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The design and characterization of metal—-organic complexes for optoelectronic applications is an active

area of research. The metal-organic complex offers unique optical and electronic properties arising
from the interplay between the inorganic metal and the organic ligand. The ability to modify chemical

structure through control over metal-ligand interaction on a molecular level could directly impact the
properties of the complex. When deposited in thin film form, this class of materials enable the fabrica-
tion of a wide variety of low-cost electronic and optoelectronic devices. These include light emitting
diodes, solar cells, photodetectors, field-effect transistors as well as chemical and biological sensors.
Here we present an overview of recent development in metal—-organic complexes with controlled mole-

cular structures and tunable properties. Advances in extending the control of molecular structures to

solid materials for energy conversion and information technology applications will be highlighted.
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1. Introduction

Metal-organic complexes, combining facile synthesis with tun-
able optical properties, have attracted much interest over the
past decades owing to their enormous potential application in
optoelectronic devices. For example, with the right set of
optoelectronic properties, metal-organic complexes may point
the way for the next generation of solar energy conversion,
replacing fragile, high-temperature processing semiconductor
materials with durable, low-cost printed plastic electronics.
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Fig. 1 shows important milestones in the development of
metal-organic complexes for optoelectronic applications.
Discovery of the first organic semiconductor copper phthalocya-
nine (CuPc) can be dated back to 1948." In the late 1980s, Tang
and Van Slyke at Kodak fabricated the first thin film light-emitting
diode using tris(8-quinolinolato) aluminum(i) (Alqs) as the emit-
ting layer.” Research into organic light-emitting diodes culmi-
nated in 1998 with the work of Forrest and co-workers, who
reported the discovery of organic light-emitting devices (OLEDs)
employing phosphorescent metal-organic complexes.® These pio-
neering studies have truly revolutionized our understanding of
the correlation between the chemical structure and optical proper-
ties of the complexes and also led to remarkable progress in
developing efficient optoelectronic devices at a moderate price.
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This review article provides an update on recent advances in
the development and implementation of metal-organic com-
plexes for optoelectronic applications. We begin by describing
the basic properties of the metal ion and organic molecule,
which have a strong influence on the performance of an
optoelectronic device. Next, a brief overview of typical lumines-
cence processes occurring in organic molecules or metal-
organic complexes will be presented, followed by thorough
coverage of the latest research on OLEDs involving metal-
organic complexes. The emphasis will be placed on the illustra-
tion of different types of fluorescent and phosphorescent
emitters, and on the discussion of recent efforts in device
configurations for high-efficiency OLEDs. The application
of metal complex-based donors in organic photovoltaics will
be covered in a subsequent chapter. The last chapter of
this review highlights the emerging field of triplet-triplet
annihilation upconversion through use of metal-organic com-
plexes. A major goal of this review is to provide illustrative
accounts on recent work and systematize our knowledge of the
subject, extracting fundamental principles from diverse
research topics.

2. Basic properties of metal—-organic
complexes
2.1 Metal ions

A key to the design of high performance metal-organic-based
optoelectronic devices is the understanding of the pivotal role
of metal ions involved in controlling the optoelectronic proper-
ties of metal-organic complexes.
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Fig. 1 Milestones in the development of optoelectronic complexes. Eley firstly demonstrated semiconducting behavior of CuPc complexes in 1948.%
The p-type CuPc was utilized by Tang to fabricate the first organic p—n junction solar cell with an efficiency of 1% in 1986.% In the following year, Tang and
Van Slyke demonstrated the first OLED with practical luminance using another complex emitter Algz.2 In 1992, a three-order nonlinear optical property
was observed for phthalocyanine complex ScPc,.° Baldo et al. in 1998 reported electrophosphorescence phenomenon using a red phosphorescent
complex dye 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine platinum(i) (PtOEP) as emitter.® In 2007, Wong et al. further improved the efficiency of
complex-based solar cells to a record of 5% with a Pt(i) coordination polymer.® In 2009, with light out-coupling technology, Reineke et al. achieved a
maximum power efficiency of 100 Im Wt in phosphorescent OLEDs, which was comparable to that obtained from fluorescent tubes.” In 2011, McCarthy
et al. demonstrated low-voltage driving active-matrix display pixels by integrating OLED cells into OTFT.® In 2012, the upconversion-emission

nanoparticle containing triplet—triplet annihilation system was firstly applied in bio-imaging by Liu et al®

