144
– phosphorescent iridium complexes 

174–175
emission layer (EML)

– HOMO-LUMO diagram 6
– iridium complexes 379–380
– triplet emitters 3

emission spectra 193
– anionic iridium complexes 375
– B(L1)(C6 F5)2 194
– Ir(btp)2 (acac) 57–58, 60, 75
– Ir(ppy)3 46
– osmium-based emitters 196
– platinum-based emitters 213
– Pt(II) α-diimine arylacetylide 

complexes 263
– Pt(thpy)2 69, 71
– tridentate Pt(II) complexes 266

emitters
– cyclometallated organoiridium 

complexes 131–162
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– heavy metal-containing 193
– iridium-based see iridium-based 

emitters
– metal triplet 18–29
– osmium-based see osmium-based 

emitters
– platinum-based see platinum-based 

emitters
– ruthenium-based see ruthenium-

based emitters
EML see emission layer
energy gap

– ligand fi eld splitting 364
– ruthenium-based emitters 

205
energy gap law

– Ir(piq)3 176
– red-phosphorescent iridium 

complexes 165
energy level diagrams 43

– Ir(btp)2 (acac) 61
– Ir(ppy)3 48
– OLED heterostructure 137
– Pt(thpy)2 43
– terbium complexes 411

energy levels
– Alq3 297
– BAlq 304
– Dexter transfer 247
– guest-host systems 285
– terbium complexes 410

energy states
– extended model 21
– extended MO model 20–23
– HOMO-LUMO diagram 12
– ligand-centered 11–14, 18, 21, 26, 

31, 36
– metal-to-ligand charge transfer 11, 

18–21, 
34–40, 48

– simple energy state model 19
energy transfer 288–294, 301–306

– BAlq 304
– CBP 283–307
– Dexter see Dexter energsy tranfer
– endothermic 286
– excitons 284
– guest-host systems 284–286
– lanthanide complexes 412
– luminescence 286–288
– OLEDs 283–310
– phosphorescence enhancement 

294–301

– polymer-based electrophosphorescent 
devices 222

– terbium complexes 411
– triplet 300

engineering, molecular see molecular 
engineering

environmental effects 76–81
Er-containing OLEDs 412
erbium complexes 411–415
ETL see electron transport layer
europium complexes

– binary metal 402
– chemical structure 397
– decomposition 403
– device performance 399
– diketones, modifi ed 401–402
– ligand modifi cations 398, 400
– luminescent spectrum 396
– red electroluminescence 396–404

exchange interactions
– intermolecular 124
– LC excitation 13
– MLCT excitation 18
– recombination 9
– singlet-triplet splitting 37
– spin correlations 100

exciplex emission 235–239
excitation confi nement

– luminescence decay 241
– photoluminescence transients 240

excitations
– electronic 11–29
– intersystem crossing rates 37

excited states 11–29, 301–306
– cyclometallated complexes 140–145
– electroluminescence 3–10
– iridium(III) complexes 365
– phosphorescent iridium complexes 

165–167, 175–176
– phosphorescent polymer LEDs 

312–313
– triplet see triplet excited states

exciton 132
– confi nement 136–139, 239–243
– dynamics of formation 8
– energy transfer 284
– formation 7–10
– generation 118
– recombination 10
– singlet see singlet excitons
– spin correlations 101
– trapping 8
– triplet see triplet excitons
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extended MO model 20–23
extended Orbach process 50

f
fac tris(2-phenylpyridine) iridium see Ir(ppy)3

facial isomers 145–146
fi eld quenching effect 119
fi lm formation 261
fi lms

– electric fi eld modulated fl uorescence 
109

– Förster transfer 246
– see also layers; thin fi lms; polymer 

fi lms
FIrpic

– blue phosphorescent molecules 290, 
293

– endothermic transfer 292
– photoluminescence spectra 291
– temperature dependence 291–292

fl uorescence
– delayed see delayed fl uorescence
– host molecules 283–310
– materials 286–288
– quenching 248
– spin states 107–125
– see also electric fi eld modulated 

fl uorescence and phosphorescence
Förster transfer 231–232

– Alq3 298–299
– BAlq 304
– guest-host systems 284
– phosphorescent devices 230–239
– polymer-based electrophosphorescent 

devices 222
– PtOEP doped devices 245–247

forbidden transitions 42
– photoluminescence quantum yield 

38
forbiddenness

– high magnetic fi elds 59
– symmetry 44

Franck–Condon activity 70–72
– time-resolved emission 72–74
– vibrational satellite structures 

64–67
Franck–Condon factors

– MC excitation 17
– vibrational satellites 65

free carrier recombination 227–230
frontier orbitals

– color tuning 192
– extended MO-model 21, 23
– metal-to-ligand charge transfer 21

