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Phosphorescent Dyes for Organic Light-Emitting Diodes
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Introduction

Second- and third-row transition-metal complexes incorpo-
rating chelating chromophores, such as 2,2’-bipyridine

(bpy)[1] and 2-phenyl pyridine (ppy),[2] have attracted a great
deal of study in recent years. Work focusing in this area was
principally motivated by the use of these emissive com-
plexes in the fundamental approaches of excited-state elec-
tron and energy transfer[3] as well as the potential applica-
tions in the fabrication of chemical and biological sensors,
various photovoltaics, and organic light-emitting diodes
(OLEDs).[4]

Recently, much attention has been paid to the preparation
of this class of emissive materials with various types of li-
gands and to gain more understanding on their associated
photophysical properties aimed at applications as OLEDs.
In our approach, we recognized that the C-linked 2-pyridyl-
ACHTUNGTRENNUNGazoles are akin to both 2,2’-bipyridine and 2-phenylpyridine,
in that 2-pyridylazoles are capable of using two adjacent ni-
trogen atoms to form a stable chelate interaction.[5] More-

over, due to its strong acidity,[6] which is also reinforced in
the case for R=electron withdrawing substituent such as
CF3, the azoles will readily lose a proton from the NH frag-
ment, giving a stable anionic ligands. The strong s-donor
property of the azolate, together with the p-accepting ability
of the second pyridyl fragment,[7] may provide a synergism
of the electron delocalization so that the electron density is
transferred from azolate to the metal ion and back to the
pyridyl side of the ligand, thus enhancing the chelate inter-
action. Alternatively, the high acidity of the azolate N�H
bonding would also allow a greater possibility for its inser-
tion, normally under a kinetic control, to afford the third-
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row metal complexes, for which the 2-phenylpyridine type
of ligand has failed to react properly, particularly for the
less reactive OsII system.

As for the metal center, the preparation of the isoelec-
tronic transition-metal (RuII, OsII and IrIII) complexes that
possess a unique d6-electron configuration was found partic-
ularly attractive, because of their strong metal–ligand inter-
action and high luminescence efficiencies.[8] The strong spin–
orbit coupling expected for these heavy-metal ions would
lead to an efficient intersystem crossing from the singlet ex-
cited state to the triplet manifold. Furthermore, mixing sin-
glet and triplet excited states through spin–orbit coupling, to
a large extent, would partially remove the spin-forbidden
nature of the T1!S0 radiative relaxation, resulting in the
highly intense phosphorescent emission with a short radia-
tive decay time (vide infra). Based on these concepts, the
aforementioned diimine, cyclometalated as well as pyridyl-
ACHTUNGTRENNUNGazolate chelating ligands can form rigid molecular frame-
works with these heavy transition-metal ions and then give
rise to the desirable absorption and efficient emission under
optimum chemical modification. More specifically, these
chelate complexes would display bright phosphorescent
emission spanning the whole visible spectra, making them
suitable to serve as ideal phosphors for OLED applications.

Theoretical Background

Emissive metal complexes maybe classified by various crite-
ria such as the valence-electron configuration at the metal,
the type of the electronic transitions, and the correlation
among lower-lying electronic excited states. One review arti-
cle has focused on sorting these materials according to the
metal elements involved.[9] Like typical small organic fluo-
rescent molecules, a great deal of the photochemical and
physical behavior of luminescent metal complexes can be
explained by the use of basic photophysics and molecular
orbital theory.[10] It states that the electron density in each of
the frontier molecular orbitals are not equally delocalized
between metal and ancillary ligands, but preferentially locat-
ed at the metal or the ligands. The electronic transition can
be considered as the one-electron excitation that occurs
among the associated frontier orbitals. This makes design
and preparation of emissive metal complexes feasible if one
can gain detailed understanding into the various factors that
control these elemental photophysical properties. A brief
summary on the nature of the electronically excited states
commonly found in luminescent metal complexes is illustrat-
ed below:

Metal-centered (MC) excited states : Typical metal com-
plexes with a partially filled d shell at the metal center are
characterized by low-energy MC excitation states, which
arise from electron hopping between the nonbonding (dp)
and antibonding (ds*) orbitals. These d–d transitions are La-
porte-forbidden, showing exceedingly low transition proba-
bility for the occurrence of both MC-based absorption and

emission signals, although certain asymmetric, nonplanar vi-
brations may relax this restriction. Small splitting of the
metal d orbitals is anticipated for the first-row transition-
metal complexes due to the weak metal–ligand bonding, and
promotion to the MC state often leads to facile ligand disso-
ciation, because it possesses a significant amount of metal–
ligand antibonding character. Due to its lower energy, popu-
lation of the MC state may be thermally accessible, leading
to the photodecomposition. For the second- and/or third-
row transition-metal complexes with strong-field ligands in
the spectrochemical series, the anticipated MC transitions
are destabilized to the higher-energy region, such that the
population to these states becomes less accessible. Accord-
ingly, the interference of the MC states, that is, the quench-
ing of the lowest-energy electronic transition, is significantly
diminished. Finally, spin-selection rules are not strictly
obeyed for these second- and third-row transition-metal
complexes, for which the singlet-to-triplet intersystem cross-
ing is facilitated by the heavy-atom enhanced spin–orbit
coupling. As a consequence, many of them have exhibited
highly efficient, room-temperature phosphorescence in both
fluid and solid states.

Metal-to-ligand charge-transfer (MLCT) states : Metal-to-
ligand charge-transfer (MLCT) states involve electronic
transitions from a metal-based d orbital to a ligand-based
delocalized p* antibonding orbital.[11] In a conventional
sense, the corresponding excitation results in metal oxida-
tion and concomitant ligand reduction. These transitions are
commonly observed in the middle- and late-transition-metal
complexes possessing relatively low oxidation potentials. As
a result, the reducing metal center renders the easily ac-
cessed dp electrons, while the acceptor ligands, with p* un-
occupied orbitals at lower energies, accommodate the eject-
ed electrons. Since the p* ligand orbital is usually delocal-
ized over the acceptor ligand, the population to MLCT
states may only cause minimum structural distortion, facili-
tating its radiative recombination, decay process with re-
markable efficiency.

The MLCT states of the first-row transition-metal com-
plexes, in general, are quite reactive, but they become stable
and highly luminescent upon shifting the metal to its
second- and third-row counterparts, resulting from a system-
atical increase in metal-ligand bonding strengths, accompa-
nied by destabilizing the aforementioned MC excited states,
and consequently the reduction of the radiationless deacti-
vation. Moreover, MLCT transitions are strongly allowed
processes, manifested by intense absorption bands in the
visible or near UV spectral regions, typical for a symmetry-
allowed electronic transition. Irradiation into the MLCT
states is thus a very efficient process to collect light energy.
Likewise, emission generated from MLCT excited state may
equally efficient in producing bright luminescence for vari-
ous illumination applications.