2.1.1 Directing molecular coordination. The metal centers in
metal-organic complexes are endowed with tailor-made functional
capabilities that the organic components may not be able to
duplicate. For chemists, the availability of coordination sites on
metal enables unique structural design in the assembly of organic
molecules. The great versatility and directionality offered by metal-
ligand coordinative bonding allow for the precise control over the
shape and stereochemistry of the assemblies. With multidentate
ligands, metal-organic frameworks and coordination polymers
with high porosity and chemical stability can be realized. The
ability to tailor coordination geometry of the complexes is crucial to
the rational control over mechanical, thermodynamic, and optoe-
lectronic properties of the resulting metal-organic materials.

2.1.2 Enhancing radiative transition. For efficient optoelectronic
devices, molecules with high radiative rates are generally selected as
the emitters. As a rule of thumb, molecular rigidity reduces the
possibility of non-radiative transitions by decreasing vibrations,
thereby minimizing the intersystem crossing to triplet state and
collision heat loss. The complexation of metal ions by conjugated
organic molecules can improve structural rigidity and sustain many
excitation-emission cycles. As a result, these metal-organic

This journal is © The Royal Society of Chemistry 2014

complexes can exhibit enhanced fluorescence. Furthermore, the
involvement of metal orbitals in excited states is capable of inducing
new photophysical behaviors in pure organic compounds, such as
highly efficient phosphorescent emission. Indeed, the introduction
of heavy metal ions, such as Pt(u) or Ir(m), in molecules favors the
formation of the triplet states through rapid intersystem crossing
and thus enhances spin-forbidden phosphorescence.

2.1.3 Improving charge transport characteristics. The charge
transport characteristics of organic semiconductors are key
attributes that have important consequences for the device
performance of these materials. For practical applications, it
is important to realize high charge carrier mobilities within the
organic semiconductor. Notably, the transport processes in
these systems can be dramatically influenced by the addition
of metal ions. Transition metals feature delocalized valence
electrons and different oxidation states, which are beneficial
for charge carrier injection and transportation.

2.2 Photoresponsive organic molecules

Owing to the weak electronic delocalization, photoresponsive
organic materials have two distinctive features as compared to

Chem. Soc. Rev., 2014, 43, 3259-3302 | 3261
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their inorganic counterparts. One is the existence of well-defined
spin (singlet and triplet) states in isolated molecules. The lumines-
cence processes in organic materials are typically associated with
the excited states of molecules, while the luminescence spectra in
inorganic materials are attributed to either defects or impurities in
the host lattice or to the excited states of the isolated atom or ion. A
second important difference arises from the fact that the size of
excitations (Frenkel excitons) tends to be small in organic mole-
cular crystals, dominated by the strong coulomb interaction
between an electron and a hole. Thus, the molecular excitons with
a considerable amount of binding energy (0.1-1 eV) can be located
on one molecule.

2.2.1 Luminescence processes. It must be emphasized that
the luminescence spectrum is always investigated along with the
absorption spectrum of a particular molecule. Fig. 2 shows the
classic luminescence processes taking place in the m-electronic
system of organic molecules. A complex is luminescent if it
emits light upon absorption of a radiation. The absorption
process, governed by quantum mechanical selection rules,
occurs primarily between the ground state S, and the singlet
states Sy, S,, etc. Superimposed on each of the electronic levels
is a set of sublevels associated with the vibrational and rota-
tional energy of the molecule. The principal fluorescence
emission is generally induced by the transition from the lowest
excited singlet state S; to the ground state, irrespective of the
initial state excited. This can be ascribed to the rapid non-
radiative process of internal conversion between higher excited
states S,, Ss,. .., etc. and the lowest excited state S;. Nonradia-
tive processes can also be observed in intersystem crossing
from the singlet manifold to the triplet manifold and vice versa.
These singlet-triplet transitions, albeit forbidden by quantum
mechanics, will still occur but progress at significantly slower
time scales than singlet-singlet transitions. The radiative decay
from the excited triplet state back to a singlet state is known as
phosphorescence. For a given molecule, the probability of
nonradiative energy losses is much higher in the triplet state
than in the singlet state because of the substantially longer
lifetime of the triplet state. Phosphorescent molecules have
the ability to store light energy and release it gradually.
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Fig. 2 Jablonski energy level diagram showing principal luminescence pro-
cesses in an organic molecule (left: singlet manifold; right: triplet manifold).
The full and dotted arrows represent radiative and non-radiative processes.
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Pure organic compounds that exhibit room-temperature phospho-
rescence are very rare. However, the phosphorescence can be
enhanced by the addition of metal ions that promote intersystem
crossing via spin-orbital coupling.

