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industrial attention for fabricating electrophosphorescent organic light-emitting diodes (PHOLEDs),
owing to their potential to harness the energies of both the singlet and triplet excitons after charge
recombination. Materials suitable for application in PHOLEDs have been actively researched in the
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Metallophosphors
Metallopolymers
Optoelectronics
Phosphorescent OLEDs

metallodendrimers and metallopolymers aiming at color tuning and multiple functions forms the
major focus of this review. In this way, different functional groups can perform specific roles such as
photoexcitation, charge transportation and phosphorescence so that highly efficient and simple elec-
trophosphorescent device structures can be developed. The electronic, optical, structural, photo- and

electroluminescence properties of these multi-component compounds will be surveyed and discussed.
This prominent class of organometallic compounds constitutes an attractive new class of electrophos-
phors that are thermally and morphologically stable, structurally diverse, and potentially important in

optoelectronic applications.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The past two decades have witnessed an explosion in the
research of organic-based optoelectronic materials for organic
light-emitting diodes (OLEDs), dendrimer light-emitting diodes
(DLEDs) and polymer light-emitting diodes (PLEDs) which are
promising elements for the huge-market share in the next gen-
eration of flat-panel displays [1-6]. Because of their thin-film,
light-weight, fast-response, wide-viewing-angle, high-contrast
and low-power attributes, OLEDs and alike promise to be one of
the major flat-panel-display technologies that can compete with
the currently dominant liquid-crystal displays (LCDs) [7]. For most
fluorescent-based compounds, only the singlet state is emissive,
resulting in a significant limitation in the OLED efficiency [8].
Hole-electron recombination in OLEDs gives rise to the generation
of both singlet and triplet excitons within the molecular thin film.
Models of spin statistics predict that the electron-hole recombina-
tion event should produce three times as many triplets as singlets
[9-11], and this has been confirmed experimentally for electrolumi-
nescent devices fabricated from small molecules [12]. For polymers,
there are reports of the singlet-to-triplet ratio ranging from 1:1 [13]
to 1:3 [14,15]. The singlet-triplet ratio is of considerable impor-
tance in high-performance OLED work because the radiative decay
of triplet excitons to the singlet ground state is formally forbidden
by a requirement for spin conservation [16]. Organic electrophos-
phorescent materials thus provided one of the key breakthroughs
in raising the electroluminescence (EL) efficiency, which is usually
limited to an external quantum efficiency of around 5% for devices
based on singlet-state fluorescent materials. One way to efficiently
harvest energy from the triplet states involves the incorporation
of third row heavy metals and these metal complexes permit the
opening of an additional radiative recombination channel because
of the strong metal-induced spin-orbit coupling, resulting in a
harvesting of up to nearly 100% of the excited states to photon
creation [17-28]. In light of this, research on electrophosphores-
cence in OLEDs, DLEDs and PLEDs has received much attention
in recent years. Heavy metal compounds of third-row iridium(III)
[27,28], platinum(Il) [8,22], osmium(Il) and second-row ruthe-
nium(Il) [21,24,25] can be used as emissive traps or dopants in
OLEDs, leading to higher quantum efficiencies for these devices.
Most of the fundamental concepts related to the development of
PHOLEDs are not covered here as they are periodically reviewed
elsewhere [17-28]. Interested readers are encouraged to consult
the previous literature references [17-28].

The pioneering success of the cyclometalated iridium(IIl) and
platinum(II) complexes with 2-phenylpyridine (Hppy) type ligands
in the field of electrophosphorescent OLEDs (PHOLEDSs) has trig-
gered substantial research attention in the design, synthesis and
EL characterization of this class of luminescent metal complexes
[18,27,29]. The high efficiencies of the PHOLEDs derived from these
complexes and their derivatives are ascribed to the energy harvest-
ing arising from both the singlet and triplet excitons in the radiative
emission process. The ease of emission wavelength tunability over
the entire visible spectrum, especially for the iridium(Ill)-based
phosphors, via modifying the cyclometalated ligand structure will

render them excellent emitters for efficient, full-color displays. All
of these unique features make heavy metal electrophosphors one
of the most attractive candidates for current OLED research.

Since the discovery of small-molecule organic green EL devices
on a multi-layer configuration of ITO/TPD/Alqs/Mg:Ag/Ag (ITO=
indium-tin oxide, TPD = N,N'-diphenyl-N,N’-bis(3-methylphenyl)-
[1,1’-biphenyl]-4,4’-diamine, Alqs = tris(8-hydroxyquinolinato)
aluminum) by Tang and VanSlyke in Kodak in the late eighties
[30], this research field has stimulated tremendous impetus to
develop OLEDs using organic or metal-organic compounds as
emitters. A successful OLED generally requires facile and balanced
charge transport as well as a high conversion efficiency of excitons
to light [31]. To fulfil these requirements, OLEDs often contain
a number of layers that individually perform the roles of charge
transport and light emission [32]. PHOLEDs that are constructed
with neutral molecular metal complexes typically consist of
the phosphor dyes embedded in an organic host matrix (e.g.
4,4'-N,N'-dicarbazolebiphenyl (CBP)) to prevent self-quenching,
sandwiched between multiple layers of charge transport materi-
als (e.g. 4,4’-bis[N-(1-naphthyl)-N-phenylamino]biphenyl (NPB)
as the hole-transporting layer, 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP) as the hole-blocking layer and Alqs as the
electron-transporting layer), followed by capping with a trans-
parent anode (e.g. ITO) and a low work-function cathode (e.g. a
bi-layer LiF/Al in which LiF serves as the electron-injection layer).
Each layer requires materials with the correct highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energies to either promote or disrupt the flow of
charge in the device [26,33]. Over the years, most of the efficient
devices are composed of multiple layers serving different func-
tional roles, i.e. hole transport, light emission, charge or exciton
blocking, and electron transport. There is a great potential to
excel in the exploration of new electrophosphors for simplifying
the sophisticated multi-layer EL cell configuration while still
maintaining the desired balanced injection and transport of holes
and electrons for high-efficiency devices. Since fabrication of
multi-layer devices is often tedious, difficult and relatively more
expensive than single-layer devices, recent work has proliferated
in solution-processed single-layer polymeric or dendritic PHOLEDs
as well which rival those from multi-layer devices in performance
[28,34-36].

2. Design concepts

Although there were a number of excellent reviews and fea-
ture articles dealing with the synthesis and PHOLED properties
of mono-functional transition metal complexes exhibiting room-
temperature phosphorescence [8,17-28], it was not until recently
that the parallel chemistry of well-characterized multi-component
congeners becomes a challenging field of endeavor in the research
community. In the following sections, we will provide a detailed
survey of these multi-functional metallophosphors, metalloden-
drimers and metallopolymers, with particular emphasis on work
published in the last 5 years or so. Here, the key roles of these special
chelating chromophores as charge-injection/charge-transporting



W.-Y. Wong, C.-L. Ho / Coordination Chemistry Reviews 253 (2009) 1709-1758 1711

units in phosphorescent light-emitting systems will be discussed.
This article cannot be considered an exhaustive review of the topic
but just a concise presentation of most recent examples, drawn from
the work performed in our or others’ laboratories, highlighting the
special features of the following structural classes of chromophoric
cores in molecular, dendritic and polymeric materials.

(1) Carbazole;

(2) Fluorene;

(3) Carbazole-fluorene hybrids;

(4) Arylamine and other related main group 13-16 moieties;
(5) 1,3,4-Oxadiazole;

(6) Arylamine—fluorene and arylamine-oxadiazole hybrids.

In the search for novel phosphorescent materials for PHOLEDs,
a good compromise of absorption and emission wavelengths (A
and Aem), phosphorescence quantum yields (@p) and lifetimes (7p)
must be considered. Written from the chemist’s point of view, a
systematic analysis of absorption and emission characteristics as
well as their energetic requirements (i.e. HOMO and LUMO levels)
necessary for the design of PHOLEDs is given as far as we can (see
Table 1), and their suitability as PHOLED phosphors is evaluated.