Generally speaking, emissive MLCT states are observed
for transition-metal complexes with d6 and d8 configurations.
The versatility in molecular design makes possible a wider
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selection for metal complexes that can undergo the MLCT
excitation. For instance, all four W0, ReI, OsII, and IrIII metal
elements would provide the anticipated d6 electronic config-
urations. However, neutral diimine chromophores, such as
bipyridine or phenanthroline, and p-accepting ancillary li-
gands, such as carbon monoxide, are essential in assembling
and stabilizing the neutral tungsten complexes with formula
[W(CO)4ACHTUNGTRENNUNG(diimine)].[12] The mechanistic studies on [W(CO)4-
ACHTUNGTRENNUNG(phen)] have shown a prototypical case of a slow, but meas-
urable CO/Lewis base ligand substitution induced by the
MLCT excitation, giving rise to an inferior stability of the
W0 complexes, due to a relative weak ligand-to-metal bond
strength for the zero-valent metal center. In contrast, the
relatively more stable ReI–carbonyl complexes [Re(CO)3X-
ACHTUNGTRENNUNG(diimine)] (X=halides) and the corresponding derivatives
have been successfully employed in fabrication of some
OLEDs,[13] due to the stronger +1 charged metal–ligand
bonding, albeit their with lower luminescence efficiency and
longer emission wavelengths. Nevertheless, at current stage,
it seems unlikely that the tungsten- and rhenium-incorporat-
ed emitters can be of significant value to serve as robust and
long-lasting emitters for electroluminescent applications.

Intraligand (IL) pp* excited states : Intraligand (IL) pp* ex-
cited states originate from electronic transitions between p

orbitals that are mainly localized on the ligand chromo-
phore. As such, if the metal perturbation upon coordination
is minimized, the luminescent complex may exhibit a transi-
tion that has spectral properties closely resembling the free
ligand states. Accordingly, in view of the main-group metal
elements such as MgII, ZnII, AlIII, and their closed shell ana-
logues that do not participate in the pp* transitions of li-
gands, the observed emission from these metal complexes
should be ascribed to the IL pp* type. Based on this delin-
eation, the identification of pp* emission becomes straight-
forward. For example, the green-emitting [AlQ3] (Q=8-qui-
nolinate), its derivatives, and even the related white-emit-
ting [ZnACHTUNGTRENNUNG(btz)2] (bzt=2-(2-hydroxyphenyl)benzothiazolate)[14]

were found to involve a substantially amount of IL pp*
character.

Ligand-to-metal charge-transfer (LMCT) excited states :
Complexes with metal atoms in high oxidation states might
show luminescence from ligand-to-metal charge-transfer
(LMCT) states. These complexes typically constitute early
transition-metal complexes with cyclopentadienyl or with
simple s-bonded anionic ligands. Representative complexes
such as [Ta ACHTUNGTRENNUNG(C5Me5)Cl4] and [Ta ACHTUNGTRENNUNG(NPh)Cl3(L)2] (L=donor
ligand such as dimethoxyethane and pyridine) are known to
exhibit room-temperature phosphorescence at the lower-
energy region of visible spectra and with lower quantum ef-
ficiencies.[15] Other candidates that exhibit LMCT emission
are a class of d10 complexes involving CuI, AgI, and AuI

metals; suitable examples are the tetrametallic CuI clusters
as they exhibit bright phosphorescence.[16] OLED devices in-
corporating a similar class of CuI emitters have been fabri-
cated;[17] however, none of them have shown performance

data comparable to those fabricated using previously men-
tioned MLCT and/or IL pp* emitting materials.

Effect of metal and state mixing : The above-mentioned four
types of transition properties as well as the interactions
among states with different characters play an important
role in the intrinsic relaxation dynamics and consequently
the luminescence efficiency. On one hand, except for the
early transition-metal complexes, weakening of the metal–
ligand bond strength is expected for MC and probably
LMCT excitation, such that the resulting shallow potential-
energy curve may intercept with the ground state, enhancing
the radiationless deactivation. On the other hand, owing to
the direct involvement of the dp electron, spin–orbit cou-
pling should be largely enhanced in the MLCT state of the
heavy-metal complexes, manifesting its mixing properties
between triplet and singlet manifolds. Consequently, the as-
sociated phosphorescence efficiency should increase due to
its increasingly allowed transition probability. In sharp con-
trast to MLCT, due to its lack of direct incorporation with
metal-center electron density, one thus expects much less
singlet–triplet mixing in the IL pp* state. As a result, the as-
sociated phosphorescence is subject to much longer radia-
tive lifetime, such that any radiationless deactivation may
cause the quench of the emission, resulting in low phosphor-
escence efficiency.

For transition-metal complexes with complicated molecu-
lar structures, the proximity in energy among several states
is common. As for the first-order approximation, mixing
among various transitions are natural and may play a central
role for decent phosphorescence efficiency. A prototypical
example illustrated here is the mixing between MLCT and
LC pp* electronic transitions, the result of which makes the
fast singlet-to-triplet intersystem crossing feasible. Theoreti-
cally, for a simple S1!T1 intersystem crossing and vice
versa, the corresponding rate constant, kisc, is given by Equa-
tion (1) in which Hso is the Hamiltonian for the spin-orbit
coupling and is the energy difference between the respective
singlet and triplet states.

kisc /
jhT1jHsojS1ij2
ðDES1�T1

Þ2 ð1Þ

As such, mixing of pp* and MLCT characters in both S1

and T1 excited states leads to the incorporation of both and
terms.[18] The net result is to induce the change of orbital an-
gular momentums, namely the dpQp process is now coupled
with the flipping of electrons, so that the transition has a sig-
nificantly large first-order spin–orbit coupling term, result-
ing in a drastic enhancement of the intersystem crossing. In
contrast, for the system showing minimal amount of MLCT
character, the coupling between orbital and spin angular
momentum should be rather small due to negligible changes
of orbital angular momentum that can couple with electron
flipping. In other words, the intersystem crossing can be en-
hanced for systems involving notable MLCT participation.
Similar argument can be applied to the T1!S0 radiative
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transition, that is, phosphorescence, in which 3pp* mixed
with 3MLCT states should greatly increase the transition
probability, hence shorten the radiative lifetime.

DFT calculations : Realizing that the transition properties
may drastically influence the photophysical behavior, assign-
ments of electrical transitions become crucial. Empirically,
this may be accomplished with the assistance of spectroscop-
ic data. For example, allowed and partially allowed transi-
tions may be differentiated from the associated absorption
extinction coefficient, and the emission profile, such as
structureless versus vibronic bands, may be exploited as a
tool to assign the property of the lowest-lying triplet state.
These indirect methods have proven to be too qualitative,
such that erroneous assignments frequently occur. In our ex-
perience, the recently developed DFT theory provides a
very accurate approach for the transition-metal complexes.
The optimized structure can be obtained with either the as-
sistance of X-ray crystal structure or geometrical optimiza-
tion on the electronic ground state based on, for example,
the hybrid Hartree–Fock/density functional theory (HF/
DFT) method. For example, the B3LYP,[19] “double-z”-qual-
ity basis sets consisting of Hay and WadtOs effective core po-
tentials (LANL2DZ)[20] are frequently employed for the
transition metal elements, while the 6-31G* basis[21] is used
for H, C, N, F, and O atoms. Furthermore, a relativistic ef-
fective core potential (ECP) replaces the inner core elec-
trons of third-row Group 6 metal atoms, leaving the outer
core (5s25p6) electrons and the 5d6 valence electrons. Time-
dependent DFT (TDDFT) calculations are then performed
with the same functional and basis set at the optimized ge-
ometry to obtain electronic transition energies and the asso-
ciated frontier orbitals. Through the frontier orbital analy-
ses, the type as well as percentage of orbital involving in the
transition can be deduced. The calculations can be per-
formed with the commercially available software such as the
Gaussian 03 package.[22]

On the basis of the above theoretical background we
hope that the interested readers can gain certain under-
standing on the fundamental of luminescence properties of
the transition-metal complexes. This will facilitate them to
catch up the core subjects regarding the choice of ligands
and metals suited for enhancing emission brightness, con-
ducting color tuning, and studies of other intriguing photo-
physical properties elaborated as follows.