The emphasis on the optoelectronic process can vary depend-
ing on specific applications. For organic photovoltaics, more
attention is paid to the excitation process of organic molecules.
The absorption spectra, corresponding to the excitation process,
of the organic molecules should match well with incident solar
energy to render high conversion efficiency. For light-emitting
applications, the center of attention is given to the luminescence
process which can be quantified by quantum efficiency. To
achieve a high quantum efficiency, one has to boost the prob-
ability of radiative transition and suppress the energy loss transi-
tions via vibrational relaxation or internal conversion. The relative
photoluminescence quantum yield (@) of organic compounds in
dilute solutions can be measured using conventional dyes as
references according to the equation shown below:

A; Dy ng :
=P, - — —- — 1
) As D, (nr) ( )

where A is the absorbance, D is the integrated area of the
emission peaks, and 7 is the refractive index of the solvent. The
subscripts s and r represent the sample and reference, respec-
tively. The absolute quantum yield is essentially the lumines-
cence intensity integrated over the entire spectrum using an
integrating sphere.

2.2.2 Energy transfer. Two common mechanisms of energy
transfer are the Forster or coulombic energy transfer mechanism
and the Dexter or exchange energy transfer mechanism (Fig. 3).

(@) Singlet-singlet Férster energy transfer
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Fig. 3 Schematic diagrams of (a) Forster energy transfer and (b, c) Dexter
energy transfer. D and A denote donor and acceptor, respectively.
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For highly efficient Forster resonance energy transfer (FRET) to
occur, three primary conditions need to be met: (i) the donor
and acceptor molecules must be in close proximity to one
another, typically in the range of 1 to 10 nmj; (ii) the absorption
spectrum of the acceptor must overlap the emission spectrum
of the donor; and (iii) the orientations of donor and acceptor
transition dipoles must be approximately parallel.'® The FRET
efficiency (E) depends on the inverse sixth-distance between the
donor and the acceptor as described in eqn (2):

R

E=—10_
R06+r6

)
where r is the actual distance between the donor and the
acceptor and R, is the Forster distance at which half the energy
is transferred. Note that R, is dependent on a number of factors
as expressed by eqn (3):

1
g [ Fo(A)eart d|°
[ Fo(7)ds

Ry =0211 (3)

where I'? is the orientational factor, n is the refractive index, #p,
is the fluorescence quantum yield of the donor in the absence
of the acceptor, Fp, is the normalized donor emission spectrum
and ¢, is the acceptor molar extinction coefficient.

In contrast, Dexter energy transfer can travel only short
distances (<1 nm) for both singlet and triplet excited states
as the exchange interactions are dictated by the wavefunction
overlap of electron clouds.'” The rate constant of Dexter energy
transfer is given by eqn (4):

k = CJexp {‘Tﬂ ()

where C is an experimental constant, J is the normalized
spectral overlap integral, r is the distance between the donor
and the acceptor, and L is the sum of van der Waals radius.

The degree of spectral overlap between donor emission
spectrum and acceptor absorption spectrum is clearly the
dominant factor in determining the efficiency of energy trans-
fer. To increase the probability of energy transfer, the excited
energy gap between the donor and the acceptor generally needs
to be controlled within the range of 2000-4000 cm™"'. Fortu-
nately, a wealth of synthetic strategies and technologies for
chemical synthesis allow for facile tailoring of the band gap and
energy levels of organic molecules owing to their structure-
dependent electronic properties.