3. Structure-property-function relationships of heavy
metal organometallic electrophosphors derived from
multi-component chromophores

3.1. Carbazole

Research developments based on the use of carbazole ring as
the building unit for the design of branched molecules, oligomers,
dendrimers or polymers have aroused much attention in recent
years, however, most of them are confined to organic systems [37].
Many carbazole derivatives are known to predominantly trans-
port positive charge carriers in organic systems. For example,
poly(9-vinylcarbazole) (PVK) is often described as a unipolar hole
transporter whereas CBP is recognized to have a more bipolar trans-
port character [38,39]. It is well-known that carbazole group is a
good hole-transporting unit and PVK and other related carbazole-
containing polymers are especially important charge transport
polymers for OLEDs and as photorefractive materials for electro-
optic devices [40-43]. Typically, purely organic carbazole-based
compounds are high-mobility hole-transport materials with a tun-
able and high triplet energy level, and they are widely used as
the host materials for electrophosphors emitting different col-
ors [44-48]. It is highly desirable that the designed phosphor
can show improved charge-balancing features and permit a com-
plete energy transfer between the host and dopant in the device.
Interestingly, small-molecule iridium(Ill) complexes derived from
hole-transporting carbazole unit are attracting more recent atten-
tion. In order to get multi-component molecules essential for more
efficient charge transportin the EL process [3,49,50], the integration
of carbazole module and emissive iridium(Ill) complexes seems
to be a wise material choice for vacuum-evaporated or solution-
processed PHOLEDs. The following sections will highlight recent
advances in the synthesis and phosphorescent properties of heavy
metal organometallic chelates of carbazoles. In general, carbazole
derivatives with their ready structural functionalization at the 3-, 6-
, or 9-position have been extensively used as the hole-transporting
components in the construction of numerous photo- and electro-
luminescent devices.

A range of color-tunable and morphologically-stable 9-
alkylcarbazole-based heteroleptic iridium(Ill) and platinum(Il)
complexes 1-10 have been prepared and spectroscopically charac-
terized in which the hole-transporting and electrophosphorescent

functional groups are hybridized into one molecule [51,52]. The
crystal structures of 1, 3 and 6 were determined by the X-ray
diffraction method. A prominent color tuning of phosphorescence
emission from blue-green to orange-red is made possible by simply
altering the ligation of metal with carbon atom at 2- or 3-position
of carbazole unit in these linkage isomers. While the carbon atoms
at 2-/7- and 3-/6-position of carbazole have different electronic
density, where the 3-/6-position can be activated by the nitrogen
atom and hence more electron-rich than the 2-/7-site, the energy
level of carbazole-containing complexes can thus be tuned by sub-
stitution at the 3-/6- or 2-/7-position. The more electron-donating
3-position on carbon of carbazole pushes up the energy of metal
d orbital when it is ligated to the metal ion, resulting in a higher
HOMO than that of the less electron-donating 2-position and this
is accompanied by significant shifts of ~2700 and 2400cm™! in
emission energy for the iridium(Ill) and platinum(Il) complexes,
respectively. This approach is different from those commonly used
for other complexes in which the emission wavelength can usually
be shifted by changing the electronic nature and/or position of the
substituents on the cyclometalated ligands. Complexes 1, 3, 5 and
6 have been used as phosphorescent dopants in a configuration of
ITO/NPB/dopant:CBP/BCP/Alq3/LiF/Al which can attain very high
efficiencies. A maximum external quantum efficiency (7ext) of
11.0%, luminance efficiency (17;) of 31.6cd A1, power efficiency
(np) of 19.0lm W~ can be achieved for the green-emitting 3-doped
device whereas the corresponding values are 13.1%, 35.8cdA~!
and 25.0lmW-! for the orange-emitting complex 5. The device
made from 5 represents one of the best devices based on plat-
inum(Il) cyclometalates reported so far. The remarkable device
performance indicates the advantage of the carbazole ligand frag-
ment which has the capability of improving the hole-transporting
ability, and thereby facilitating the charge trapping across the
bulk for high-performance PHOLEDs. Phosphors 1-4 together
with the structurally related compounds 7-10 are also found to
be solution-processible emitters and have been used for making
PLEDs [53]. The PL spectra of 9 and 10 show vibrational fine
structures, suggesting that these complexes emit from a mixed
3MLCT/3(w-7*) state with more 3(w-m*) character than those
in 2 and 4, owing to the increase in ligand size. PLEDs based on
1-4 doped in a blend of 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-
1,3,4-oxadiazole (PBD) and non-conjugated PVK or conjugated
silsesquioxane-terminated poly(9,9-dioctylfluorene) host matrix
are highly efficient with peak efficiencies of 6.4% and 6.0cd A~!
for 2 and 9.6% and 21.4cd A-! for 4. The increased morphological
stability of 2 and 4 and the improved compatibility between the
polymer host and the complexes imparted by the long N-decyl
chains of carbazole can give rise to better device performance
than that for their shorter chain analogues 1 and 3 under an
identical device configuration. In a similar study, Bryce et al. have
fabricated solution-processed PLEDs doped with the homoleptic
iridium phosphors 7 and 8 which showed EL peaks at 590 and
500 nm, respectively, with poorer nex: values of 1.3 and 0.06% in a
simpler device structure of ITO/PEDOT:PSS/PSBF:TAD:7 or 8/Ba/Al
(PEDOT:PSS = poly(ethylenedioxythiophene)-poly(styrenesulfonic
acid), PSBF:TAD = polyspirobifluorene:bis(triphenyl)diamine) [54].
The higher turn-on voltage and lower device conductivity of
7-doped devices indicate a greater degree of exciton trapping for
7 as compared to 8, due to the lower triplet state energy of 7.
The marked difference in OLED performance between the devices
doped with 7 and 8 is attributed to the relative degree of energy
transfer between the host and guest species.

Different from other common iridium(Ill) complexes, a rarely
studied six-membered chelated iridium complex containing aza-
aromatic ligands 11 (onset decomposition temperature Tq ~360 °C)
is also known which exhibits significant solvent quenching effect
in degassed CH,Cl, solution at room temperature [55]. This
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Medium

Absorption
(293 K) )Labs
[nm]

Emission Aem [Nnm] 293 K (color)

Dp

Tp [Js] HOMOP

[eV]

LUMOP
[eV]

10

11

12

13

14

15

16

17

18

19

20

21

CH,Cl,

CH,Cl,

CH,Cl,

CH,Cl,

CH,Cl,

CH,Cl,

Toluene

Toluene

CH,Cl,

CH,Cl,

Film

CH)Cl,

CH,Cl,

CH,Cl,

CH,Cl,

CH)Cl,

CH>Cl,

CH)Cl,

CH,Cl,

CH,Cl,

CH,Cl,

289
344
478
518
289
344
478
518
323
420
453
323
420
453
274
335
383
452
299
326
373
400
335
350
445
468
520
565
320
330
350
385
425
460
500
300
341
450
269
332
454
300
360
378
322
378
430
291sh
316
398sh
281sh
315
400sh
286
318
399sh
288
312
402sh
293
315
396sh
250
301
325
358
435
300
325
356
434sh
302
323
434sh

594 (orange-red)

594 (orange-red)

511 (green)

511 (green)

560 (orange)

493
526sh (blue-green)

590 (orange-red)

505 (orange-red)

548 (yellow)

540 (yellow)

538 (yellow-green)

504 (green)

520 (yellow-green)

515 (green)

514 (green)

514 (green)

528 (yellow-green)

506 (green)

515 (green)

514 (green)

515 (green)

0.02

0.24

0.22

0.31

0.19

0.16

0.28

0.39

0.26

0.32

0.05

0.38

0.52

0.43

0.33

0.43

0.30

0.47

0.41

0.45

0.41

—4.69

3.22 (in PVK) —471

—4.88

1.57 (in PVK) —4.86

—4.91

-5.03

3.2

19

3.04 (in PVK) ~5.03

2.87 (in PVK) —4.386

0.18

0.46 —4.87

0.54 —-4.93

0.21 —-4.93

0.16 —5.04

0.18 —4.88

0.05 -5.03

0.16 -5.03

0.27 —-5.03

-2.30

-2.31

-2.02

—2.04

—2.49

-2.34

-2.35

-2.04

-2.24

-2.31

-1.95

—2.08

-1.84

-1.94

-1.98

-1.98

[51]

[52]

[51]

[52]

[51]

[51]

[54]