– MLCT excitation 18
– MO-model 19

g
gadolinium complexes 415–417
geometry changes

– excited triplet state 39–40
– spectral broadening 84

glass substrate
– host materials 316
– ITO-coated 394
– Ir(4F5mpiq)3 179

green electroluminescence 404–411
green to near-infrared emission 148–150
grouptheoretical considerations 43–45
guest molecules, energy transfer 283–310
guest-host systems

– electronic structure 284–286
– endothermic energy transfer 286
– energy transfer 288–294
– exothermic energy transfer 286

h
Hammett constant 175
heavy metal-containing emitters 193
heavy transition metals 333
Heck coupling reaction 356
Herzberg–Teller activities

– allowedness 67
– induced emission 69–70
– time-resolved emission 72–74
– vibrational satellite structures 

67–68
– vibronic coupling 67–68

heterostructure devices 137
high-effi ciency phosphorescent PLEDs 

322–325
high magnetic fi elds 56–63

– splitting pattern 59
– wavefunction mixing 60

high-effi ciency polymer LEDs 311–328
high-resolution spectroscopy 40–45
highest occupied molecular orbital see 

HOMO
hole injection/transport layer (HTL) 3

– iridium complexes 379–380
hole-blocking layer

– BAlq 301
– iridium complexes 379–380

hole-blocking materials
– chemical structure 394
– exciton confi nement 137

hole-transport layer, iridium complexes 
379–380
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hole-transporting materials, chemical 
structure 394

holes, binding energy 101–102
HOMO

– red-phosphorescent iridium 
complexes 166

– triplet emitters 2
HOMO levels

– anionic iridium complexes 373, 
375–376

– exciton confi nement 138
– neutral iridium complexes 368
– phosphorescent color shift 375–377
– PtOEP in MeLPPP 244
– tuning 375–377

HOMO-LUMO
– diagram 6
– energy difference 315
– energy states 12

homogeneous line broadening 86
homoleptic tris-cyclometallated complexes 

145
host materials

– carbazole-based 316–318
– injection barriers 316
– phosphorescent polymer LEDs 

314–325
host molecules

– energy transfer 283–310
HTL see hole injection/transport layer
Huang–Rhys parameters, vibrational 

satellites 64, 
66, 72

6-(2-hydroxyphenyl)-2,2′-bipyridine 
268–270

tris(8-hydroxyquinoline) 412
tris(8-hydroxyquinoline) aluminum see Alq3

i
indium tin oxide (ITO) 3

– coated glass substrate 394
inhomogeneous broadening 77, 91–92
intermolecular exchange interaction 124
intermolecular forces 44
intersystem crossing (ISC)

– electric fi eld modulated fl uorescence 
110

– guest-host systems 285
– organo-transition metal compounds 

37
– relaxation 10
– reverse 124

intramolecular donor-acceptor (DA) systems 
167

ionization potentials
– carbazole derivatives 320
– carbazole polymers 323

Ir complexes see iridium complexes
Ir cyclometallates 142–143
Ir-isoquinoline family 172–173
Ir-thiophene family 172–173
Ir(4,6-dFppy)2(pic) 31
Ir(4f5mpiq)3 179
Ir(btp)2 (acac) 31

– environmental effects 76–81
– high magnetic fi elds 56–63
– low-temperature emission spectrum 

75–77
– site energy distribution 78
– vibrational satellite structures 

63–76
Ir(btp)2 (acac) emission

– decay times 61–62, 80
– electronic origins 58
– magnetic fi eld dependence 60–62
– site structure in CH2Cl2 57, 77
– SLR time 56, 80
– vibrational satellite structure 75

Ir(phenylpyridyl)3 see Ir(ppy)3

Ir(piq)2(acac) 31
Ir(piq)3 31, 174

– molecular design 168
– nonradiative rate constant 175–176
– ORTEP diagram 169
– red-phosphorescent iridium 

complexes 166
– substituent effects 173–176

Ir(pmb)3 153
Ir(ppy)2(CO)(Cl) 31
Ir(ppy)3 31, 301–306

– Alq3 thin fi lm 301
– chemical structure 302
– decay time 47
– emission spectrum 46
– energy level diagram 48
– exciton confi nement 139
– lowest triplet state 45–48
– luminous power effi ciency 5
– phosphorescence enhancement 

294–301
– phosphorescent devices 224–227

Ir(thpy)3 170
iridium-based emitters 207–212

– tuning 207–209
iridium complexes

– anionic see anionic iridium complexes
– applications 378–388
– blue-emitting materials 209–212
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– cationic see cationic iridium 
complexes

– charge injection 382
– charge transfer states 378
– cyclometallated 131–162, 177–178, 

363
– direct charge injection 382
– doping concentrations 378
– ETL 379–380
– excited states 365
– external quantum effi ciency 