3. Metal-organic complexes for OLEDs

An OLED is a thin, glowing component made of layers of
organic semiconducting materials. A typical multilayer design
is shown in Fig. 4. When a voltage is applied between two
electrodes, the cathode pumps electrons into the dye-
containing emission layer located between the two electrodes
while the anode supplies electron holes. These holes can jump
to the emission layer to form bound electron-hole pairs,
namely the so-called excitons. The return of the excitons to

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Device structures of prototype sandwich-structured OLEDs.

the ground state, i.e. the recombination of holes and electrons,
leads to a relaxation of the energy levels of the electrons in the
form of light. The design of sandwiched layers facilitates charge
injection and enhances the recombination rate of electrons
and holes.

Presently, the power efficiency of three-color OLEDs, given in
lumen per watt (Im W), can reach up to 100 Im W™ for
green,'” 30 Im W™ " for red,"* and 40 Im W™ for blue."* Similar
to fluorescent tubes, white-emitting OLEDs can show remark-
able efficiencies up to 100 Im W' through external out-
coupling technologies that reduce light diffusion and scatter-
ing.” To suppress the concentration quenching effect of the
emitters and improve device efficiency, the emission layer is
often prepared by blending guest emitters into host matrices.
The choice of the emitters is of paramount importance in the
device design as they affect recombination and radiative prob-
ability, and consequently determine the device performance,
including IV characteristics, brightness and power efficiency.
On the basis of different excited states, the emitters can be
classified into two categories: fluorescent and phosphorescent
metal-organic complexes.

3.1 Electrofluorescent complexes

The ability of fluorescent complexes with different peripheral
substituents to alter the emission profile of OLEDs is at the
heart of their role as light-emitting centers. Since the pioneer-
ing work of Tang and Van Slyke on Algs,” significant progress
has been made in developing highly efficient emitters or
electron-transport materials containing Zn(u), Mg(u), Be(u),
Al(m), and In(m) complexes.™

3.1.1 Electrofluorescent Zn(u) complexes. The interest in
Zn(u) complexes with Schiff bases and benzoheterocycles has
been recently boosted due to their strong photoluminescence
emissions in the blue region. However, organic electrolumines-
cent devices with a high luminance of ~1000 cd m~? and
photostability were reported only through use of a limited
number of Zn(u) complexes. Son et al. reported a series of
light-emitting Zn(N,0-OPh®**ArX), complexes (1-6)'*? in which
the emission can be conveniently tuned from blue to green by
introducing different substituents at the 4-position of the
oxazolylphenolate ligand. They found that the electron-
donating groups can induce a large red-shift of the emission,

Chem. Soc. Rev., 2014, 43, 3259-3302 | 3263
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while the electron-withdrawing groups only slightly shift the
emission wavelength. The authors attributed this notable
observation to the different influence of the substituents on
HOMOs of the complexes. Although these complexes showed
very low quantum yield of less than 20% in solution, the non-
doped devices containing the complex 3 gave rise to a high
luminance of 1720 cd m~? at 17 V with a moderate current
efficiency of 0.2 cd A™".

=N___ .0 R
Zn’
R 0~ W=
A0
1: R=—{ N 4 R=-{ Vo
F
2. R=-{ Y-ocH, 5 R=-—{ \F
3 R=-{) 6: R=—{ )-cN

A subsequent study by Xu et al. reported the synthesis of
blue-emitting Zn(i) complexes (7-9) using a phenylbenzoimi-
dazole ligand." The authors found that the presence of a
pendant N-hexylcarbazole group endows the complex 9 with a
deep blue emission at 422 nm and a high quantum yield of
64%. Additionally, the carbazole substituent provides improved
color purity and enhanced thermal stability with a decomposi-
tion temperature (Ty4) of greater than 400 °C. This improvement
is attributed to the largely elevated HOMO level (~ 0.6 eV) of the
complex due to the existence of the peripheral carbazole
moiety. These authors fabricated non-doped multilayer devices
using the compound 9 and demonstrated much improved
electroluminescence performance with a turn-on voltage of
4.5 V, a luminance of 2648 cd m~? and a maximum current
efficiency of 0.54 cd A", A parallel development by the group of
Li also reported the effects of the carbazole functional group on
the emission and electrical properties of the Zn(u) complexes