[54]

[53]

[53]

[55]

[56]

[57]

[58]

[58]

[59]

[59]

[59]

[59]

[59]

[59]
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Medium

Absorption Emission Aem [nm] 293 K (color) Dp Tp [ps]
(293 K) A s
[nm]

HOMOQP
[eV]

LUMOP
[eV]

22

23

24

25

26

27

28

29

30
31
33
34

35

36

37

CH,Cl,

CH,Cl,

CH,Cl,

CH,Cl,

CH,Cl,

CH,Cl,

CH,Cl,

CH,Cl,
CH,Cl,

Film
CHZ Clz

CH,Cl,

Toluene

Toluene

308 531 (yellow-green) 0.35 0.22
356
398
440sh
297 506 (green) 0.41 0.20
325
359
424sh
239 567 (orange) 0.19 0.58
322
375
405sh
475
234 620 (red) 0.19 0.68
268
327
388
450sh
234 624 (red) 0.16 0.72
267
328
393
455sh
232 628 (red) 0.30 0.79
331
363
399
499sh
232 628 (red) 0.27 0.82
265
321
364
405
500sh
263 523 (THF) (green) 0.65 (THF) 0.99 (film)
296
510 (THF) (green) 0.48 (THF) 0.78 (film)

515 (green)
239 520 (green) 0.65
297
313
345
376
412
457
492
239 522 (green) 0.87
297
313
349
376
414
460
493
242 615 (red) 0.19
265
288
297
333
348
433
476
519
561
(CH2CL>)
242 618 (red) 0.20 71 =0.012
268 72 =0.143 (film)*
286
298
335
350
434

71 =0.015 75 =0.075 (film)°

-5.10

—-5.01

-5.20

-4.96

—4.94

—5.04

—-5.01

—-5.06

-5.20

-5.27

-2.15

-1.92

-2.20

-2.43

-2.43

-2.49

-2.49

-1.99

-3.11

-3.19

[59]

[59]

[60]

(62]

[62]

(62]

[62]

(67]

(67]
(67]
[69]
[70]

[70]

[71]

(71]
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Medium Absorption Emission Aem [nm] 293 K (color) Dp Tp [s] HOMOP LUMQP Ref.
(293 K) Aaps [eV] [eV]
[nm]
519
561
(CHxCly)
38 Toluene 242 622 (red) 0.20 71=0.024 -5.39 —3.32 [71]
269 75 =0.155 (film)°
286
298
335
350
433
523
557
(CH,Cly)
39 CH,Cl, 250 630 (red) 0.45 0.85 —5.20 -3.09 [72]
370
440
530
40 CHCl, 286 570 (orange) 0.19 0.59 [73]
342
379
420
41a CHCl, 484 (blue) 0.20 —5.45 —2.87 [74]
41b EtOH 434 9.8 (77K) —5.54 -2.90 [74]
468 (77K) (blue)
41c EtOH 612 broad (red) —5.58 294 [74]
42a CH,Cl, 521 (green) 0.19 —5.12 -2.76 [74]
42b EtOH 435 -5.30 —2.98 [74]
492 (77K) (blue)
42c EtOH 456 —5.25 —2.97 [74]
488 (77K) (blue)
43a CH,Cl, 626 (red) (0.31 in EtOH at 17.4 (EtOH at 77 K) —5.20 -3.09 [74]
77K)
43b CH,Cl, 606 (red) 0.01 (0.76 in EtOH 14.4 (EtOH at 77 K) —5.31 -3.12 [74]
at 77K)
43¢ CHCl, 608 (red) 0.38 (0.52 in EtOH 15.7 (EtOH at 77 K) —5.47 -3.28 [74]
at 77K)
44a CHCl; 296 468 (blue) 0.41 1.30 (THF) [75]
343
379
44b CHCl3 395 512 (green) 0.33 1.43 (THF) [75]
343
382
44c CHCls 295 591 (orange-red) 0.10 1.34 (THF) [75]
342
408
44d CHCls5 297 600 (orange-red) 0.07 3.71 (THF) [75]
339
408
45a CH,Cl, 549 0.21 —5.04 —2.28 [76]
587sh (yellow-orange)
45b CH,Cl, 550 0.25 —5.02 —2.27 [76]
587sh (yellow)
46 Film 512 (green) [77]
47a CH,Cl, 553 (orange) 0.02 0.292 (THF) [78]
47b CH,Cl, 551 (orange) 0.05 0.453 (THF) (78]
48a CH,Cl, 517 (green) 0.12 0.963 (THF) [78]
48b CH,Cl, 514 (green) 0.15 1.082 (THF) [35]
49 1.0 (1,2-dchloroethane) [35]
50 1.2 (1,2-dichloroethane) [35]
51 5.4 (C,H4Cly) [35]
52 CH,Cl, 327 545 (yellow) 0.29 12 [81]
348
413sh
53 CH,Cl, 321 548 (yellow) 0.49 2.8 —5.02 —2.04 [82]
336
405
54 Toluene 330 545 (yellow) 0.59 (Aex =330nm) 2.8 [86]
412 0.24 (hex =450 nm)
449

470
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Table 1 (Continued )

Medium Absorption Emission Aem [nm] 293 K (color) Dp Tp [Js] HOMOP LUMOP Ref.
(293 K) Aaps [eV] [eV]
[nm]
55 Toluene 345 550 (orange) 0.61 [86]
401
449
470
56 Toluene 375 595 (orange-red) 0.63 [86]
441
513
57 Toluene 361 566 (orange) 0.16 74 [91]
(chloroben-
zene)
58 Toluene 377 566 (orange) 0.14 7.8 [91]
(chloroben-
zene)
59 CH,Cl, 360 652 (red) 0.19 0.74 [81]
376
450
500sh
570sh
620sh
60 CH,Cl, 327 563 (orange) 0.51 1.51 [57]
341
407
450
477
61 THF 313 625 (red) 0.11 1.31 (2-MeTHF) -5.01 -2.58 [92]
382
456
500
547
600
62 CH,Cl, 218 649 (red) 0.103 -4.82 -2.87 [93]
239
373
438
498
532
63 CH,Cl, 250 633 (red) 0.43 0.23 -5.31 -3.20 [72]
370
440
530
64 THF 530 (yellow-green) 0.76 [74]
65 Film 321 -5.53 -3.39 [95]
67a Film 380 445 (blue) 0.401 0.0024 [95]
67b Film 380 624 (red) 0.061 1.51 -5.80 -2.19 [95]
67c Film 380 625 (red) 0.050 1.20 —-5.80 -2.20 [95]
67d Film 380 628 (red) 0.047 1.10 -5.78 -2.22 [95]
67e Film 380 629 (red) 0.035 1.01 -5.77 -2.23 [95]
67f Film 380 631 (red) 0.031 0.52 -5.76 -2.25 [95]
68 Toluene 267 594 (orange-red) 0.08 134 [96]
340
69 Toluene 270 599 (orange-red) 0.11 2.56 [96]
328
387
70a Film 384 443w (blue) 0.12 71=3.8 [97]
620 (red) 7,=0.9¢
70b Film 384 443w (blue) 0.19 T1=3.7 [97]
620 (red) 7,=0.9¢
70c Film 384 443w (blue) 0.22 71=43 [97]
620 (red) T2 =1.5¢
70d Film 391 443w (blue) 0.40 71=4.0 [97]
620 (red) 7,=0.9¢
71a Film 380 440 (blue) [98]
590 (orange)
71b Film 380 440 (blue) [98]
590 (orange)
71c Film 380 440 (blue) [98]
590 (orange)
72a Film 380 450 (blue) [98]