385–386
– hole injection layer 379–380
– bisimmine 147
– internal conversion effi ciency 378
– kinetics 175–176
– LEC 387–388
– LC states 365
– lowest excited state 165–167
– MC excited states 365
– molecular engineering 167, 363–390
– multilayer OLEDs 379
– neutral see neutral iridium complexes
– OLEDs 176–179
– phosphorescent see phosphorescent 

iridium complexes
– photophysical properties 35, 

366–377
– polypyridyl ligands 364
– quantum effi ciencies 385–386
– quantum yields 171, 377–378
– quasioctahedral geometry 35, 364
– recombination zone distribution 

383
– red-phosphorescent see red-

phosphorescent iridium complexes
– substituent effects 173–176
– synthesis 139–140

ISC see intersystem crossing
isocyanate ligands 376–377
ITO see indium tin oxide

l
lanthanide complexes 391–420

– construction 393–395
– effi ciencies 414–415
– energy transfer 412
– infrared luminescence 413
– ligand emission electroluminescence 

415–417
– near-infrared electroluminescence 

411–415
– operating principles 393–395
– pure emission colors 391

lanthanide metals 333
lanthanides 392
layer structure

– high-effi ciency polymer LEDs 311
– PtOEP in MeLPPP 250

layer-by-layer deposition technique 346
layers 261

– blocking 137
– carrier-transporting 289
– electron transport see electron 

transport layer
– emission see emission layer
– hole-blocking see hole-blocking layer

LC see ligand-centered
LEC see light-emitting electrochemical cell
ligand-centered (LC) excitation 11–15

– exchange integral 13
– iridium complexes 365
– spin fl ip 12
– splittings 14
– state degeneracies 14
– transitions 18–29
– triplet emitters 2

ligand coordination 11
ligand emission 208

– gadolinium complexes 415–417
– lanthanide complexes 415–417

ligand fi eld
– orbital splitting 16, 364–365
– strength 17
– theory 15

ligand modifi cations
– europium complexes 398, 400
– luminescent complexes 188
– luminescent lanthanides 392
– phosphorescent materials 260
– tridentate Pt(II) complexes 266

ligand synthesis 187
ligand tuning 148–150
ligand-ligand coupling 40
ligands

– ancillary see ancillary ligands
– chelating see chelating ligands
– chromophoric 23
– cyanide 376–377
– cyclometallated complexes 143–145
– functional 329–362
– low triplet energies 146–148
– metal-containing polymers 329–362
– multifunctional 343–346
– photophysical properties 152
– polypyridyl 364
– Pt(II) complexes 268–270
– pyridylquinoline-arene 148
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– strong 16
– substituted 174
– thiocyanate 376–377
– weak 16

light-emitting devices (LEDs)
– metal-containing polymers 339–343
– organic see OLEDs
– polymer-based see PLEDs
– ruthenium containing polymers 

346–357
light-emitting electrochemical cells (LEC) 

387–388
line broadening, homogeneous 86
linewidth broadening

– Pt(thpy)2 85–86
– temperature increase 85

linewidths
– homogeneous 82–85
– inhomogeneous 81–82
– phenomenological simulation 86–87
– triplet emitters 81–87

low-temperature vibrational satellite 
structure 75–76

lowest excited state 166
– cyclometallated complexes 141
– phosphorescent iridium complexes 

165–167
lowest triplet state

– decay time measurements 45–48
– high-resolution spectroscopy 40–45
– individual decay times 46
– Ir(btp)2 (acac), magnetic fi elds 61
– ruthenium-based emitters 206
– spectroscopy 40–45

lowest unoccupied molecular orbital see 
LUMO

luminance characteristics
– Pt(II) bis(phenoxy)diimine 275
– tridentate Pt(II) complexes 269–270

luminance effi ciency
– organometallic complexes 134
– PVK 228

luminance-voltage characteristics 236–238
luminescence

– decay 241
– infrared 413
– organometallic compound 25

luminescent complexes
– color tuning 190
– ligand modifi cations 188
– pyridyl azolate 185–220
– pyridyl azolate based 185–220
– synthesis 187
– tuning 190

luminescent lanthanides
– advantages 392
– grouping 392–393
– internal quantum effi ciency 392

luminescent spectrum
– europium complexes 396
– MeLPPP fi lm 248
– Tb(eb-PMP)3 405

luminous power effi ciency 5–6
LUMO

– red-phosphorescent iridium 
complexes 166

– triplet emitters 2
LUMO energies 408
LUMO levels

– anionic iridium complexes 373, 376
– exciton confi nement 138
– neutral iridium complexes 369
– PtOEP in MeLPPP 244

lutetium complexes 415–417

m
magnetic fi eld effects

– electronic transitions 42–43
– emission decay time 62
– induced Franck-Condon activity 70
– state mixing 59–62, 74
– triplet state 56–63

magnetic resonance, optically detected 
(ODMR) 32

magnetic resonance signature, electric fi eld 
modulated fl uorescence 107

matrices
– phosphorescent devices 239–243
– PtOEP doped devices 243–251
– recombination 9
– spectral broadening 81–82