Pyridylazolate Chromophores

The prototypical C-linked 2-pyridylazole chromophores and
its derivatives are listed below, in which CF3 or the tert-butyl
substituent are selected according to their unique electronic
properties as well as the relatively larger size so that they
can provide sufficient steric shielding to the adjacent nitro-
gen lone-pair electrons.

The preparation of the CF3-substituted L1 is best execut-
ed by using a hydrazine cyclization reaction with a suitably

prepared pyridyl diketone intermediate, which is obtained
from the base-catalyzed Claisen condensation of 2-acetyl
pyridine and ethyl trifluoroacetate.[23] In contrast, prepara-
tion of tert-butyl-substituted L2 can be achieved through the
condensation of methyl picolinate with pinacolone, followed
by treatment with anhydrous hydrazine under similar condi-
tion.[24] The isoqunioline-substituted derivatives L5 and L6,
which are useful for tuning the emission to longer wave-
length region, were prepared from their 2-isoquinolyl re-
agents. Finally, C-linked 2-pyridyl-1,2,4-triazoles were syn-
thesized according to literature methods, in which the CF3-
substituted 1,2,4-triazole L3 was easily obtained by using 2-
pyridinecarboximidamide hydrochloride and trifluoroacetic
acid hydrazide; the latter is obtained by reacting ethyl tri-
fluoroacetate with hydrazine.[25] On the other hand, the tert-
butyl-substituted L4 required 2-pyridinecarboxamidrazone
and pivaloyl chloride in basic aqueous media, followed by
dissolution of the resulting precipitate in ethylene glycol and
increasing the temperature to ~210 8C.[26] Relevant chemis-
try dealing with the triazolate coordination compounds can
be found in a number of recent review papers.[27]

Phosphorescent Metal Complexes

Organometallic complexes possessing a heavy transition-
metal element are crucial for the fabrication of phosphores-
cent OLEDs.[28] The strong spin–orbit coupling effectively
promotes intersystem crossing as well as enhances the subse-
quent emissive decay from the triplet excited state to the
ground state (vide supra), facilitating strong phosphores-
cence by harvesting both singlet and triplet excitons. Be-
cause an internal quantum efficiency (hint) as high as
~100% can theoretically be achieved, these heavy-metal-
containing emitters are superior to their fluorescent counter-
parts in OLED applications.

In the following sections, the conceptual designs of the
phosphorescent complexes, according to their central metal
atoms, are classified into four categories, namely osmium,
ruthenium, iridium, and platinum. Work emphasizing at syn-
theses of OsII- and RuII-based materials and their utilization
in OLED fabrication have been reviewed recently;[4c] how-
ever, a more general survey of second- and third-row transi-
tion metal complexes regarding their chemistry and photo-
physical background in this concept article would help the
readers to comprehend the fundamental basis in the devel-
opment of phosphorescent materials. Moreover, prototypes
focused here are mainly derived from our previous work,
and their extension as well as comparison with respect to
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other designs will be occasionally discussed. Also, to warrant
the OLED applications, neutral as opposed to the ionic
complexes are the main focus here, simply due to the higher
volatility and the avoidance of internal defects that were
produced by the current-induced migration of ionic species.

Osmium-based emitters

Blue-emitting materials : The 2-pyridyl pyrazole ligand L1
can readily react with boron reagent B ACHTUNGTRENNUNG(C6F5)3 to form a
complex with high-efficiency fluorescence in the near UV
region (~380 nm).[29] This observation strongly suggests that
ligands L1–L4 are suitable for preparation of novel blue-
emitting phosphorescent metal complexes. We then treated
the pyrazole and triazole ligands L1, L2, L3, and L4 with
Os3(CO)12 at high temperature to yield the corresponding
blue emitters 1, tBu-substituted 1, 2, and an isomeric mix-
ture of 3 and 4, respectively.

As expected, two geometrical isomers (1–3 vs. 4), both
with two mutually orthogonal chelates and two cis CO li-
gands were isolated for these reactions.[29] As for the geo-
metrical isomers 3 and 4, Figure 1 shows the corresponding
UV/Vis absorption and emission spectra in acetonitrile. Sim-
ilar to the spectral data of pyrazolate complexes 1 and 2
listed in Table 1, the absorption band of 3 in the spectral
region of 225–280 nm is attributed to the IL pp* transition

of the pyridine and/or triazolate fragment. The broad, struc-
tureless band maximized at 310–334 nm can be assigned to a
triazolate-to-pyridine intra-ligand pp* mixed with the
1MLCT transition. Again, we like to re-emphasize here and
throughout the text that the best way to access the assign-
ment is with the help of theoretical approaches (vide supra).

Complex 3 exhibits bright blue mission (F=0.42) with
distinct vibronic peak maxima appearing at ~455, 480, and
507 nm in degassed acetonitrile at 298 K. Its origin from the
T1!S0 phosphorescence is verified by the drastic oxygen
quenching of the emission intensity as well as the ~40 ms ob-
served lifetime (see Table 1). Moreover, the appearance of
vibronic progression warrants a dominance of the 3pp* char-
acter for the phosphorescence. In comparison, remarkable
differences in emission properties were observed for 4. Al-
though its spectral profile looks quite similar to that of 3,
this complex is almost non-emissive at room temperature,
showing quantum efficiency as low as 4.6Q10�4 and with
emission lifetime as short as 26 ns.

In our experiences, such geometry tuning photophysical
behaviors are frequently encountered and have been one of
our core interests amid the development of the luminescent
complexes. As such, the differences between 3 and 4 provide
a prototypical model to realize the indispensability of the
fundamental basis in view of rationalization.

On the basis of aforementioned theory, one possibility is
the existence of fast quenching processes in 4, such as the
thermal population to a MC d–d state, which results in
weakening of the metal–ligand interaction due to its anti-
bonding character and may thus act as an activator for the
overall radiationless transition.[30] However, this possibility
was ruled out, as none of the four lowest excited states, in-
cluding two singlet and two triplet manifolds based on the
DFT calculation,[31] possess the anticipated MC d–d charac-
ter. The inaccessibility of the d–d excited state is believed to
come from the strong ligand-field strength of the chelates as
well as the CO ligands. On the other hand, the lowest-
energy T1 configuration in 4 could be reasonably attributed
to a 3pp* manifold, mixed with a small amount of the
3MLCT character. Thus, population of the T1 excited state
causes the shift of the electron density from the Os metal,

Figure 1. UV/Vis absorption and emission spectra of 3 and 4 in acetoni-
trile at room temperature.