565 (orange)
591sh
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Medium Absorption Emission Aem [nm] 293 K (color) Dp Tp [Js] HOMOP LUMOP Ref.
(293 K) Aaps [eV] [eV]
[nm]
72b Film 380 450 (blue) [98]
565 (orange)
591sh
72c Film 380 450 (blue) [98]
565 (orange)
591sh
73 CHCl3 343 607 (red) [99]
386
450sh
515sh
74 Toluene 293 425 (blue) [100]
375 440sh
517 (green)
75a Toluene 293 426 (blue) [100]
375 439sh
611 (red)
75b Toluene 289 425 (blue) [100]
375 439sh
613 (red)
76 CH,Cl, 294 552 (orange) 0.20 0.09 —5.04 -2.65 [101]
342 593sh
398
463
77 CHCl, 293 562 (orange) 0.12 0.09 -4.96 -2.54 [101]
347 605sh
466
78 CH,Cl, 294 560 (orange) 0.10 0.12 -5.09 -2.72 [101]
347 604sh
466
79 CH,(Cl, 295 566 (orange) 0.09 0.13 —-5.06 -2.67 [101]
366 608sh
466
80a CH,Cl, 294 621 (red) 0.027 (film) -5.35 -2.99 [103]
347
471
80b CH,Cl, 294 622 (red) 0.027 (film) -5.35 -2.99 [103]
346
466
81 CHCl, 553 0.10 -5.34 -2.12 [76]
581sh (orange)
82 Toluene 350 560 (orange) 0.30 4.8 [54]
360
400
418
465
490
550
83 Toluene 362 565 (orange) 0.39 74 [54]
382
415
425
465
490
550
84 Toluene 348 560 (orange) 0.32 4.4 [54]
360
395
420
460
490
550
85 Toluene 360 565 (orange) 0.31 6.6 [54]
370
420
460
490
550
86 CHCl, 320 524 (green) 0.75 [104]
87 CH,Cl, 320 510 (green) 0.68 [104]
88 CH,(Cl, 320 512 (green) 0.66 -5.05 -2.14 [104]
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Table 1 (Continued )

Medium Absorption Emission Aem [nm] 293 K (color) Dp 7p [js] HOMOQP LUMOP Ref.
(293 K) Aaps [eV] [eV]
[nm]
89 Toluene 263 594 (orange-red) 0.08 139 [96]
294
332
345
355sh
90 Toluene 263 599 (orange-red) 0.1 2.76 [96]
294
330
345
385
91 (0.5 mol% CHCl, 350 415 (blue) 0.29 —5.46 —2.24 [105]
Ir in feed) 595w (orange-red)
92 (0.5 mol% CHCl, 350 420w (blue) 0.56 —-5.49 —2.26 [105]
Ir in feed) 610 (red)
93 (0.5 mol% CHCl, 350 420w (blue) 0.65 —5.53 -2.20 [105]
Ir in feed) 580 (orange)
94 (0.5 mol% CHCl, 385 435 (blue) 0.60 —5.74 -2.21 [105]
Ir in feed) 610 (red)
95 (0.2 mol% CH,Cl, 350 580 (orange) 0.62 —5.75 -2.20 [105]
Ir in feed
96a Film 390 440 (blue) [106]
580w (orange-red)
96b Film 390 440 (blue) [106]
580w (orange-red)
96¢ Film 390 440 (blue) [106]
580w (orange-red)
96d Film 390 440 (blue) [106]
580w (orange-red)
97a Film 390 440 (blue) [106]
520w (green)
97b Film 390 440 (blue) [106]
520w (green)
97¢ Film 390 440 (blue) [106]
520w (green)
97d Film 390 440 (blue) [106]
520 (green)
97e Film 390 [106]
98 (0.5 mol% CH,Cl, 346 588 (orange) 0.203 (CHCl3) —5.47 -2.41 [107]
Ir in feed)
99 (0.5 mol% CH,Cl, 349 619 (red) 0.238 (CHCl5) —5.49 —2.41 [107]
Ir in feed)
100a Film 420 (blue) [108]
520 (green)
660 (red)
100b Film 420 (blue) [108]
520 (green)
660 (red)
100c Film 420 (blue) [108]
520 (green)
660 (red)
100d Film 420 (blue) [108]
520 (green)
660 (red)
100e Film 420 (blue) [108]
520 (green)
660 (red)
101 (0.5 mol% Film 350 620 (red) 0.238 (CHCls) -5.49 —2.41 [109]
Ir in feed)
102 (1.0 mol% Film 350 410 (blue) 0.25 —5.56 —2.50 [110]
Ir in feed) 575 (orange)
103 (1.0 mol% Film 350 410 (blue) 0.31 —5.50 —2.45 [110]
Ir in feed) 575 (orange)
104a Film 270 532 (green) 0.20 [111]
(3.0mol% Ir 320 574sh
in feed) 420
104b Film 260 531 (green) 0.34 [111]
(3.0mol% Ir 310 567sh

in feed) 430
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Table 1 (Continued )

Medium Absorption Emission Aem [nm] 293 K (color) Dp 7p [ps] HOMOQP LUMOP Ref.
(293 K) Aupe [eV] [eV]
[nm]

104c Film 260 531 (green) 0.27 [111]
(3.0mol% Ir
in feed)

330 569sh
420
105 (5.0 mol% Film 350 560 (orange) 0.09 [111]
Ir in feed)
450 601sh
106a Film 385 632 (red) 0.138 143 —-5.36 -1.78 [112]
106b Film 385 632 (red) 0.057 144 -535 -1.77 [112]
106¢ Film 385 631 (red) 0.047 1.01 —-5.34 -1.77 [112]
106d Film 385 635 (red) 0.042 0.99 —-5.34 -1.78 [112]
107 Film 625 (red) [112]
108 Film 345 638 (red) 0.075 0.98 -5.13 —-1.52 [112]
109¢ Film 383 422 [113]
444sh (blue)
622 (red)
110 CH,Cl, 262 528 (yellow-green) 0.13 0.10 ~495 ~1.81 [115]
269
320
367
399
450
111 CH,Cl, 247 525 (yellow-green) 0.70 0.18 -5.25 —-2.24 [115]
287
384
471
503
112 CH,Cl, 297 591 (orange-red) 0.25 0.12 —5.29 -2.29 [d]
336
407
506
113 CH,Cl, 255 530 (yellow-green) 0.48 0.1 -5.03 -1.92 [115]
293
388
465
502
114 CH,Cl, 253 525 (green) 0.53 0.1 —5.04 ~-1.92 [115]
291
388
465
502
115 CH,Cl, 243 497 (blue-green) 0.57 0.10 -5.15 -1.97 [115]
290
364
400
476
116 CH,Cl, 251 520 (green) 0.42 0.15 —5.15 212 [115]
289
322
376
423
499
117 CH,Cl, 247 527 (yellow-green) 0.91 0.25 —-5.45 —2.48 [115]
285
388
473
506
118 Toluene 257 533 (yellow-green) 0.14 5.00 —5.11 -1.98 [122]
301
379
393
450
119 Toluene 261 541 (yellow) 0.19 2.56 —5.38 -2.40 [116]
274
280
353
393
420
476
510
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Medium

Absorption
(293 K) Aabs
[nm]

Emission Aem [nm] 293 K (color)

Pp

Tp [ps]

HOMOQP
[eV]

LUMOP
[eV]

Ref.

120

121

122

123

124

125

126
127

128

129

130

131

132

133

134

137

138

Toluene

Toluene

Toluene

Toluene

Toluene

Toluene

CHCl,
CH,Cl,

CH,Cl,

CH,Cl,

CH,Cl,

CH,Cl,

CH,Cl,

CH,Cl,

CH,Cl,

CH,Cl,

CH,Cl,

289
334
419
513
576sh
264
272
281
349
414
473
508
263
279
347
412
467
505
282
403
430
481
255
291
322
414
445
502
263
280
356
395
422
478
513
375sh
275
360
469
303
400
495
300
503
312
439
580
300
420
470
300
422
448
520
312
376
436
461
530
293
327
409
471
246
291
361
418
456
251
296
367
422
454

605 (red)

535 (yellow-green)

530 (yellow-green)

505 (green)

527 (yellow-green)

550 (orange)

509 (green)
518 (green)

585 (orange)

611 (red)

671 (red)

555 (orange)

636 (red)

641 (red)

620 (red)

520
548sh (green)

518
545sh (green)

0.18

0.39

0.40

0.40

0.52

0.86

0.17

0.13

0.12

0.023

0.283

0.326

2.67

244

217

1.66

1.21

1.40

0.91

—5.16

—5.18

-5.22

—5.22

-5.21

—5.46

—4.99

—4.96

-5.04

-5.05

-2.39

-2.11

—-2.08

—-2.00

—2.08

-2.54

-2.34

-2.38

—2.55

-2.54

[116]