MC see metal-centered
MeLPPP

– fl uorescence spectra 246
– luminescence spectra 248
– PtOEP doped devices 243, 245–250

metal-centered (MC) excitation 11, 15–18, 
365

– complex symmetry 15
– quenching of emission 16–17
– splittings 16
– strong ligands 16
– triplet emitters 2
– weak ligands 16

metal-chelate interaction 186, 190
metal complexes 329–362

– pendant 356–357
metal-containing polymers 329–362
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– molecular materials 330–335
– optoelectronics 330
– pure organic dyes 333–334
– small molecules 333–334
– traditional materials 330–332

5d metal ions 164
metal-ligand bonding 17

– near-UV luminescence 153
metal-ligand interaction 186
metal-metal-to-ligand charge transfer 

(MMLCT) 212
metal-to-ligand charge transfer (MLCT) 11, 

21
– ancillary ligands 144–145
– cationic iridium complexes 369
– electronic excitations 18–29
– iridium(III) complexes 365
– Ir(piq)3 177
– linewidth broadening 86
– molecular design 168
– organo-transition metal compounds 

21
– singlet-triplet splittings 19
– triplet emitters 2
– vibrational satellites 67
– zero-fi eld splitting 29

metal triplet emitters 18–29
metals

– heavy transition 333
– lanthanide 333

bis(2-methyl-8-quinolinato)-4-
phenylphenolate aluminum see BAlq

mixing
– confi guration interaction 19–20, 22, 

26–27, 35
– energy states 18–19, 22, 24–26, 35, 

37, 60, 62, 74, 140
– mode 70
– orbital 15
– quantum mechanical see quantum 

mechanical mixing
– SOC 19, 24–29
– spin see spin mixing
– substates 24–25, 60–62
– wavefunction 60

MLCT see metal-to-ligand charge transfer
MMLCT see metal-metal-to-ligand charge 

transfer
MO see molecular orbitals
mode mixing 70
modulation

– delayed emission 122
– phosphorescence 121

molecular engineering 363–390
– ligand fi eld splitting 16, 364–365
– photophysical properties 365–366

molecular metal complexes 332
molecular orbitals (MO)

– analysis 142–143
– cationic iridium complexes 372
– cyclometallated Ir complexes 

142–143
– diagram 366
– electronic excitations 11
– highest occupied see HOMO
– lowest unoccupied see LUMO
– ruthenium containing polymers 336

molecular orbitals (MO) model
– extended 20–23
– metal-to-ligand charge transfer 

18–20
molecular structure

– osmium-based emitters 203
– [Tb(acac-azain)3]2 406
– Tb(III) β-diketonate 405

multifunctional complexes 345
– charge carrier mobilities 347
– metal containing polymers 349
– ruthenium 347–356
– synthesis 344

multilayer OLEDs 3–6
– iridium complexes 379
– Pt(II) bis(phenoxy)diimine 273

n
near infrared emitting complexes 411–415
near-UV emitting complexes 150–153
neodymium complexes 411–415
neutral iridium complexes

– electrochemical properties 367–368
– HOMO levels 368
– LUMO levels 369
– photophysical properties 366–369
– tuning 366–369

nonconjugated polymers 346–347
nonradiative processes

– near-UV 152
– rate constant 175–176
– relaxation 100

o
octaethylporphyrin, platinum see PtOEP
2,3,7,8,12,13,17,18-octaethyl-21H,23H-

porphine platinum (PtOEP) see PtOEP
octahedral complexes, photophysical 

properties 34
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ODMR see optically detected magnetic 
resonance

OLEDs 1–97
– applications 131, 259–282
– blocking layer 5
– cyclometallated organoiridium 

complexes 131–132
– device architecture 379–387
– effi ciency 120
– energy level diagrams 137
– hole injection/transport layer (HTL) 

3
– iridium complexes 176–179, 

378–388
– layers 4
– material development 332–335
– material requirements 5
– molecular engineering 363–390
– multilayer see multilayer OLEDs
– operation principle 17, 100
– performance 181
– phosphorescent polymer 312
– Pt(II) materials 260
– spin correlations 99–130
– thermal stability 176–179
– traditional materials 330–332

open-shell transition metals 15
optically detected magnetic resonance 

(ODMR) 32
Orbach process

– phosphorescence dynamics 50–51
– spin–lattice relaxation 49–51

orbital mixing 15
orbital splitting 16
orbitals

– frontier see frontier orbitals
– molecular see molecular orbitals

organic light-emitting diodes see OLEDs
organic light-emitting polymers see PLEDs
organic molecules