Table 1. Photophysical properties of osmium complexes in degassed ace-
tonitrile (1–4) and CH2Cl2 (5–11) at room temperature.[a]

Abs. lmax [nm] lemmax [nm] F[b] tobs [ms]

1 311 430, 457, 480 0.14 18.5
2 307 420, 446, 468 0.23 2.9
3 333 455, 480, 507 0.42 39.9
4 340 460, 483, 515 0.00046 0.026
5 405, 454, 542 617 (618) 0.50 (0.21) 0.86 (0.63)
6 411, 456, 553 632 (655) 0.19 (0.29) 0.73 (0.61)
7 406, 466, 560 649 (670) 0.25 (0.10) 0.63 (0.44)
8 405, 457, 543 617 (631) 0.62 (0.24) 0.96 (0.18)
9 403, 457, 545 614 (618) 0.76 (0.36) 0.94 (0.58)
10 410, 465, 550 629 (634) 0.50 (0.21) 0.81 (0.91)
11 401, 448, 520 603 (613) 0.91 (0.28) 0.97 (0.14)

[a] Data in parentheses were measured in solid state at RT. [b] Quantum
yield.
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CO ligands, and triazolate to the pyridyl moiety, resulting in
a further reduction of the already weakened Os–pyridine in-
teractions in 4 ; the latter is shown by the single-crystal X-
ray analysis. As a result, the potential-energy surface of T1

might be so shallow that, under extreme conditions, surface-
crossing on potential-energy surface between S0 and T1 is
possible. As shown in Figure 2, upon excitation, fast S1–Tn

intersystem crossing must take place. It is plausible that in-
tersystem crossing proceeds from S1 to T2 due to their close-
ness in energy, followed by a fast rate of T2 to T1 internal
conversion (	1 ps�1). After population equilibrium, 4 can
be thermally activated to certain vibrational levels close to
the section of surface-crossing to execute the radiationless
deactivation through facile metal–ligand bond stretching.
Thus, a dominant T1!S0 radiationless transition caused by a
“loose bolt” effect might take place upon thermal activa-
tion.[32]

This observation allows a parallel comparison with the be-
havior of tris-cyclometalated iridium complexes, for which
isolation of two geometrical isomers has also been docu-
mented.[33] Structural and spectroscopic data suggest that the
facial isomers have the stronger and more evenly distributed
metal–ligand bonding, and exhibiting bright phosphores-
cence in both fluid and solid states. In contrast, the meri-
dional isomers have much greater bond length alternations
caused by the differing trans influences of anionic phenyl
and neutral nitrogen donors, such as pyridine or pyrazole,
and are significantly less emissive. Naturally, this greater
bond strength alternation of the meridional isomers then in-
duces a similar “loose bolt”[32] effect upon electronic excita-
tion, which is more likely responsible for the rapid radia-
tionless deactivation observed in this IrIII system.

Red-emitting materials : The concept of preparing red-emit-
ting OsII-based complexes can be illustrated by the exploita-
tion of the previously discussed blue-emitting complexes 1–4
and their functionalized derivatives. In view of their pp*

mixed with MLCT character for the lowest-lying transition,
one easy way is to increase the metal-center dp energy and
concomitantly increase (decrease) the p* energy of the an-
cillary ligands. This can be accomplished by replacing the
strong p-accepting CO ligand by an electron-donating
ligand, as well as introducing more p-electron conjugated
chromophores to 1–4. The desired synthesis was initiated by
the treatment of respective OsII complexes with Me3NO in
anhydrous diethylene glycol monoethyl ether (DGME) at
180–190 8C to eliminate the CO ligands, followed by addi-
tion of corresponding phosphane ligands.[34] A related one-
pot synthetic strategy gave us the desired OsII complexes 5–
10 in much improved (
70%) yields, and hence has a great
advantage in scaling up for possible industrial applica-
tions.[35]

Figure 3 shows an ORTEP diagram of 5, for which the
metal atom is located at a crystallographic center of inver-
sion. The two chelating pyrazolate ligands establish a nearly
planar OsN4 basal arrangement, together with two PPh2Me

Figure 2. Energy levels of the lower-lying excited states and the proposed
relaxation pathway for complex 4. ISC: intersystem crossing, IC: internal
conversion. SC: surface-crossing.

Figure 3. ORTEP diagram of 6 ; 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 S and angles: N(1)-Os-N(2)=76.48(7), N(1)-Os-
N(2A)=103.52(7)8.
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ligands located at the trans positions. The planar ligand ar-
rangement is analogous to those of the porphinato ligand in
metalloporphyrins such as [OsACHTUNGTRENNUNG(ttp) ACHTUNGTRENNUNG(PPh3)2], ttp=meso-tetra-
phenylporphinate,[36] while a remarkable nonbonding con-
tacts (N3A···C1=3.305 S and N3A···H1~2.50 S) were ob-
served between the pyridylpyrazolate chelates.

The UV/Vis spectra of all these red-emitting OsII com-
plexes showed three notable absorption maxima (Table 1).
The highest-energy band, observed at ~400 nm, is assigned
to the spin-allowed 1pp* transition. The next-lower energy
absorption band, around 454–466 nm, can be ascribed to a
spin-allowed 1MLCT transition, while the third-lowest
energy band can be assigned to a state involving a mixture
of both 3pp* and 3MLCT characters.

For the emission spectra, complex 6, bearing PPhMe2
groups, reveals a ~15 nm bathochromic shift in lmax relative
to the PPh2Me-substituted derivative 5, and can qualitatively
be rationalized by an increase of the OsII dp energy level
due to the poor p-accepting strength of the PPhMe2 ligands
(Table 1). Based on the small variation of the emission peak
wavelengths between 6 (632 nm) and 10 (629 nm), or 5
(617 nm) and 8 (617 nm), we concluded that the triazolate
segment exhibited only a small amount of hypsochromic dis-
placement, although its p-accepting character should be
greater than that of the pyrazolate analogue. Conversely,
changing the substituent on the triazolate from tert-butyl to
CF3 and then to C3F7 caused a notable blue-shift due to the
increase of MLCT gap by lowering of the metal dp energy
level, and is revealed by the notorious decrease of emission
lmax of complexes 7–9. Finally, the observed lifetimes of ca.
0.6–0.9 ms in degassed CH2Cl2 are considerably shorter than
those of most reported red-emitting IrIII complexes, implying
that the OLED devices fabricated with Os complexes could
exhibit reduced triplet–triplet annihilation at higher driving
voltages.[37]

These OsII complexes were utilized for polymer light-
emitting diodes (PLEDs), as such technologies have the po-
tential for applications in large-area devices prepared with
simple processes.[38] Preliminary electroluminescent (EL) po-
lymer-based devices have been prepared by using poly(N-vi-
nylcarbazole) (PVK) and 2-(4-biphenylyl)-5-(4-tert-butyl-
phenyl)-1,3,4-oxadiazole (PBD), the latter served as elec-
tron-transporting materials to compensate for the poor elec-
tron-transporting ability of PVK.[39] Generally speaking, the
energy transfer from the host polymer blend to the OsII

emitters is very efficient, as supported by the lack of any
PVK emission in the EL spectra.

In a second study, PF-Q, a copolymer containing a poly-
fluorene backbone and 2,4-diphenylquinoline side chains,
was used as host material and doped with 2.4 wt% of 6 to
realize red EL.[40] Upon photoexcitation, the photolumines-
cence (PL) profile 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 6. In contrast, the host emission is
quenched completely when stimulated by the EL excitation,
giving red triplet emission from 6 that had Commission In-

ternationale de LOEclairage (CIE) color coordinates of 0.66
and 0.34 at 11 V. These results suggest that both Fçrster
energy transfer and direct charge trapping/recombination on
the Os dopant 6 are responsible for the observed EL. The
much enhanced maximum external quantum efficiency of
6.63%, a luminance efficiency of 8.71 cdA�1, and a bright-
ness of 4163 cdm�2 were obtained at a current density of
47.8 mAcm�2.