[116]

[116]

[116]

[116]

[116]

[56]
[122]

[122]

[122]

[122]

[122]

[125]

[125]

[57]

[138]

[138]
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Medium Absorption Emission Aem [nm] 293 K (color) Dp 7p [s] HOMOQOP LUMOP Ref.
(293 K) Aaps [eV] [eV]
[nm]
139 CH,Cl, 248 501 0.132 -5.25 -2.52 [138]
296 536sh (blue-green)
365
410
443
140 CH,Cl, 250 507 0.195 -5.22 -2.53 [138]
300 538sh (green)
373
412
445
141 CH,Cl, 246 500 0.35 -5.30 —2.45 [139]
298 529sh (blue-green)
355
424
465
142 CHCl, 230 479 0.44 —-5.47 —-2.40 [139]
312 510sh (blue)
369
432
468
143 CH,Cl, 238 470 0.32 -5.52 -2.39 [139]
323 501sh (blue)
402
436
472
144 CH,Cl, 241 466 0.10 -5.57 -2.38 [139]
313 498sh (blue)
397
434
469
145 THF 267 524 (yellow) 0.41 [140]
289
415
146 THF 269 512 (green) 0.10 [140]
300
407
147 THF 290 508 (green) 0.33 [140]
397
148 THF 290 519 (yellow) 0.19 [140]
415
149 THF 266 516 (green) 0.12 [140]
293
410
150 THF 261 569 (orange) 0.28 [140]
315
477
151 THF 290 536 (yellow-green) 0.65 [140]
344
445
152 CH,Cl, 388 497 (blue-green) 0.001 -5.79 -3.36 [141]
153 CH,Cl, 409 474 (blue) 0.003 -5.38 -3.45 [141]
154 CH,Cl, 309 555 0.12 0.08 -4.95 -2.93 [142]
375 595sh (orange)
415
478sh
155 CH,Cl, 297 564 0.13 0.11 —5.06 -3.13 [142]
387 607sh (orange)
408sh
478sh
156 CH,Cl, 303 498 0.039 58.3 -5.12 -2.36 [144]
364 569
382 628sh (yellow-green)
415
435
157 CH,Cl, 305 516 0.086 54.6 —5.06 -2.38 [153]
368 570sh
387 632sh (yellow-green)
423
440
158 CH,Cl, 31 538 0.17 25.0 -5.29 -2.34 [153]
326 582sh
363sh 624sh (yellow)
405

422
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Table 1 (Continued )

Medium Absorption Emission Aem [nm] 293 K (color) Dp Tp [ps] HOMOP LUMOP Ref.
(293 K) Aaps [eV] [eV]
[nm]
159 CH,Cl, 264 568 0.1 0.02 -5.22 -2.89 [150]
297 603sh (orange)
402
443
160 CH,Cl, 270 570 0.05 0.01 -5.20 -2.92 [150]
298 605sh (orange)
403
441
161 CH,Cl, 309 544 0.26 13 -5.15 -2.20 [151]
390 583sh (yellow-orange)
475
162 CH,Cl, 309 551 0.21 11 -5.14 -2.30 [151]
395 589sh (orange)
483
163 CH,Cl, 309 649 (red) 0.21 1.0 —-5.09 -2.48 [151]
375
455
559
164 CH,Cl, 309 540 0.18 8.2 -5.15 -2.38 [151]
364 580sh (yellow-orange)
406
422
165 Film 342 675 (red) —5.55 -3.55 [152]
440
166 Film 364 670 (red) —-5.65 -3.45 [152]
478
170 CH,Cl, 293 429sh 0.03 3.1 -5.50 -2.77 [156]
370 533
573sh (yellow-green)
171 CH,Cl, 294 471sh 0.02 7.0 —5.42 -2.72 [156]
372 533
570sh (yellow-green)
172 CH,Cl, 295 496sh 0.02 5.4 -5.29 -2.64 [156]
381 534
571sh (yellow-green)
173 CH,Cl, 294 468sh 0.7 3.1 -5.05 -2.48 [156]
385 534
572sh (yellow-green)
174 CH,Cl, 322 422sh 0.5 49 -5.69 -2.74 [156]
341 533
421sh 573sh (yellow-green)
175 CH,Cl, 307 479 0.5 4.1 -5.09 -2.45 [156]
337 535 (yellow-green)
421

2 sh=shoulder peak.
b The HOMO and LUMO energies were estimated by cyclic voltammetry.

¢ 11,7,: lifetimes were obtained by an exponential fit of emission decay curves. 4Unpublished data.

phenomenon can be attributed to the bipolar structure derived
from the electron-rich nitrogen atom and the electron-deficient
metal framework, so that rapid energy-transfer quenching, prob-
ably incorporating internal conversion and solvent collision
deactivation, occurs. Interesting emission color tuning from yel-
low at 570nm for the doped OLED device (10wt.% 11) to the
red at 652nm for the non-doped device is observed, which is
presumably due to the solid-state solvation effect. Complex 12
was also synthesized in which the 9-carbazole ring serves as
a potential hole-trapping moiety for fac-[Ir(ppy)s;] [56]. The ®p
of 12 is comparable to that of fac-[Ir(ppy)s] but its PL peak
is slightly blue-shifted by about 370cm~!. The oxidation state
of 12 becomes more unstable due to the addition of carbazole
unit (Eox =0.48 and 0.32 for 12 and fac-[Ir(ppy)s], respectively).
PHOLEDs doped with 12 (12wt.%) gave a peak next of 9.1% at
4.8V and a luminance of 14,600 cd m~2 at 13.6V using 1,1-bis[4-
(di-p-tolylamino)phenyl]cyclohexane (TAPC) as the hole-transport
layer. In another report, Lin and co-workers have described the
use of 13 containing benzoimidazole-carbazole mixed ligands in
PHOLED applications [57]. Phosphor 13 possesses high @p of 52% in

toluene at 293 K and its EL spectrum shows a green-yellow signal at
~530 nm with narrow full width at half maximum (fwhm) of 80 nm.
The device using 9,9-bis{4-[di(p-biphenyl)aminophenyl]fluorene
(BPAPF) as the hole-transporting layer gave impressive efficiencies
of 12.1% and 44cd A~! at 20 mAcm—2.

Recently, some electrophosphorescent multi-component irid-
ium(Ill) guest complexes 14-28 based on the rigid 2-[3-
(N-arylcarbazolyl)]pyridine possessing dual functions (i.e. light
emission and hole transportation) are available in the literature, and
they show improved charge-transporting properties and morpho-
logical stability [58-62]. The synthetic yields for these phosphors
are moderate to good. The X-ray crystal structures of 14, 18, 24,
25 and 27 were successfully established. All of them were oxi-
dized at less positive potentials than the parent iridium(Ill) ppy
and 1-phenylisoquinolinato (piq) complexes without the electron-
rich and electron-donating carbazole ring, indicating a greater
propensity for these complexes to lose an electron and to have a
lower ionization potential. This would lead to their better hole-
transporting abilities to favor the transport of holes and thus these
complexes can serve as promising dual functional triplet emitters.
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As far as the emission properties of 14-28 are concerned, green-
emitting metal chelates 14 and 15 emit strong phosphorescence
(Aem ~514nm) at room temperature in both solution and solid
states [58]. The first triplet energy levels (T; ~2.41 eV) of both com-
plexes are close to each other and that of fac-[Ir(ppy)s] (2.43 eV).
The @p values of 14 and 15 in CH,Cl, are ca. 0.33-0.43, relative
to fac-[Ir(ppy)s]. Each of the phosphors 14 and 15 shows a sharp
EL peak at 508 (fwhm=56 nm) and outstanding EL performance,
presumably thanks to the short 7p and good hole-transporting
properties of carbazole, which may help diminish the quenching
of the triplet exciton. The performance parameters of the device
can reach a maximum 7ex; of 11.6%, 1y of 38.0cdA~! and np of
23.9ImW-1, which outweigh those of fac-[Ir(ppy)s]-based device
by as much as 55% in nex: under a similar device structure [18].