– photoluminescence quantum yield 
38

– singlet-triplet splitting 36
organo-transition metal compounds, 

emission band structures 39
organometallic complexes 333–334

– current effi ciency 135
– iridium 131–162
– phosphorescent emitters 134–136
– phosphorescent lifetime 134
– phosphors 143
– Pt(II) 34

organo-transition metal complexes 24, 29

– CI (confi guration interaction) 30
– electronic excitations 11
– metal-to-ligand charge transfer 21
– MO-model 19
– singlet-triplet splittings 36–37
– spin–lattice relaxation 56
– triplet emitters 1, 18–40

ORTEP diagram
– molecular design 169
– osmium-based emitters 199

orthometallated iridium complexes 377
[Os(bpy)3]2+ 31
[Os(phen)2(dppee)]2+ 31
[Os(phen)3]2+ 31
osmium-based emitters

– blue 193–198
– phosphorescent OLED applications 

193–203
– photophysical properties 195, 200

oxadiazole
– carbazole tuning 322

1,3,4-oxadiazole 343

p
PAA see poly(acrylic acid)
Pd(qol)2 31
Pd(thpy)2 31
PDI dendrimers 231
bis(phenoxy)diimine complexes 273–276
2-phenylpyridine-based neutral 

iridium complexes 367
tris-phenylpyridine iridium(III) see Ir(ppy)3

PhLPPP see poly(para-phenylene)
phonons

– sidebands 84–87
– spin–lattice relaxation 49, 51

phosphor doping 136–139
phosphorescence

– decay 110
– colors 366–377
– enhancement 294–301
– modulation 121
– spectra 169–171, 176
– spin states 107–125
– yields 171–173
– see also electric fi eld modulated 

fl uorescence and phosphorescence
phosphorescent devices 223–243

– confi nement 239–243
phosphorescent emitters 313–314

– host materials 314–325
– organometallic complexes 134–136
– tuning 318–322
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phosphorescent iridium complexes
– emission energy 174–175
– excited states 165–167, 175–176
– highly effi cient 163–184
– molecular design 167–169
– molecular engineering 366–378
– phosphorescence yield 171–173
– redox potential 174–175
– state decay 175–176
– tuning 174–175

phosphorescent materials
– chemical structure 287, 289
– cyclometallated organoiridium 

complexes 131–132
– development 332–335
– energy transfer 286–288
– saturation 260

phosphorescent molecules
– blue 288–294
– guest 283–310

phosphorescent OLEDs
– applications 193–216
– energy transfer 283–310
– near-UV luminescence 151

phosphorescent PLEDs see PLEDs
phosphorescent polymer LEDs see PLEDs
phosphorescent Pt(II) materials 259–282
photoexcitation

– luminescence properties 287
– spin persistance 120

photoluminescence
– delayed 115, 117
– iridium-based emitters 210
– intensity 106
– quantum yield 38
– quenching see quenching
– ruthenium-based emitters 205
– transients 240

photoluminescence spectra
– Alq3 296
– Alq3 thin fi lms 298
– ancillary ligands 147
– BAlq thin fi lm 303, 305
– CBP thin fi lm 288
– FIrpic 291
– Ir(ppy)3-doped Alq3 thin fi lm 301
– PDI dendrimers 230–231
– poly(para-phenylene) 109
– ruthenium containing polymers 

354–355
– spin persistance 115
– [Tb(acac-azain)3]2 407

photophysics
– luminescent complexes 185–220

– ruthenium complexes 335–336
π-system expansion 150
planar organometallic Pt(II) compounds 

34
plasmons 103
platinum-based emitters 212–216

– aggregation 215
– photophysical properties 213

platinum octaethylporphyrin see PtOEP
platinum(II) materials see Pt(II) materials
PLEDs 221, 311–328, 331

– excited states 312–313
– singlet excited states 312–313

PMMA 343
point group symmetry 14
polaron pairs 123
polarons

– recombination 7
– spin correlations 101

poly(acrylic acid) (PAA) 346
polyamides 348
polycrystalline matrices 82
polyester 348
polyfl uorene 250–251
polymer-based electrophosphorescent 

devices 221–258
– excitation transfer 222
– singlet-triplet splittings 223
– spin statistics 221

polymer-based light-emitting diodes see 
PLEDs

polymer fi lms
– delayed emission modulation 122
– electric fi eld modulated fl uorescence 

109
– photoluminescence quenching 112
– spin persistance 114

polymer hosts 200–202
polymer LEDs see PLEDs
polymer matrices 243–251
polymeric materials

– development 334–335
– metal-containing 330–335

polymers
– carbazole see carbazole polymers
– conjugated see conjugated polymers
– containing complexes 337–339
– dendritic 339
– metal complexes 329–362
– metal-containing 335–357
– nonconjugated 346–347
– phosphorescent emitters 322–325
– rhenium containing see rhenium 

containing polymers
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– ruthenium containing see ruthenium 
containing polymers

– see also PLEDs
poly(para-phenylene) (PhLPPP) 107–108
polyphenyl molecules

– chemical structure 321
– triplet energies 321

polypyridyl ligands 364
polypyrroles 337
poly(vinylcarbazole) see PVK
population dynamics 51–56