In the third approach, a tailor-made blue-emitting poly-
fluorene host material PF-TPA-OXD (PF=polyfluorene,
TPA= triphenylamine, OXD=oxadiazole), which contains
both hole- and electron-transporting side chains, has been
employed in facilitating charge injection and transport, and
is suitable for matching the dopant–host energy level to ach-
ieve the direct formation and confinement of an exciton at
the dopant.[41] This unique design leads to a reduction in the
excitation energy of the host polymer, which in turn de-
creases the degree of exciton loss arising from nonradiative
decay of the host triplet. In practice, PLED devices with the
configuration ITO/polyACHTUNGTRENNUNG(styrenesulfonate)-doped poly(3,4-
ethylenedioxythiophene) (PEDOT) (35 nm)/polymer emit-
ting layer (50–70 nm) and dopant 6/TPBI (30 nm)/Mg:Ag
(100 nm)/Ag (100 nm) were fabricated, keeping the opti-
mized dopant concentration of 6 at approximately 1 mol%
(TPBI= (N-phenylbenzimidizol-2-yl)benzene). Again, the
EL spectra indicate an exclusively dopant emission, reveal-
ing that the emission originates from the direct charge trap-
ping, followed by recombination with opposite charges at
the dopant sites.[42] For a comparison, this device reached a
maximum external quantum efficiency (EQE) of 8.37%
with a peak brightness of 16720 cdm�2. Moreover, a maxi-
mum hext of 12.8% was achieved by using a similar device
configuration, employing 6 as dopant, PF-TPA-OXD as host
polymer, and PS-TPD-TFV as hole-transport layer. PS-
TPD-TFV is a cross-linkable polystyrene (PS) copolymer

Chem. Eur. J. 2007, 13, 380 – 395 � 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 387

CONCEPTSPhosphorescent Dyes

www.chemeurj.org


with both thermally curable triflororovinyl ether (TFV)
group and hole-transporting tetraphenylene biphenyldia-
mine (TPD) group as side branches.[43]

More recently, Shu and co-workers[44] prepared an even
more interesting white-emitting PLED from compound 11
(orange), a blue-emitting distyrylarylene fluorescent dye
DPAVBi, and the electron transport auxiliary PBD, co-
doped into the previously mentioned PVK polymer matrix.
This blended PLED exhibited an intense white emission
with CIE values of 0.33 and 0.34; a high EQE of 6.12%,
which corresponds to 13.2 cdA�1; and a maximum bright-
ness of 11306 cdm�2 at 17 V. The color hue showed little
voltage-dependent variation, even at luminance as high as
1Q104 cdm�2. The excellent emission quantum efficiency,
short radiative lifetime and good miscibility of 11 within the
PVK blend are the key factors that gave these superior per-
formances.

Direct vapour deposition was conducted by taking advant-
age of excellent volatilities and stabilities of these OsII com-
plexes.[35] Thus, complex 8 was selected as one example in
fabrication of multilayer devices: ITO/HTLACHTUNGTRENNUNG(40 nm)/CBP:8-
ACHTUNGTRENNUNG(30 nm)/BCP ACHTUNGTRENNUNG(10 nm)/AlQ3ACHTUNGTRENNUNG(30 nm)/LiF ACHTUNGTRENNUNG(1 nm)/Al ACHTUNGTRENNUNG(150 nm), in
which CBP and BCP stand for 4,4’-N,N’-dicarbazolyl-1,1’-bi-
phenyl and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline,
respectively. Interestingly, upon changing the hole-transport
layer (HTL) from 4,49-bis[N-(1-naphthyl)-N-phenylamino]-
biphenyl (NPB) to 9,9-bis{4- ACHTUNGTRENNUNG[di-(p-biphenyl)aminophenyl]}-
fluorene (BPAPF), a very high initial EQE of ~20% and a
luminous efficiency of 27.8 cdA�1 were obtained at low cur-
rent density of 1 mAcm�2. Taking the coupling out factor
into account, this device is showing nearly 100% internal
phosphorescence efficiency,[45] making them very suitable as
volatile red dopants for the small molecule OLED process-
es.

Ruthenium-based emitters : One major obstacle to the de-
velopment of phosphorescent OLED technologies lies in the
prohibitive cost of the noble metals such as osmium, plati-
num, and even iridium. Thus, from a technological stand-
point, there is an urgent need to develop phosphorescent-
emitting materials that contain less expensive metals such as
ruthenium.

As for a rational design suited for OLEDs, it is indispen-
sable to have charge-neutral RuII complexes in view of vola-
tility and charge mobility (vide supra). Secondly, the weaker
ligand field strength for the second-row elements inevitably
leads to the exploitation of
strong bidentate ligands. Third-
ly, strong field ancillary ligands,
such as phosphane, are re-
quired to increase the energy
gap of the MC d–d transition
so that the associated radia-
tionless deactivation can be
suppressed.[46] Finally, the rela-
tively high oxidation potential
in RuII requires the employ-

ment of extensively p-conjugated chromophores, such as 1-
isoquinolyl-substituted L5 and/or L6 to compensate the un-
favorable metal oxidation potential in generation of highly
efficient, saturated red emission.

Accordingly, a series of RuII complexes (12–18) were syn-
thesized following the synthetic scheme established for their
osmium counterparts.[47] The emission spectra are depicted
in Figure 4, while photophysical data are listed in Table 2. In

good agreement with the 3MLCT emission, the PPh2Me de-
rivative 13 exhibits a ~27 nm hypsochromic shift in lmax in
comparison to the PPhMe2-anchored 12, the result of which
can qualitatively be rationalized by a decrease of the RuII dp

energy level due to the increase of p-accepting strength. For
complex 14, an even more notable hypsochromic shift of

Figure 4. Photoluminescence of RuII complexes as solid film at room tem-
perature.

Table 2. Photophysical properties of complexes 12–18 in CH2Cl2 and solid state at room temperature.

Abs. lmax [nm] (eQ103) lemmax [nm][a] F[a,b] tobs [ms]
[a]

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

[a] Data in parentheses were measured in solid state at RT. [b] Quantum yield. [c] br=broad.
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50 nm was ACHTUNGTRENNUNGachieved. This is apparently caused by the elec-
tron-withdrawing effect of the CF3 substituents on pyrazo-
late, which has a function of further lowering the electron
density at the RuII center. Upon changing the trans PPh2Me
arrangement to the chelating cis-1,2-bis(diphenylphosphani-
do)ethylene, the emission underwent a further blue shift,
which was revealed by the emission lmax at 609 and 559 nm
for 15 and 16, respectively.[48] Moreover, the emergence of
an IL 3pp* contribution for 16 is supported by the second
emission peak at lmax=581 nm concluded from the observa-
tion of the vibronic coupling. This is apparently caused by
the cis-arranged phosphane chelate, which reduced the
MLCT contribution at the lowest-lying excited state. Finally,
complexes 17 and 18 are essentially non-emissive at room
temperature. The result is plausibly attributed to the less
conjugated pyridyl groups that destabilize pp*/MLCT tran-
sitions, such that the lower-lying excited states possess an in-
creasing proportion of the MC d–d character.