Presumably, the carbazolyl structural moiety brings about a more
balanced electron and hole recombination in the host matrix of CBP,
and/or that the rigid carbazole spacers play a crucial role in allevi-
ating the self-quenching of the luminophores, and consequently
increase the EL efficiency. Given the ease of synthesis and per-
formance advantage inherent to these carbazole-based phosphors,
extension of the system to other emission colors is particularly
challenging. There are thus many merits of this prominent class
of carbazole-based Ir phosphors in high-efficiency PHOLED appli-
cations.
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14
15
16
17
18

X=H 25
Ir  X=OMe 26

Another series of homoleptic and heteroleptic cyclometalated
iridium(IlI) complexes containing fluoro- or methyl-substituted
2-[3-(N-phenylcarbazolyl)]pyridine molecular framework (15-18
and 20-23) has also been described in order to study the sub-
stituent effect of carbazole ring on the emission characteristics of
the resulting metallophosphors [59]. The optical, electrochemical,
photo- and electrophosphorescence traits of these iridium phos-
phors have been elucidated as a function of the electronic nature
and coordinating site of the aryl or pyridyl ring substituents. The
emission properties of these phosphors were correlated with the
results of density functional theory (DFT) calculations. We also
paid special attention to the effect of isomerism in governing the
functional properties of these phosphors and the resulting device
performance. Changing the substituents on the phenyl ring of 9-
phenylcarbazole, no matter whether they are fluoro or methyl
groups, does not show much influence on the emission spectral
features for 15-16 (or 20-21). These results indicate that the 9-
phenyl ring substituent on the carbazole unit plays a minor role
in governing the energy of the lower-lying transitions, plausibly
due to the blocking of electronic conjugation from the carbazolyl
nitrogen atom. For their corresponding geometrical isomers 17-18
(or 22-23), we note, however, that a greater substituent effect on
the emission position is achieved by attaching F or Me group to
the pyridine ring. While the pyridine ring contributes mostly to
the LUMO level, the electron-withdrawing fluoro group tends to
lower the LUMO energy and thereby decreases the energy gap of
the emitting excited state (15 versus 17, AA ~520cm™!; 20 versus
22, AL ~620cm™1). The electron-donating 4-methyl-substituted
complexes 18 and 23 show the highest energy gap, resulting in
a slight spectral blue shift in wavelength from that of 16 and 21,
respectively (AA~310cm~! for both series: 16 versus 18 and 21
versus 23). This can be attributed to the notion that an electron-
donating group on pyridine would increase the LUMO energy and
the HOMO-LUMO gap [33]. The steric effect of the Me group also
forces the carbazole-pyridine aromatic rings out of coplanarity
and twists the ligand, thus reducing delocalization and m-acceptor
ability of the molecule. This makes charge transfer event more
difficult that is accompanied by a spectral blue shift. PHOLEDs

X=X,=X,=H 19
X=F,X,=X,=H 20
X=Me, X, =X,=H 21
X=X,=H,X,=F 2

X=X,=H,X,=Me 23
X=X,=H,X,=CF; 24

X=H 27
X=0OMe 28

with outstanding device performance can be fabricated based on
these 9-arylcarbazole-based materials, which show a maximum
nL of ~43.4cdA-!, corresponding to Next of ~12.9% and np of
~33.41lmW-1 for the best device.

By incorporating a bulky, inductively electron-withdrawing
CF;3 group into the pyridyl ring, an interesting orange electrophos-
phor can be produced for 24 [60,61]. These orange-emitting
PHOLEDs can give a maximum 7 of ~40.2cdA-~!, correspond-
ing to next of ~12.4% and np of ~24.0lmW-1, Saliently, it was
also demonstrated that compound 24 can be used to afford
high-performance simple and color-stable two-element white
organic light-emitting diodes (WOLEDs) which are devoid
of voltage dependence by color mixing with a complemen-
tary blue fluorescent emitter in the device configuration of
ITO/MoO3/NPB/2% 24:CBP/NPB/0.75% DSA-Ph:ADN/BAIlq/LiF/Al
(DSA-Ph = p-bis(p-N,N-diphenyl-aminostyryl)benzene,

ADN =9,10-di(2-naphthyl)anthracene, BAIq = bis(2-methyl-8-
quinolinato)-(1,1’-biphenyl-4-olato)aluminum). The white light
devices exploit exciton-managed blue electrofluorescence/orange
electrophosphorescence (Fig. 1) and require less dyes and sim-
pler fabrication process. By using this new device design where
the host singlet is resonant with the blue fluorophore singlet
state and the host triplet is resonant with the orange phosphor
triplet level [63], the white light-emitting structure can achieve
peak EL efficiencies of 26.6cdA~! and 13.5lmW~-!. These are
generally superior to other two-element all-fluorophore or all-
phosphor OLED counterparts in terms of both color stability
(A(x, ¥)<=£(0.01, 0.01)) and emission efficiency [64,65]. As a
small device approximation, the maximum total power effi-
ciency (1¢) of the best WOLED can reach 23.0lmW-! (versus
n¢=12-17Im W~ for a typical incandescent light bulb). If a sky
blue styrylamine-type fluorescent material, BUBD-1 [64] uni-
formly doped in MADN is used instead with the configuration of
ITO/2-TNATA/NPB/x% 24:CBP/TPBI/3% BUBD-1:MADN/TPBI/LiF/Al
(2-TNATA = tris[2-naphthyl(phenyl)amino]triphenylamine,

TPBI = 1,3,5-tris[N-(phenyl)benzimidazole|benzene, MADN =2-
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Fig. 1. EL spectra of the 24-doped WOLED at different voltages in a configuration of
ITO/Mo0O; (5 nm)/NPB (100 nm)/2% 24:CBP (30 nm)/NPB (3 nm)/0.75% DSA-Ph:ADN
(40 nm)/BAlq (10 nm)/LiF:Al (1:100 nm) (see Ref. [60]).

methyl-9,10-di(2-naphthyl)anthracene), the best device reaches
peak efficiencies of 7.0%, 19.3cdA~1! and 11.1 Im W, Accordingly,
the peak n; of the best devices is 18.8 Im W-1 [61]. Such a stratagem
provides an improved color stability as the aging rate is determined
by only two emitters. In these fluorescent/phosphorescent-based
devices, the blue fluorescent dopant harnesses a majority of singlet
excitons, with the remainder of lower energy triplets diffusing
through the conductive host to directly excite the orange phosphor.
Diffusion of singlet excitons to the phosphor dopant is negligible
due to their intrinsically short diffusion lengths [63]. This archi-
tecture allows for increased np by resonant energy transfer from
the host into both the singlet and triplet energy levels, thus mini-
mizing the exchange energy losses caused by intersystem crossing
from the host singlet into a blue phosphor triplet state which is
commonly the case in all-phosphor-doped devices. This certainly
reveals a better efficiency/color purity trade-off necessary for the
future design of practical WOLEDs.

In accordance with the energy-gap law, the design and synthesis
of efficient red emitters is intrinsically more difficult. Generally, a
dilemma facing dopant-based red OLEDs has been realized in which
efficient and bright dopants are not red enough, and red-enough
dopants are not efficient and bright [66]. Highly efficient OLEDs
exhibiting saturated red EL with Commission Internationale de
L’Eclairage (CIE) chromaticity coordinates at x=0.67, y=0.33 have
attracted increasing attention for their applications in full-color
flat-panel displays. Very recently, highly efficient pure red PHOLEDs
based on multi-component iridium(IIl) electrophosphors function-
alized with hole-transporting carbazole modules have appeared
in a seminal paper [62]. These bifunctional complexes give a
peak efficiency of 11.8% with excellent CIE color coordinates of
(0.68, 0.32) and offer an attractive avenue to developing metal
phosphors with optimized efficiency/color purity trade-offs for
the pure red-emitting devices. They were made into PHOLEDs
either via vacuum thermal deposition or solution processing
techniques.