– spin–lattice relaxation 49
porphyrin complexes 277–279
ppy ligands 207
ppz ligands 146
Pt(II) bis(phenoxy)diimine complexes 

273–276
– voltage characteristics 275

Pt(II) bis(pyrrole)diimine complexes 
276–277

Pt(II) complexes 264–279
– cyclometallated 265–268
– 6-(2-hydroxyphenyl)-2,2′-bipyridine 

268–270
– tridentate see tridentate Pt(II) 

complexes
Pt(II) materials 259–282

– arylacetylide complexes 265–268
– device fabrication 260–261
– α-diimine arylacetylide complexes 

262–263
– electroluminescence measurements 

260–261
Pt(II) porphyrin complexes 277–279
Pt(4,6-dFppy)2 56
Pt(4,6-dFppy)(acac) 31
Pt(bhq)2 31
[Pt(bpy)2]2+ 31
Pt(dphpy)(CO) 31
Pt(Me4-salen) 31
Pt(octaethylporphyrin) 131
Pt(ONN-t-Bu)Cl 31
Pt(ph-salen) 31
Pt(ppy)(CO)(Cl) 31
Pt(ppy)2 31
Pt(qol)2 31
Pt(qtl)2 31
Pt(thpy)(CO)(Cl) 31
Pt(thpy)2 31

– decay dynamics 51–56
– energy level diagram 43
– Franck–Condon activity 71
– Herzberg–Teller coupling 69
– high-resolution spectroscopy 41

– linewidth broadening effects 85–86
– lowest triplet state 40–45
– phosphorescence dynamics 49–56
– spectrum, simulated 88–89
– spin–lattice relaxation 52
– time-resolved emission 73
– vibrational satellite structures 

68–76
PtOEP

– doped devices 243–251
– electroluminescence spectra 133
– MeLPPP 243, 245–250
– phosphorescent lifetime 134
– polyfl uorene 250–251

PVK
– carrier trapping 225–226
– chemical structure 224
– devices 221, 223–243
– electron mobility 223

PVK:PBD matrix 239–243
pyridylquinoline-arene ligands 148
pyridyl azolate based luminescent 

complexes 185–220
– fl uorescent behavior 190
– synthetic strategies 186

pyridyl pyrazolate complexes 191
pyridyl pyrazole 187
2-pyridyl pyrazole ligands 193
pyridyl pyrrole 188
pyridyl triazole 189
bis(pyrrole)diimine complexes 276–277

q
quantum effi ciency

– blue phosphorescent molecules 
293

– iridium complexes 385–386
– luminescent lanthanides 392
– PVK 223
– spin persistance 117
– spin–lattice relaxation 103

quantum mechanical mixing 166
– ancillary ligands 144
– energy levels 140
– MLCT excitation 18–19
– MO-model 22

quantum yields 133
– Alq3 295
– ancillary ligands 145
– Ir(4F5mpiq)3 179
– iridium complexes 171, 377–378
– orthometallated iridium complexes 

377
– photoluminescence 38
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– red-phosphorescent iridium 
complexes 165

– triplet emitters 1
quasi-octahedral complexes 34
quasi-square planar organometallic Pt(II) 

compounds 34
quenching

– fi eld 119
– fl uorescence 248
– photoluminescence 112

r
radiative decay

– ancillary ligands 145
– electric fi eld modulated fl uorescence 

111
– metal-containing polymers 329
– metal-to-ligand charge transfer 

24–29
radiative lifetimes 132

– organometallic complexes 135
radiative rate constant 25

– ancillary ligands 144
– phosphorescence yield 172

Raman process
– phosphorescence dynamics 51
– spin–lattice relaxation 49

rare earth complexes 333, 400
RC time constant 132
reaction sequence

– ligand synthesis 187
– pyridyl pyrrole 188
– pyridyl triazole 189

recombination
– electroluminescence 7
– exciton 10
– PVK 228
– spin persistance 116
– spin-dependent 103–107
– thermal energy 8

recombination zone distribution 383
red electroluminescence 396–404
red OLED 179
red-emitting materials 165

– osmium-based emitters 198–203
red-phosphorescent iridium complexes

– 5d metal ions 164
– emission quantum yield 165
– highly effi cient 163–184
– HOMO 166

relaxation paths
– electroluminescence 7
– osmium-based emitters 197
– see also spin–lattice relaxation

Re(phbt)(CO)4 31
Re(phen)(CO)3(Cl) 31
[Rh(bpy)3]3+ 31
rhenium complexes 17–18, 344
rhenium containing polymers

– chemical structure 349
– physical properties 351

Ru(bpy) 3
2+ 31, 336

ruthenium-based emitters 203–207
ruthenium complexes 335–357

– light-emitting devices 339–343
– multifunctional 347–356
– nonconjugated polymers 346–347
– photophysics 335–336
– synthesis 344

ruthenium containing polymers 
346–357

– bathochromic shift 350
– carrier mobilities 355
– chemical structure 338, 340–341, 