(10 and 11).**¢
QN’R 7: R=H
o N=
N W . _
Q N/Zn\O >\: 8: R=CH,CH, [
R/N© 9: R=~~~N Q

In 2009, Roh et al. investigated several green-emitting Zn (i)
complexes (12-15) with benzothiazole and its derivatives to
produce white-light emission."* Interestingly, the substitution
of an electron-donating methoxyl group in the Zn(u)-chelated
complex 13 triggered a large red shift in emission from 495
(Amax) to 524 nm in organic solvents. The incorporation of a
highly conjugated fluorenyl group in 15 induced a further
bathochromic shift of the fluorescence emission. The
authors argued that the large Stokes shift is due to the
intramolecular proton transfer at the excited state. In multi-
layer electroluminescent devices, these authors reported a high
luminance (1 ¢d m™? at 3.5 V, 10400 ¢d m~> at 14 V) for the
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fluorenyl-substituted Zn(u) complex 15. This group also exam-
ined the electron transport property of the complexes and their
suitability as electron-transporting layer materials as a replace-
ment of widely used Alqs.

MeZn
MOZn
HOZnC

RZ
R, Ou, I WO RO, | O
AL | “AlL
p N/|\N/ ' N~ lN/I\N/ |
| 0. o)
RO NOR, RO Y R
N
R, R,
16: R,=H, R,=H Alg, 23: R,=Me, R,=H AImND,
17: R,=Me, R,=H  AlMeq, 24: R, =Me, R,=Me AImmND,
18: R,=H, R,=F AlFq, 25: R,=Me, R,=Ph AImpND,
19: R,=Me, R,=F  AlMeFq,
20: R, =Me, R,=CF, AMeCFq,
21: R,=Me, R,=CN AlMeCNq,
22: R,=Me, R,=Ph AlMePhq,
R, R,
y | R, p IN\ R,
SN SNANF
Rz O’l,,, .\\\\‘O Rz N O’h,,‘ | “\u\o
“Ga’ | “In
/N/l\N/' N/IN/I\N/I
| o)
RO YR, RO | R,
_N
R, R,
26: R,=Me, R,=H GamND, 29: R,=Me, R,=H InmND,

27: R,=Me, R,=Me GammND,
28: R,=Me, R,=Ph GampND,

30: R, =Me, R,=Me InmmND,
31: R, =Me, R,=Ph InmpND,

3.1.2 Electrofluorescent group III-type complexes. Alq; (16)
is one of the most stable and fluorescent solid-state materials
with excellent electron-transport mobilities. It has been used as
a green emitter and a common electron-transport layer in
OLEDs. Its usual blue-green luminescence can be tuned
through the addition of substitutional groups (17-25).**'°
For example, the presence of methyl substituents in complex
17 leads to a blue shift of ~20 nm, which can be ascribed to the
increased LUMO levels. Further modification with F or CN
groups in complexes 18-22 can reduce HOMO energy levels,
resulting in a blue emission at ~480 nm. The steric hindrance
caused by double substitutions in 18-22 also increases their
quantum yields. The non-doped multilayer devices containing

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Emission images of AINDz;, AImNDs 23, AlmmNDz 24, and
AlmpND3 25 recorded in solution and solid state under irradiation by UV
light. (Reproduced with permission from ref. 16. Copyright 2009, American
Chemical Society.)

the Alq; complex 19 exhibited a low turn-on voltage of 3.5 V and
a high luminance of 31040 cd m 2 Measured maximum
external quantum and current efficiencies for the devices were
4.0% and 10.4 cd A™", respectively.