To date, we have gained a comprehensive understanding of using
rigid 2-[3-(N-arylcarbazolyl)]pyridine derivative as the building
unit in the phosphorescence color tuning of iridium(Ill) com-
plexes and reported highly efficient PHOLEDs spanning the color
range from bluish-green to pure red based on metallophosphors
14-28 (Fig. 2). Remarkably, the excited-state properties can be

PL intensity / a.u.
>ﬁ

400 500 600 700 800

Wavelength / nm

Fig. 2. Color tuning of the phosphorescence spectra of carbazole-based heteroleptic
iridium(IIl) phosphors in CH,Cl, at 293 K (see Ref. [59]).

manipulated through ligand and substituent effects which allow
the tuning of phosphorescence energies. The present work pro-
vides a new avenue for the rational design of multi-functional
iridium-carbazolyl electrophosphors by synthetically tailoring the
carbazolylpyridine ring that can reveal a superior device per-
formance coupled with good color-tuning versatility suitable for
multi-color display technology.

A convergent synthetic strategy was developed by Samuel et
al. for the preparation of solution-processible green phosphores-
cent iridium(IIl) dendrimers 29 (first generation, Ty ~412°C) and
30 (second generation, Ty ~309°C) with carbazole dendrons and
2-ethylhexyloxy surface groups [67,68]. The glass-transition tem-
perature (Tg) of 29 is significantly higher than that found for the
first-generation phenylene-based counterpart (193 versus 132 °C),
which is attributed to the higher molecular mass and the rigidity
imparted by the carbazole groups in the former case. No Tg was
noted for the higher-generation 30 within the limits of the exper-
iment, reflecting the increased molecular weight and number of
carbazole rings in 30. The photoluminescence (PL) properties of
these carbazole-containing dendrimers have been studied relative
to the model complex 31 and other dendritic systems with phenyl
moieties at the branching points of the dendrons. The neat film PL
quantum yields of 29 and 30 are significantly higher than those
for the corresponding phenylene-derived dendrimers and such an
improvement can be attributed to the increased steric demand of
the carbazole ring relative to the phenyl core, which reduces more
effectively the intermolecular interactions, causing the core to be
less emissive. Thin film hole mobilities of 29 also appear to be higher
than those of the phenylene-based counterpart. The same research
team also examined the triplet-triplet annihilation in neat films of
29 using the time-resolved PL method. The triplet-triplet annihi-
lation constant and exciton diffusion length of 29 in the film were
estimated to be 30 x 10~ cm3 s~! and 6 nm, respectively. The cur-
rent density for the effect to halve the device efficiency is 2.6 Acm~2
and the hopping rate is 9 x 108 s~1. The nearest-neighbor hopping
rate decreases exponentially with intermolecular spacing, signaling
that energy migration is dominated by the exchange mechanism
[68].
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Two green to yellow-green multi-functional phosphorescent
dendrimers 32 and 33 bearing the hole-transporting phenyl-
carbazole-based dendrons were also reported [69] which were
superior to those with phenylene-based dendrons by allowing
charge transport (or improving the hole drift mobility) via the car-
bazole units while retaining the phosphorescence of fac-[Ir(ppy)s]
core. Using the non-conjugated CH, linkage to bridge the car-
bazole moieties, this will render the materials more soluble and
prevent the triplet energy of the dendron from decreasing. The
PHOLEDs using a blend film of the first generation molecule 32
and an electron-transporting 1,3-bis[5-(4-tert-butylphenyl)-1,3,4-
oxadiazole-2-yl]benzene (OXD-7) showed high 7ex: at 7.6%, which
is better than the peak value of 5.2% for the device from 33. Since
holes transported through the carbazole units are trapped on the
fac-[Ir(ppy)s] cores and recombine with electrons there, OXD-7
molecules capable of transporting electrons must be positioned
close to the fac-[Ir(ppy)s] cores for optimizing the efficiency. In
this way, 32 will favor the recombination because its dendron
size is smaller and OXD-7 molecules can be in close proximity to
the iridium centers. Another pair of green-emitting dendrimers
34 and 35 has been examined by Wang et al. and a compari-
son was made to that for the model complex in the absence of
carbazole dendrons [70]. The T; energy states are very similar at
2.43-2.44 eV for 34-35 and the model compound but the quantum
yields increase steadily from 0.18 to 0.45 by increasing the dendron
size. Both phosphors 34 and 35 can be used for the fabrication of
high-performance solution-processible DLEDs. At the same lumi-
nance, the performance of 34- and 35-doped devices is much higher
than that of the non-carbazole-containing complex. The authors
attributed such an improvement to the higher @p of 34 and 35
and the ability of carbazole dendritic wedges to reduce the inter-
molecular interactions. With neat layers of 34 and 35, n values
of 17.3 and 29.6 cd A~ were realized, respectively, at a brightness
of 100cdm~2. On doping 35 into a N-(4-[9,3':6,9" |tercarbazol-
9'-yl)phenylcarbazole (TCCz) host, the peak 1 can be further
increased up to 57.9 cd A~1. The same research team very recently
described some solution-processible red iridium(Ill) dendrimers
36-38 up to the third generation based on oligocarbazole host den-
drons for both non-doped and doped red DLEDs and the results
are compared with their zeroth-generation prototype [71]. Com-
plexes 37 and 38 contain up to 6 and 14 carbazole rings in their
structures. All of them emit bright red light in toluene and thin
films, and the T, energy levels do not seem to vary with the den-
drimer generation. A decreased red shift in Aey from 36 to 38

suggests reduced aggregation between emissive metal cores upon
increasing the size of the dendrons. The oligocarbazole host as
the functional dendrons can take part in the redox process and
charge transport of the molecules as well as controlling intermolec-
ular interactions. Moreover, the improved performance may be
attributed to the high triplet energies (>2.9eV) of the oligocar-
bazole units, which prevent the back energy transfer from iridium
units to the peripheral dendrons, and the unique bonding mode
between the metal cores and the dendrons via N-position linkage
so that the optoelectronic properties of the iridium groups are not
significantly influenced by the dendritic structures. The best non-
doped device was obtained using 38 which gave peak efficiencies
of 6.3%, 41cdA! and 2.4lmW-1 at 5.5V with CIE coordinates of
(0.67, 0.33), and the device performance is well comparable to the
best ever reported for non-doped vacuum-deposited small molec-
ular phosphors (~6.0%). From the results of doped devices, their
Next increases gradually from the zeroth-generation to the third-
generation and the problem of carrier-mobility reduction with
increasing dendritic size, typical of the phenylene dendrimers, may
be largely relieved. The highest efficiencies at 11.8%, 13.0cd A-! and
7.21m W~ were observed for 38 at the 5 wt.%.

. 33
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Apart from the above cases in which the carbazole groups are
present in the cyclometalating ligands, complexes 39-43 are recent
examples of heteroleptic phosphors with the carbazole modules
incorporated into the third auxiliary ligand in the six-coordinate
iridium(IIT) skeleton [72-74]. An orange-red phosphor 39, whose
structure was characterized by X-ray crystallography, was devel-
oped as a non-doped triplet emitter which can be used to build up
efficient neat emissive layer PHOLEDs with peak efficiencies of 6.2%
and 3.5lmW-1. This is one of the best reported power efficiency
value for red emission in non-doped PHOLED devices. There is also
a good sign of slow efficiency roll-off at higher current densities
for such devices. To understand the role of carbazole addition, a