As for the OLED applications, a multilayer device using
24 wt% of 14 as a dopant emitter in a CBP host and with
NPB as a hole transport layer exhibits saturated red emis-
sion with an EQE of 5.10%, luminance efficiency of
5.74 cdA�1, and power efficiency of 2.62 LmW�1, while in-
corporation of a thin layer of PEDOT/PSS between ITO
and NPB optimizes the result with EQE of 7.03%, luminous
efficiency of 8.02 cdA�1, and power efficiency of
2.74 LmW�1 at 20 mAcm�2. The non-ionic nature, high-
emission quantum efficiency, and short radiative lifetime are
believed to be key factors for this unprecedented achieve-
ment of the RuII emitters.

Comments should be made here regarding the upper-limit
of the color tuning for the RuII complexes. Unlike their
third-row analogues, due to the relatively weak ligand-field
strength and high oxidative potential, the MC d–d transition
in the RuII complex is expected to possess a smaller energy
gap and hence to appear at the lower-energy region. This
should manifest the interference of MC d–d transitions in
designing the RuII-based emitters particularly toward blue
color. One way to push RuII complexes toward blue may lie
in the use of strong p-accepting ligands such as CO. Howev-
er, the net results generally cause a decrease of dp energy
without too much destabilization of the ds* orbitals. In fact,
we have experienced inferior phosphorescence efficiency
once the designed ruthenium complexes reach the green-
yellow emitting region.[48] Circumventing such an obstacle
needs to call for certain challenging, breakthrough concepts.

Iridium-based emitters : Iridium-based emitters are consid-
ered to be the seminal generation of phosphorescence emit-
ters. As a general approach, replacement of one cyclometa-
lated C^N chelate in the homoleptic complex [Ir ACHTUNGTRENNUNG(C^N)3]
with an ancillary chelate (LX) afforded heteroleptic com-
plexes [Ir ACHTUNGTRENNUNG(C^N)2(LX)], in which LX=acetylacetonate
(acac), N-methylsalicyliminate (sal), and picolinate (pic).[49]

With this type of structural modification, even though the
emissions retain those of their parent complexes [Ir ACHTUNGTRENNUNG(C^N)3],
a minor dependence on the emission peak wavelength was

noted, which varies according to the nature of the ancillary
LX ligands. For instance, the observed emission lmax of such
heteroleptic complexes 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. Accord-
ingly, the pyrazole ligands, such as L1 and L2, and triazole
ligand, such as L3 and L4, 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
acac~L2>L4@L1>L3, it is not surprising to see that
complexes with LX ligands L1 or L3 display more blue-
shifted emission signals, while complexes with LX=L2 or
L4 would give rise to red-shifted emissions relative to their
parent derivative [Ir ACHTUNGTRENNUNG(C^N)3]. Recently, the dithiolate che-
lates, such as N,N’-diethyldithiocarbamate (Et2dtc) and
O,O’-diethyldithiophosphate (Et2dtp), with ligand field
strengths comparable to those of the tert-butyl-substituted
azolate, were utilized for preparation of the heteroleptic,
red-emitting IrIII complexes.[50]

Tuning the color to red : Cyclometalated [Ir ACHTUNGTRENNUNG(ppy)3] and its
heteroleptic analogue such as [Ir ACHTUNGTRENNUNG(ppy)2ACHTUNGTRENNUNG(acac)] have been ex-
tensively applied in fabricating green-emitting OLED devi-
ces,[51] while the strong emission occurring at lmax ~514 nm is
believed to originate from the mixed triplet states possessing
both IL pp* and MLCT characters.[52] From the MO theory,
it is anticipated that the LUMO and HOMO of the ppy
ligand are partially located at the pyridyl part and the
phenyl segment of the ppy ligand, respectively.[53] This is be-
cause that the phenyl group of ppy ligand carries a formal
negative charge, and the pyridine is formally neutral. Ac-

Scheme 1. Strategy for tuning the ligand emission to saturated-red and
the structural drawing for relevant red-emitting iridium complexes.
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cordingly, as shown in Scheme 1, replacement of one CH
group at the pyridyl fragment by a nitrogen atom would
give a pyrazine (step A) or a pyrimidine-substituted ligand
fragment (step B), or even addition of a CF3 group at the
pyrimidine (step B2), would show a decrease in the LUMO
energy level. On the other hand, the HOMO of these li-
gands remains unchanged, as they are mainly located at the
anionic phenyl group. Thus, after formation of the IrIII com-
plexes, such a hypothetical nitrogen atom substitution at the
cyclometalated ligand will cause an appreciable reduction of
the energy gap for both 3pp* and 3MLCT emission. This
tuning strategy involving direct nitrogen-for-carbon substitu-
tion at the p-framework should be as good as or even better
than the traditional method using the inductive effect of F
or CF3 substituents.[54] Further attachment of an extra aro-
matic hexagon into the ligand framework, for example,
using quinoxaline to replace the hypothetical pyrazine frag-
ment (step A1), quinazoline to replace pyrimidine (step B1),
or even using naphthalene to replace phenyl group
(step B3), should give a further decrease of the energy gap
by extended p conjugation. Therefore, tuning the emission
to the saturated red can be achieved using the cyclometalat-
ed ligands obtained after treating IrIII complexes with
steps A2, B1 and B3, together with utilization of pyridylazo-
late (or other chelating anions) as the third LX chelate,[55]

(e.g., complexes 19, 20 and 21). Further tuning of emission
to near-infrared (NIR) was accomplished by using a tailor-
made, functionalized benzoquinoxaline chromophore.[56]

Weak NIR emissions with lmax=910–930 nm and F=0.022–
0.004 in aerated CH2Cl2 were recorded, for which the rapid
radiationless deactivation may be governed by nearly tem-
perature-independent, lower-frequency motions such as the
in-plane bendings in combination with small torsional mo-
tions of accompanying phenyl substituents.

The OLED fabrication was examined by using 19 doped
in a tetraphenyldiamine-based hole injection/transport layer
(HTL) and poly(BTPD-Si-PFCB) as an electron-blocking
and an exciton confinement layer at the anode.[57] To realize
optimum efficiency, a layer of 1,3,5-tris(N-phenylbenzimida-
zol-2,yl)benzene electron-injection/transport layer (ETL)
was also applied at the cathode for hole blocking and exci-
ton confinement.[58] The device fabricated from a blended
polymer involving 5 wt% of 19 in PF-TPA-OXD gave a
maximum EQE of 7.9% and a maximum brightness of
15800 cdm�2, with CIE chromaticity coordinates of 0.65 and
0.34.[59] These results are outstanding for red-emitting
PLEDs with IrIII-based dopants.

Complex 20, which exhibited an emission lmax at 640 nm,
was also utilized for the preparation of PLEDs.[55] These de-
vices consist of a multilayer configuration ITO/PE-
DOT:PSS/PVK-PBD (30 wt%):x wt% 20/TPBI/Mg:Ag/Ag
(100 nm) (TPBI=2,2’,2’’-(benzene-1,3,5-triyl)tris(1-phenyl-
1H-benzimidazole)). At the doping concentration of
1.8 wt%, the device exhibited a maximum EQE of 3.15%, a
brightness of 1751 cdm�2 at 67.4 mAcm�2, and a maximum
brightness of 7750 cdm�2 at 21 V. The performance deterio-
rated substantially upon increasing the doping level to

5.3 wt% of 20, which was attributed to concentration
quenching and triplet–triplet annihilation.