Liao et al. synthesized a series of group III (Al, Ga, and In)
metal chelates (23-31) with hydroxynaphthyridine derivatives
as chelating ligands.'® These metal chelates exhibit deep blue
emissions at 425-447 nm, wide band gaps and high thermal
stability. The authors argued that the addition of an electron-
donating group at the para-position of the pyridine ring pro-
motes LUMO energy levels. Aluminium chelates 23-25 exhib-
ited good fluorescence quantum yields around 45-47% in
dichloromethane solution. Among the metal chelates,
AlmmND; 24 has been shown to be the most efficient non-
doped blue emitter with a maximum emission at 432 nm
(Fig. 5). For AlmmNDj3-based OLEDs, these authors achieved
a high current efficiency of 2.00 cd A" and an external
quantum efficiency of 3.79%.
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It should be noted that most research activities have been
focused on Al(m) complexes with three ligands symmetrically
arranged around the metal center. This arrangement offers high
thermal stability and low probability of exciton quenching. How-
ever, a recent study by Xu et al. on a mixed-ligand complex of Al(i)
(AlgA; 32) has revealed that an asymmetrical arrangement of
ligands may offer improved electron-transport mobilities and high
electroluminescence efficiency.'” In contrast to OLEDs containing
Alg; complex 16, the devices utilizing complex 32 offer a larger
luminance (15650 cd m~> at 12 V) and a higher power efficiency
(3.03 Im W™ ). For performance improvement it is essential that
the mixed ligands impart high electron mobility and show no
interference of electron affinity. Another important contributing
factor for high device efficiency is that the molecular structure of
Alqg,A allows the facile formation of a uniform and smooth film.
The physical properties and electroluminescence performance of
representative fluorescent complexes is summarized in Table 1.

32

3.2 Electrophosphorescent complexes

The mechanism of phosphorescence involves intersystem
crossing characterized by the nonradiative conversion of the
initial excited state into another excited state of different
multiplicity. The second state acts as an energy reservoir.
Radiative decay back to the ground state can occur slowly if
spin-orbital coupling causes a breakdown of the spin selection
rule. As a result, the excited state of a phosphorescent complex

Table 1 Summary of physical properties and electroluminescence performance of fluorescent complexes

Photophysical
properties Device performance
Emission ¢  HOMO/ Emission  Voltage Max. brightness Max.
Emitter peak® (nm) (%) LUMO?” (eV) Device structure peak (nm)  (V)? (cdm™?) efficiency” Ref.
3 428, 463 8 —5.78/—2.45 ITO/NPB/3/BCP/Alqs/LiF/Al 430 — 1720 0.3, —, — 15b
9 422, 422 — —5.74/—2.49  ITO/NPB/9/BCP/Alq;/LiF/Al 452 4.5 2648 0.54, —, 0.4 15¢
12 —, 505 —  —5.33/—2.67 ITO/2-TNATA/NPB/12/Alqs/LiF/Al 495 <4.2 ~ 4000 1.84, 0.91 15e
13 —, 532 — —5.31/—2.77 ITO/2-TNATA/NPB/13/Alqs/LiF/Al 524 <4.8 ~2000 2.10, 0.91 15e
15 —, 532 — —5.81/—3.20 ITO/2-TNATA/NPB/15/Alq;/LiF/Al 513, 551 <3.5 ~10000 1.90, 1.17 15e
16 526, 508 15  —5.62/—2.43 PEDOT:PSS/NPD/16/CsF/Al — 5.5 52,300 4.6, — 1.4 15f
17 501, 489 38 —5.53/—2.32 PEDOT:PSS/NPD/17/CsF/Al — 3.5 15300 5.2,—, 19 15f
18 499, 484 35 —5.82/—2.60 PEDOT:PSS/MoO3/TPD/TCTA/18/ — 4.0 8570 0.6, —, 0.2 15f
TPBI/Yb/Ag
19 478, 482 57 —5.81/—2.44 PEDOT:PSS/MoO3/TPD/TCTA/19/ — 3.5 31040 10.4, —, 4.0 15f
Yb/Ag
20 482, 462 46 —5.78/—2.39  PEDOT:PSS/MoO;/TPD/TCTA/20/ — 4.2 16 800 10.1, —, 4.1 15f
TPBI/Yb/Ag
23 415, 431 45  —6.4/-3.0 ITO/NPB/CBP/23/Bebq,/LiF/Al 458 — 7140 1.8,1.0,1.8 16
24 416, 419 45 — ITO/NPB/CBP/24/Alq;/LiF/Al 432 — 4444 2.0, 0.9, 3.8 16
32 — — —6.49/—3.63  ITO/2-TNATA/NPB/32/LiF/Al 513 — 15650 4.35,3.03, — 17