348–349
– electroluminescence performance 

342, 353
– electronic confi guration 335
– PAA 346
– pendant metal complexes 356–357
– physical properties 351

ruthenium dipyridophenanzine (DPPZ) 
354

s
satellite structures 63–76

– low-temperature 75–76
– temperature-time-dependence 

68–74
– vibrational see vibrational satellite 

structures
– zero-fi eld splitting 39

Schiff bases 270–273
Shpol’skii spectroscopy 42
singlet density 106
singlet excitons

– formation 105
– phosphorescent devices 239–243

singlet-triplet splittings
– metal character 37
– MLCT excitation 19
– organo-transition metal compounds 

36–37
– polymer-based electrophosphorescent 

devices 223
singlet-triplet transitions 39
SLR see spin–lattice relaxation
smOLED 325
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SOC see spin–orbit coupling
spectral broadening

– cryogenic temperatures 81
– dephasing 82
– energy relaxation time 82
– homogeneous linewidths 82–85
– inhomogeneous linewidths 81–82
– phonon sideband 84–87
– phonon progression 84
– polycrystalline matrices 82
– Pt(thpy)2 85–86
– pure dephasing time 82
– simulation 86–87
– solid matrix 81
– temperature dependence 81
– triplet emitters 81–87
– zero-phonon line (ZPL) 83–86

spectrum
– 1.3 K, Herzberg–Teller induced 

emission 69–70
– 20 K, Franck–Condon activity 

70–72
– absorption see absorption spectra
– Alq3 298
– electroluminescence see 

electroluminescence spectra
– emission see emission spectra
– linewidth broadening 88–89
– low-temperature emission 77
– luminescent see luminescent 

spectrum
– organo-transition metal compounds 

39
– photoluminescence see 

photoluminescence spectra
spin conversion 114
spin correlations

– binding energy 101–102
– charge localization 101
– molecular excitation 101
– organic light-emitting diodes 

99–130
– relaxation 100, 103–107

spin–lattice relaxation (SLR) 49–56, 
103–107

– chain length dependence 105
– electron spin resonance 105
– exchange splitting 104
– lattice vibrations 49
– longer molecules 105
– metal compounds 56
– molecular level population 104
– phosphorescence dynamics 49–56
– Raman scattering 51

– short molecules 105
– singlet recombination 105
– spin-fl ips 49
– temperature dependence 50–51, 

54
– times 80–81, 116
– triplet emitters 3

spin mixing 103
– electric fi eld modulated fl uorescence 

111
spin–orbit coupling (SOC) 19, 27

– matrix elements 28
– metal-to-ligand charge transfer 

24–29
– PVK 224
– routes 27, 35
– strength 28
– triplet emitters 1

spin persistance 114–125
– charge carrier pairs 119–120
– emission overshoot 123

spin resonance, electron 105
spin states 107–125

– energy transfer 284
– interconversion 99
– triplet formation rate 113–114

spin wavefunction 100
spin–vibronic coupling 67
splittings

– electronic excitations 11–15
– exchange 13, 104
– ligand fi eld 15, 364–365
– LC excitation 14
– MC excitation 16
– singlet-triplet see singlet-triplet 

splittings
– zero-fi eld see zero-fi eld splitting

states
– charge transfer see charge transfer 

states
– degenerate 21–22
– electroluminescence 3–10
– electronic excitations 11–29
– energy see energy states
– excited see excited states
– LC 11–15, 365
– metal triplet emitters 18–29
– metal-centered transitions 15–18
– MLCT 29
– modifi cation 143–145
– perturbed 26
– singlet excited 312–313
– spin see spin states
– triplet see triplet states
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substates
– Herzberg–Teller-induced emission 

69–70
– Ir(btp)2 (acac) emission 75
– LC excitation 13
– lowest triplet 46
– magnetic fi eld-induced shifts 61
– metal-to-ligand charge transfer 

24–29
– organo-transition metal compounds 

30
– triplet see triplet substates
– vibrational satellite structure 70–72

substituent effects
– tuning 148

substituted ligands 174
substrates, glass see glass substrate
surface plasmons 103
symmetry

– C3 21–23
– crystal structure 43
– lowest triplet state 43–45
– matrix cages 44
– MC excitation 15
– Oh 15–16, 26, 35
– point group 14

t
Tanabe-Sugano diagrams 16
[Tb(acac-azain)3]2

– molecular structure 406
– PL spectra 407

Tb(eb-PMP)3 (TPPO) 405
Tb(III) β-diketonate 405
temperature-time-dependence 68–74
terbium carboxylates 404
terbium complexes