Preparation of OLEDs using co-evaporation was realized
using complex 21.[60] The multilayer devices of the configura-
tion ITO/NPB (40 nm)/CBP:21 (30 nm)/BCP (10 nm)/Alq3

(30 nm)/Mg:Ag were prepared, with doping concentrations
varying from 7, 14, and 21% up to a 100% neat film compo-
sition, for which the configuration was adopted from those
reported by Thompson and Forrest.[61] Very bright emission
was observed at all doping levels, among which the best per-
formance was achieved using 14 wt% of 21, exhibiting a
maximum brightness of 12370 cdm�2 and an EQE of 8.1%
at 20 mAcm�2, but a slightly inferior CIE value of 0.62 and
0.37. It is notable that, in contrast to that of a typical phos-
phorescent OLED, the nondoped device employing 21 also
showed electroluminescence as high as 5780 cdm�2, an EQE
of 5.5% at a current density of 20 mAcm�2. Reduced p–p
stacking in solid state and a relatively short radiative life-
time (~1 ms) has given such exceptional performances.

Blue-emitting materials : Design and preparation of high-effi-
ciency blue-emitting phosphorescent complexes have been
experiencing considerable challenges.[62] This task is far
more difficult than those for preparing green and red-emit-
ting complexes. The key lies in the selection of chelating
chromophores that are suitable to form complexes with
large intraligand 3pp* and/or 3MLCT transition energy. To
achieve the required high efficiency, attempts have been
made through the use of strong-field ancillary ligands such
as cyanide, CO, or even phosphane ligands with an aim to
increase the HOMO–LUMO gaps.[46b,63] More recently, the
blue-emitting iridium complexes with formula [(dfppy)2Ir-
ACHTUNGTRENNUNG(L^X)] (dfppy=2-(2,4-difluorophenyl) pyridine and L^X=

picolinate (pic) or pyrazolyl borate ligands) were designed
and synthesized in a systematic manner.[64] These results
clearly demonstrate the feasibility and the methodology for
obtaining blue phosphorescence.

The pyridylazolate-based ligands were found to be highly
useful for such approaches. The first reported example is
complex 22,[65] which showed the blue phosphorescence with
the first emission lmax located at 461 nm, and exhibited a
hypsochromic shift of ~10 nm versus that of Ir–picolinate
derivative (FIrpic). This notable behavior is consistent with

the much greater p-accepting properties of pyridyl triazolate
chelate in 22 versus that of the picolinate ligand in FIrpic,
further lowering the electron density at the iridium metal
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center. In the case of the CF3-substituted complex 23, al-
though the CF3 group may exert a greater electron-with-
drawing effect, it showed a slightly blue-shifted emission
(lmax=459 nm) with respect to that of 22, while replacing
the triazolate with the tetrazolate chelate ligand gave com-
plex 24, showing the identical emission lmax at 459 nm.[66] It
is interesting to note that the room-temperature emission of
OsII complex 2, which is attributed to the 3pp* excited state
of the triazolate ligand L3, occurred at the much higher
energy of ~420 nm.[29] In addition, the emission of com-
plexes 22–24 exhibits notable vibronic progression 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 22–24 must possess a mixed 3pp* and
3MLCT character, in which the electron density is principal-
ly localized at the cyclometalated dfppy ligands and is thus
less sensitive to the change of the pyridyl ACHTUNGTRENNUNGazolate. A recent
DFT calculation on FIrpic and derivatives showed good
agreement with this delineation.[67]

The fabrication of OLEDs employing 23 and 24 and their
electroluminescence characterization have been described
by using a multilayer structure of ITO/NPB (30 nm)/mCP:
23 or 24 (30 nm, 7%)/TPBI ACHTUNGTRENNUNG(30 nm)/LiF (0.5 nm)/Al, in
which mCP=1,3-bis(9-carbazolyl) benzene.[66] 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 that contained 24 exhibited a
much more intense side band at ~490 nm that gives the CIE
coordinates of 0.15 and 0.24. On the other hand, the device
that contained 23 as emitter showed a significantly reduced
emission shoulder at ~490 nm that allows the electrolumi-
nescence to appear in the deep-blue region with better
CIE=0.14, 0.18. When an octyl chain is introduced at the 4-
position of the pyridyl group in L3, the resulting chelate
ligand can be used to prepare analogous octyl-substituted
iridium complexes for PLEDs with PVK blends.[68] The max-
imum brightness is 110 cdm�2 at 18 V, and the luminous effi-
ciency at 100 cdm�2 is 0.06 cdA�1, with CIE coordinates
being 0.14 and 0.26.

Moreover, Chi, Chou and co-workers have also prepared
a novel heteroleptic IrIII complex, 25, in an attempt to reach
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 emis-
sion envelop of [Ir ACHTUNGTRENNUNG(dfppz)3] starting from lmax~390 nm at

77 K, (dfppz)H=2,4-difluorophenyl pyrazole.[33] Thus, after
attaching the chelate L1 to a [IrACHTUNGTRENNUNG(dfppz)2] unit giving 25, the
ligand pp* character of L1 should dominate the excited
state manifolds, showing the required blue phosphorescence
with an additional ~30 nm blue shift relative to those of
complexes 22–24 (Figure 5). This is indeed what had occur-
red; however, the emission quantum yield turned out to be
rather low (F=0.007) in solution, making this molecular

design somewhat useless for fabricating of blue OLEDs.
The DFT calculation on 25 has again ruled out the MC d–d
transition to be the dominant deactivation process. Alterna-
tively, we speculate that, because the triplet states are in a
high-energy blue region, it would display a relatively shallow
potential-energy surface and may allow a fast surface-cross-
ing to the ground state. Although detailed insights into the
deactivation mechanism are still pending, the experimentally
extracted activation energy of 4.43 kcalmol�1 (~1550 cm�1)
of a related complex provides an estimate of the T1–S0 gap
at the surface-crossing section, while the pre-exponential
factor of 1.25Q1012 s�1 reflects the vibrational frequency of
the weakly bonding modes channelling into the major radia-
tionless pathway.

More recently, meridional IrIII complexes with three pyri-
dylazolate ligands were also successfully synthesized.[70] The
spectral data of 26 and its triazolate analogues demonstrate
an unprecedented dual phosphorescence, that is, blue (P1)
and green (P2) bands deriving from the intraligand and
ligand-to-ligand charge transfer states, TILCT and TLLCT, re-
spectively. The fast decay of the blue phosphorescence
(430 nm in 26) at room temperature is attributed to the
rapid conversion from TILCT to TLLCT states, for which the
TILCT and TLLCT states are nearly orthogonal to each other
and possessing mainly the ligand pp* character together
with a small extent (~10%) and an enhanced (20%) MLCT
character, respectively. The TILCT state is preferentially
populated after vertical (Franck Condon) excitation at RT,

Figure 5. Photoluminescence of iridium phosphors at room temperature
in CH2Cl2.
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as estimated by TD-DFT calculation. Subsequently, TILCT!
TLLCT transfer takes place with an energy barrier (~
6.9 kcalmol�1) possibly due to certain large-amplitude mo-
tions and bring out the weak TLLCT emission (P2, 530 nm).
On the other hand, the TLLCT population was expected to
decrease upon lowering the temperature, which then make
the TILCT!S0 transition (the P1 band) as the dominant decay
process. This scenario, involving the rapid conversion from
triplet TILCT to TLLCT states as depicted in Figure 6, has also
been supported by steady-state kinetics and the theoretical
approach.