@ Measured in solution.  Measured according to the analysis of cyclic voltammetric data and optical energy gaps. ¢ See the Abbreviations section
for full names. ¢ Turn-on voltage. ¢ In the order of current efficiency (cd A™*), power efficiency (Im W~') and external quantum efficiency (%).
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may survive for microseconds or even longer. Theoretically, the
internal quantum efficiency of phosphorescent OLEDs can
approach 100% because of the contributions from both singlet
and triplet excitons. Several excellent reviews on electropho-
sphorescent complexes and devices have appeared during the
past few years.'® Herein, we highlight recent advances in the
development of high-performance OLEDs by means of phos-
phorescent complexes for multicolor displays and white light
generation over a wide range of wavelengths.

3.2.1 Blue electrophosphorescent complexes

3.2.1.1 Blue-emitting Ir(m) complexes. An important example
of phosphorescence is provided by blue-emitting Ir(m) com-
plexes. These blue emitters are important for white light gen-
eration. One approach is to mix the blue phosphors with red
and green phosphors, each exhibiting a relatively narrow emis-
sion spectrum, to create a spectral power distribution that
appears white. Alternatively, the white light can be generated
by the use of phosphors together with a blue emitter. When a
yellow phosphor material is illuminated by the blue emitter, it
renders yellow light having a fairly broad spectrum. The
remaining blue light, when mixed with the yellow light, results
in white light. However, it has been challenging to prepare blue
phosphors with a high level of monochromaticity and photo-
stability. For example, iridium(m) bis[(4,6-difluorophenyl)pyri-
dinato-N,C?'] picolinate (FIrpic), one of the most popular blue
phosphors, emits at 475 nm with high electrophosphorescence,
but is prone to quenching at high concentration and under
large current density."®

The main approaches for achieving efficient blue phosphor-
escence include (i) increasing the energy gap by elevating
LUMO level or lowering HOMO level; (ii) introducing ancillary
ligands with strong field effects;*® and (iii) shortening the
effective conjugation length of molecules. For instance, Lee
et al.* recently demonstrated a large reduction (0.33 eV) in the
HOMO energy level of a phosphorescent Ir(m) complex (33)
bearing fluorine-substituted bipyridine (dfpypy) through func-
tional group modulation. The authors found that this complex
exhibits intense blue emission at 438 nm with high color purity
(CIE: x = 0.14, y = 0.12) and a higher photoluminescence
quantum efficiency than that of FlIrpic. The enhanced lumines-
cence was thought to be due to improved metal-ligand charge-
transfer. Density functional theory calculations of the complex
lent support to this hypothesis.

Lee and Kim demonstrated that the LUMO energy level of a
phenylpyridine-based Ir(i) complex (34) can be destabilized by
the addition of a methoxy group to the ligand.?* The authors
reported that the substitution of the electron-donating group in
complex (35) results in a blue shift in emission. In a parallel
investigation, Seo et al. reported a new series of highly efficient
deep-blue phosphorescent Ir(i) complexes (36 and 37) bearing
phenylpyridine-based ligands.”® The authors found that the
attachment of a trifluoromethyl (CF;) group to the phenyl-
pyridine ligand induces a bright blue emission at 454 nm due
to stabilization of the HOMO level. The multilayer OLEDs based
on complex 37 achieved a similar level of performance to that of
FIrpic-based devices.