– coordination environments 410
– energy transfer 411
– green electroluminescence 404–411
– HOMO energies 408

terbium pyrazolonate complexes 407
ternary lutetium complexes 417
tetradentate Pt(II) complexes 270–273
thin fi lms

– Alq3 296, 298
– Alq3 298
– Balq 303, 305
– blue phosphorescent molecules 293
– CBP 288
– energy transfer 283
– see also fi lms; layers; polymer fi lms

thiocyanate ligands 376–377

time-resolved emission 113
– Boltzmann distribution 74
– Pt(thpy)2 73
– vibrational satellite structure 72–74

TPD see N,N′-diphenyl-N,N′-(bis(3-
methylphenyl)-[1,1-biphenyl]-4,4′-diamine

transient electroluminescence 113–114
transient photoluminescence 240, 293–294, 

352
transition metal complexes

– chemical structure 314
– high-effi ciency polymer LEDs 313
– pyrazole 186
– triplet emitters 29–40

transitions
– dipole-forbidden 45
– electronic see electronic transitions
– forbidden 38, 42
– forbiddenness 44
– high magnetic fi elds 58
– highly resolved 42–43
– ligand-centered see ligand-centered 

(LC) transitions
– metal-centered see metal-centered 

(MC) transitions
– singlet-triplet 39
– spectral broadening 83
– zero-fi eld splitting 79

trapping
– carrier 225–226
– charge see charge trapping
– electron 233
– excitons 8
– phosphorescent devices 227–239
– recombination 7

tridentate Pt(II) complexes 264–270
– current density 269–270
– electroluminescence spectra 267
– emission spectra 266
– ligand modifi cations 266
– luminance characteristics 269–270
– thermal stability 265
– voltage characteristics 269–270

triphenylamine 343
triplet emitters 1–97

– characterization 45–48
– emission linewidths 81–87
– fi eld splitting 29–40
– highly resolved electronic transitions 

42–43
– homogeneous linewidths 82–85
– inhomogeneous linewidths 81–82
– metal 18–29
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– phosphorescence dynamics 49–56
– photophysical properties 34–40
– Pt(II) Schiff base 271

triplet energies
– carbazole derivatives 317–318, 

320–321
– carbazole polymers 322–323
– cyclometallated complexes 146–148
– host 315
– polyphenyl molecules 321

triplet energy transfer 300
– guest-host systems 285

triplet excited states 39–40
– blue phosphorescent molecules 

288
– PLEDs 312–313
– thermal equilibrium 301–306

triplet excitons
– confi nement 136–139
– diffusion 284
– phosphorescent devices 239–243

triplet harvesting 10
– excitation confi nement 241

triplet states
– delocalization 20
– emission decay 80–81
– energy distribution 77–78
– environmental effects 76–81
– excited see triplet excited states
– formation rate 113–114
– geometry changes 39–40
– high magnetic fi elds 56–63
– high-energy 288
– LC excitation 13
– lowest see lowest triplet state
– relaxation times 80–81

triplet substates
– energies 24
– metal-to-ligand charge transfer 

24–29
– perturbed 26
– phosphorescence dynamics 51–56
– spin–lattice relaxation 51
– zero-fi eld splitting 39

triplet-triplet annihilation 5
– Ir(ppy)3 and Alq3 297, 300
– iridium complexes 385
– organometallic complexes 134
– polymer-based electrophosphorescent 

devices 222
– spin persistence 122

triplets 40–45
– density 106

– diffusion rate 114
– diffusivity 108
– electric fi eld modulated fl uorescence 

107
– emission overshoot 123

tuning, color see color tuning
two-phonon Raman scattering 51

v
vacuum deposition

– Er-containing OLEDs 412
– thermal stability 177

vibrational satellite structures 63–76
– Herzberg–Teller-induced emission 

69–70
– low-temperature 75–76
– side bands 63
– temperature-time-dependence 

68–74
– time-resolved emission 72–74

vibrational satellites
– background 63–76
– cage modes 70
– decay times 72
– dipole moment 65
– FC activity 63–66, 70, 72–74, 75–76
– harmonic oscillator functions 65
– harmonic potentials 64
– HT activity 66–70, 72–74
– organo-transition metal compounds 

39
– Pt(thpy)2 70
– substates 70–72

voltage characteristics see current–voltage 
characteristics

w
wavefunctions

– LC excitation 13
– overlap 37
– recombination 9
– triplet substates 24
– vibrational satellites 65

y
ytterbium complexes 411–415
yttrium complexes 415–417

z
Zeeman shifts 59
zero-fi eld splitting (ZFS) 38–39, 78–80

– admixtures 38
– allowedness 30



438  Index

– emitter compounds 32–33
– ligand-centered (LC) excitation 14
– metal-to-ligand charge transfer 

24–29
– ordering scheme 31–34

– site energy distribution 78
– transitions 79
– triplet emitters 2, 29–40
– triplet substates 39

zero-phonon line (ZPL) 83–86
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