Platinum-based emitters : Many PtII complexes were evaluat-
ed as the potential dopants or emitters for OLEDs.[71] Par-
ticularly, PtII–porphyrin complexes were the first and most
promising deep-red light-emitting dyes, despite their large
structural diversity found in the synthesized porphyrin
frameworks.[72] Furthermore, utilization of cyclometalated li-
gands or multidentate chelates or Schiff base ligands al-
lowed the successful preparation of yellow-, green-, and
even white-emitting OLEDs.[4b,73]

It is notable that the square-planar geometry of PtII com-
plexes allows formation of dimer, excimer, and even aggre-
gate through axial coordination, resulting in distinctively dif-
ferent photophysical properties when compared to the pre-
viously discussed, d6 octahedral metal complexes.[74] Thus, in
addition to the typical MLCT and ligand-centered pp* tran-
sition that occurred in the d6 complexes, a new type of elec-
tronic transition, denoted as metal-metal-to-ligand charge
transfer (MMLCT), became possible; this type of transfer
involves a charge transfer between the filled Pt–Pt bonding
orbital and a vacant, ligand-based p* molecular orbital.[75]

The pyridylazolate-based PtII complexes showed no excep-
tion from such behavior, and their photophysical properties
will be elaborated by systematically changing the ligand
design.

These pyridylazolate-based PtII complexes can be ob-
tained via treatment of the in-situ-generated pyridylazolate
anion with [PtCl2ACHTUNGTRENNUNG(dmso)2] in THF, or through a direct com-
bination of the respective azoles with K2PtCl4 in refluxing
ethanol.[76] Both methods gave the anticipated products in
good yields, and four representative molecular drawings are
depicted below.

As depicted in Figure 7, for the first complex 27, the
lower-lying absorption bands at 416 nm are assigned to the
transition incorporating a state mixing singlet and triplet
MLCT transitions and, to a certain extent, the intraligand
3pp* transitions. The strong singlet–triplet mixing is con-
firmed by the significant overlap between the UV/Vis ab-
sorption bands and the leading edge of the respective emis-
sion peak profile. Moreover, its emission occurred at 494 nm
(F=0.19; t=0.4 ms) in degassed THF.

Intriguingly, the absorption and solid-state emission spec-
tra of the second of PtII complex 28 are distinctively differ-
ent. Significant 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 the
electron-withdrawing effect of CF3 substituents, which
induce an increase of the p* acidity of the azolate and lower

Figure 7. The UV/Vis and emission spectra of 27 and 28 in CH2Cl2; emis-
sion spectrum 27-1 was recorded in CH2Cl2, while emission spectra 27-2
and 28-1 were recorded as thin film samples.

Figure 6. The proposed mechanism for the dual phosphorescence in 26.
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the PtII metal 5d energy level. Concomitantly, the higher-
energy pp* transitions, which are located at the UV region,
also display a similar hypsochromic shift due to the increase
of the IL pp* energy gap.[77] In sharp contrast, the solid-
state emission occurred at the much lower-energy position
compared to that of 27. As a result, the featureless solid-
state emissions observed are assigned to the MMLCT transi-
tion,[78] which is in sharp contrast to that of the emission
profile of 27 in the solid state, showing three distinct vibron-
ic peaks, a feature indicates the increased amount of 3pp*
character. The poor solubility of 28 in almost all organic sol-
vents confirms their high tendency to form aggregation, for
which the linear stacking arrangement with short Pt–Pt sep-
aration of 3.442 S was confirmed by single-crystal X-ray dif-
fraction study on its C3F7 analogue.

[76]

Moreover, the achievement of high luminescence efficien-
cy for pyridylazolate-based PtII complexes was realized by
constructing a skeleton that greatly suppresses the aggrega-
tion effect. A rigid blocker, such as the camphor-derived
functionality, was then incorporated into the above-men-
tioned PtII complexes to reduce the aggregation and sup-
press 3MMLCT transitions.[79] As such, these complexes
showed unprecedented bright phosphorescence (e.g. 29 :
lmax=553 nm; F=0.64 and 30 : lmax=635 nm; F=0.81) in
degassed CH2Cl2 solution at RT.

OLED devices fabricated using 30 as a dopant emitter
has been achieved in the multilayer configuration of ITO/
NPB/CBP: 30/BCP/AlQ3/LiF/Al. At a dopant concentration
of 12%, the device gave a bright red emission with lmax at
612 nm and a very high EQE of ~7% at a driving current of
20 mA. Upon increasing the doping level to 100%, electro-
luminescence peaked at 630 nm, EQE=3.2%, and a lumi-
nance efficiency of 3.5 cdA�1, and a power efficiency of
1.52 LmW�1 was achieved at 20 mA.[79] The reduced red
shift (18 nm) for the 100% doped device confirmed the non-
existence of aggregation for 30 in the solid state.

Concluding Remarks

This research concept of transition-metal-based “phosphor-
escence dyes” offers immense opportunity toward applica-
tions, particularly on the urgent need in OLEDs. Bearing
this goal in mind, in this concept article, we have presented
both the design of their molecular architectures stemmed
from their fundamental bases, and the succinct theoretical
background suited for depicting their excitation behaviors.
We also bring out a critical issue in that the photophysical
properties, such as lower-lying electronic transitions, the ra-
diative lifetime, and the possible radiationless deactivation
processes, can be rationalized. As systematic analyses have
been accumulated and formulated accordingly; those prop-
erties may even be predicted in a qualitative manner, saving
a great deal of trial-and-error synthetic efforts.

As for the ligand selection, it is remarkable that the pyri-
dylazolate-based ligands can react with a variety of metal el-
ements, covering second-row element RuII and third-row el-

ements such as OsII, IrIII, and PtII, to form various neutral,
stable and highly luminous coordination complexes. We also
demonstrate the power of merging theoretical and experi-
mental measurement of a new series of luminescent com-
plexes in rational way. A broad spectrum of color ranging
from blue to red has been achieved by derivatization of pyr-
idylazolate ligands as well as by variation of the electronic
properties of the central metal through adjusting the ancil-
lary ligands. Particular attention should be drawn to the RuII

complexes 12–14 for their potential capability to lower the
cost of OLED materials. In the case of neutral RuII com-
plexes, we trust that the strategy for averting the incorpora-
tion of MC d–d character into the lowest triplet state should
be equally applicable to other systems involving second-row
transition metal elements. Last but not the least, one pend-
ing challenge lies in achieving the efficient blue-emitting
phosphors, the success for which greatly demands ingenious,
creative concepts grounded by the fundamental basis.

In view of applications, we have provided several exam-
ples toward making all types of OLEDs with excellent per-
formance. On the one hand, it is possible that these pyridyl-
ACHTUNGTRENNUNGazolate-based metal complexes, after full optimization, will
eventually find certain industrial applications in the devel-
opment of OLED devices. On the other hand, the results as
well as the perspectives of our studies should spark a contin-
uous interest in the design and preparation of other lumines-
cent materials incorporating both main-group and transi-
tion-metal elements and for the development of inorganic
and organometallic photochemistry. For example, on the
basis of a similar principle, we believe that coarse- as well as
fine-tuning of emission toward near-IR region with high lu-
minescent efficiency is feasible, rendering their future appli-
cations in other arenas such as solar cell and near-IR imag-
ing, and so forth. We thus believe that this article should
provide a useful conceptual guide, on the platform of
OLEDs, to both nonspecialist readers and experts with a
new angle on a familiar problem.
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