3266 | Chem. Soc. Rev., 2014, 43, 3259-3302
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34: X=H
35: X=0Me

41 42

Ancillary ligands can interact strongly with metal ions, and
the phosphorescent properties of the complex stem in large
part from this interaction. Ancillary ligands with strong ligand
field often induce hypochromatic shifts when they are present
in a complex. This effect has been systematically investigated by
Di Censo et al. using a series of cyano-stabilized Ir(m) com-
plexes (38-42).>* Replacement of one phenylpyridine ligand
with two cyano groups leads to a blue shift (10 nm) in the
emission spectrum of the resulting complex 38.>* In a separate
study, the optical properties of complex (43) containing triphe-
nylphosphine ligands was analyzed.>® This complex was found
to exhibit a similar hypochromatic shift to that observed for
cyano-stabilized complex 38. The spin-coated polymer light-
emitting diodes comprising 43 revealed a moderate power

This journal is © The Royal Society of Chemistry 2014
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efficiency of 0.86 Im W' and an external quantum efficiency of
4.0%. The research groups of Kim>® and Ha*” have pursued the
development of blue-emitting phosphorescent Ir(ur) complexes
(44-48) by appending triphenylphosphine or triazolylpyridine
as the ancillary ligand to the metal center.

Ir(ppy),(PPh,)CI  44: X=CI Ir(CF,),Meppy](PPh,),(H)(C)
43 45 X = CN Ir[(CF,),Meppyl(PPh,),(H)(CN)

3)2

Ir[(CF,),Meppyl(PPh,),(H)(NCMe)] *

46
Z -
SN AL": deprotonated anion of AL
In(AL)
FNZ o o
Ne | AL: acac M AL: trzl-CMe,
HN SN
P2 47 N=

Ir(4-Me-dfpypy),(trzl-CMe,)
48

The wuse of N-heterocyclic carbene ancillary ligands,
equipped with very high triplet energy levels,*® allows for facile
construction of blue-emitting Ir(u) complexes.>® For example,
Chen and co-workers prepared (fpmi),Ir(dmpypz) (49) and
(mpmi),Ir(dmpypz) (50) that emit pure blue emissions at 455
and 466 nm, respectively.>* The multilayer devices based on 49
and 50 as the dopant emitter showed high external quantum
efficiencies of 17.1% and 15.4% with commission internatio-
nale de I’éclairage (CIE) coordinates of (0.13, 0.16) and (0.13
and 0.18), respectively.

Complexes 51-54, developed by Wu and co-workers,*" con-
tain nonconjugated N-benzylpyrazole ligands featuring a
methylene spacer. This design feature allowed the synthesis
of blue phosphorescent complexes with large energy gaps. The
methylene spacer serves to effectively interrupt the © conjuga-
tion on reacting with a third chelating chromophore. The
resulting complexes 51-54 have true blue emissions at 437,
464, 456 and 434 nm, respectively. It was suggested that
conjugated ligands not only reduce energy gaps, but also
partially offset the modification of HOMO and LUMO levels.
However, the electroluminescence performance of these com-
plexes was not satisfactory. Wu and co-workers®” later devel-
oped chelating benzyl carbene ligands to alleviate much of this
problem. The resulting two phosphors of (fbmb),Ir(bptz) (55)
and (dfbmb),Ir(fptz) (56) showed bright blue emissions at
460 and 458 nm with photoluminescence quantum yields of
22% and 73%, respectively. They successfully fabricated
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=Bu (fbmb),Ir(bptz) 57: R=H Ir(fppz),(bdp)
(dfomb),Ir(fptz) 58: R=F Ir(fppz),(dfodp)

vacuum-deposited, 56-doped OLEDs, achieving pure blue
emission with CIE coordinates of (0.16, 0.13). The electro-
luminescence efficiencies were also improved with a current
efficiency of 6.3 cd A™", a power efficiency of 4.0 Im W™, and an
external quantum efficiency of up to 6.0% photons per electron.

Replacing carbenes with high-field-strength chelating
phosphine ligands in nonconjugated systems can further tune
the emission color to the blue end. Chou and co-workers®* have
reported a breakthrough in the rational design of novel
Ir(fppz),(bdp) (57) and Ir(fppz),(dfbdp) (58) phosphors,
enabling the corresponding OLEDs to exhibit a true blue CIE
chromaticity of (0.15, 0.11) and an external quantum efficiency of
12%. Concurrent increases in the current efficiency (~11 c