!
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reference complex of 39 in which the carbazole ring is replaced
by a hydrogen atom to give an acetylacetonate (acac) anion was
tested under the same device geometry. The lower efficiency of the
reference phosphor (1.10% and 0.26 Im W~1) corroborates with the
notion that 39 with a bulky carbazole-functionalized [3-diketonate
has a better hole-transporting property and a larger exciton recom-
bination area than the acac-congener, leading to the decrease of
intermolecular interactions between emissive centers and reduc-
tion of the triplet-triplet annihilation effect. A cationic species
40 containing imidazo[4,5-f]-[1,10]phenanthroline-carbazole
derivative was prepared and the effects of pH and anions on the
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photophysics and electrochemistry of this complex were studied
[73]. The emission wavelength of 40 was red-shifted significantly
upon addition of CF3COOH whereas the emission was quenched
completely in the presence of F~, CH3COO~ and H,PO4~ (with
binding constants of 3.86 x 104, 3.11 x 10* and 5.78 x 103 M1,
respectively). But other anions such as halide and nitrate ions
did not induce any quenching effect. The mechanisms for the
chemosensing and quenching phenomenon were briefly dis-
cussed by the authors. Although 40 has not been employed for
light-emitting devices, it sets out a new case in the exploration
of new applications of phosphorescent chemosensors for anions.
The synthesis and photophysical characterization of a series of
iridium(Ill) complexes 41-43 with various carbazole-coordinated
[3-diketonates were described. This study provides an opportunity
for tracing the effect of triplet energy level of diketonate ligands
on the photophysical and redox behavior [74]. It was found that
superposition of the state density map of the triplet energy levels
between the (3-diketonate and the cyclometalating ligand (C*N) is
the key factor in optimizing the emission features of the complexes
for the consequential OLED applications. The lowest excited state
is mainly determined by C*N but not the 3-diketonate unit when
the energy difference between the triplet energy levels of the
two parts is large. When such difference is very small, the lowest
excited state is governed by both components.
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A family of solution-processible norbornene-derived copoly-
mers 44 of controllable molecular weights featuring both the
phosphorescent iridium groups and a bis(carbazole)-based host
material were reported [75]. This design endows good solution pro-
cessibility and prevents phase separation of the metallopolymers.
The fundamental phosphorescent properties of the copolymers are
typical of the parent small-molecule iridium cores, and the polymer
chains do not interfere with these properties. Green and red PLEDs
based on all of these polymeric materials were fabricated in which
the highest efficiency of 1.9% at 100 cd m—2 was obtained for 44c.
These demonstrate the potential of these copolymers as emissive
materials for display and lighting applications.

Lu and Ding also prepared two interesting yellow-emitting den-
drimers 45 in which the presence of hyperbranched oligocarbazole
structure can maintain high triplet energy of the ligands so that
phosphorescence quenching in 45a and 45b can be avoided [76].
Both amorphous dendrimers show high Ty of 182 and 223°C,
respectively. There is no sign of blue carbazole emission in the
solution PL spectra of 45a and 45b, signaling an efficient Forster
energy transfer from the oligocarbazole substituted ligands to the
iridium(IIl) part. The EL performance of 45 was evaluated in the
ITO/PEDOT:PSS/45:TPBI/TPBI/LiF/Al cell and the best device was
obtained for 45b showing a maximum 5 of 4.3 cdA-1.
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Kim et al. then prepared a vinyl-type terpolymer 46 functional-
ized with both carbazole and iridium(IIl) complexes as side groups
which can be processed to make electrophosphorescent PLEDs
with peak nex: of 4.4% and np of 5.0lmW~! [77]. Comparison of
the PL and EL data in solution and film provides an experimental
support that the energy transfer from carbazole to iridium core
occurs primarily via the intermolecular energy transfer mechanism
with no sign of intramolecular energy transfer and this behaves
like fac-[Ir(ppy)s]-doped PVK. A weaker host emission in EL rather
than in PL shows that not only energy transfer but charge trapping
and direct formation of exciton in fac-[Ir(ppy)s] takes place in the
PLED. This work demonstrates that the idea of incorporating both
triplet-emitting metal complex in a polymer backbone and fluores-
cent chromophore will invoke new concepts in active materials for
the technological advancement of PLEDs. This would also pave the
way to solve the phase separation problem commonly observed in
the polymeric device. An efficient route to the synthesis of solvent-
processible fac-[Ir(ppy)s]-functionalized poly(9-vinylcarbazole)-
co-poly(styrene)s (47-48) and their parent non-carbazole
poly(styrene)s was developed which has potential to excel in the
future PLED applications [78]. The emission wavelength of these

OO AL
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polymers could be tuned from 550 to 515 nm by chemical reduction
of the Schiff base C=N linkage of 47 to an amine group in 48. The
reduced form of the metallopolymers 48 retained the phosphores-
cent features of the corresponding fac-[Ir(ppy)s3 ] unit, although they
have different localization of the excited state as revealed from the
transient absorption spectroscopic studies. The copolymers con-
taining carbazole have luminescence lifetimes that are comparable
to their analogues without the carbazole, suggesting that there is
no strong evidence for quenching of the 3MLCT state in the iridium
complex by the carbazole group. The ®p values of 48 (15% for 48a
and 12% for 48b) are much larger than those for 47 (2% for 47a and
5% for 47b). Likewise, a set of three random copolymers 49-51 with
a charge transport carbazole monomer unit and a phosphorescent
iridium monomer unit in the blue (49), green (50) and red (51)
regions were tested for their PLED performance in which the emis-
sive layer consists of a blend of iridium-containing polymer and a
suitable electron-transporting material [35]. Optimized devices for
49-51 led to next of 3.5%, 9.0% and 5.5% for the blue, green and red
colors, respectively. The authors also achieved white light emission
by color mixing of 49 and 51 (in ratios of 1:0.2, 1:0.1 and 1:0.01). By
controlling the energy transfer and light generation in the blue/red
emissive layer, the best efficiency for white PLEDs was 4.5%.
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3.2. Fluorene

Fluorene and its derivatives offer an important contribution
to the field of electronic materials [79,80]. They have attracted
extensive attention for their distinguished electronic and optoelec-
tronic activities. The ease of modification and knowledge of the
structure—property relationships of polyfluorene (PF) homopoly-
mers and copolymers continue to make the fluorene-functionalized
compounds very promising candidates in the development of
new functional materials. The fluorene structural moiety furnishes
a rigidly planar biphenyl unit within the molecular backbone.
Substituent derivatization at the C-9 position of the monomeric
fluorenes provides the prospect of controlling polymer properties
such as solubility, emission wavelength, processibility and medi-
ating potential interchain interactions in thin films. They are also
synthetically easily accessible and possess high thermal and chem-
ical stability as well as high PL quantum yields. Recent research
endeavor along this line has involved the use of fluorene-based
chromophores which hold great promise as highly stable and effi-
cient emissive cores in the synthesis of useful cyclometalated
iridium(IIl) complexes.

A group of 9,9-dialkylfluorenylpyridine ligands have been
employed in producing three structurally similar iridium(III) com-
plexes 52-54 [81-83]. They all emit at 545-548 nm in the solution
state and the emission wavelength is relatively independent of
the alkyl chain length. A marked bathochromic shift in the emis-
sion wavelength for 52-54 relative to fac-[Ir(ppy)s3] is attributed
to a larger m-conjugation system of the fluorenyl ligand. The yel-
low phosphor 53 was recently exploited in the fabrication of both
yellow and white PHOLEDs with excellent performance [82]. The
yellow-emitting device with 53 at the 2 wt.% doping concentration
shows the highest nex: of 10.3%, which corresponds to a peak 1
of 36.7cdA! and np of 17.7ImW~-1. The WOLED device consists
of a four-emissive-layer architecture (made of blue, green, yellow
and red colors) sandwiched by some charge-injection and charge-
blocking layers without the necessity for the more sophisticated
stacked design [84]. The excitons are effectively confined by the

properly interposed hole-blocking material, which helps the forma-
tion of the hole limitation region. With a proper position of the hole
barrier layer and the construction of a four-emission-layer structure
involving the use of 53, the resulting WOLED shows sound device
performance as well as very stable color even under operation
at high luminances. These WOLEDs have demonstrated superior
white light color stability/efficiency trade-off optimization. The CIE
coordinate differences Ax and Ay are confined to +0.015 as the
luminance increases from 13 to 14,806 cd m~2. The color render-
ing index (CRI) of the device is also very good, which varies only
very little (from 86 to 87) by changing from the normal direction to
80° off-normal at 12 V. The WOLED performance can be improved
by enhancing the outcoupling efficiency (noc) in which the lumi-
naire was optically coupled to the OLED glass substrate. Luminaire
increases the amount of outcoupled light by reducing wave guiding
in the glass substrate, hence enhancing noc [85]. After optimization
of the WOLED device structure for the electrical and optical per-
formance, the highest efficiencies can reach 13.0%, 23.4cd A~! and
12.4ImW-1, giving a maximum 7 of ~21lmW~-1,

Two iridophosphors with fluorene-modified phenylpyridine lig-
ands 55 and 56 were prepared [86-90]. They, together with
54, are isolated as amorphous solids (Tz=98, 110 and 83°C for
54-56, respectively) and are, therefore, resistant to crystallization
[89]. Each of them shows weaker transitions red-shifted from the
1(m—m*) band, corresponding to excitation to 'MLCT, 3MLCT and
3(m-*) states. Observation of the 3MLCT and 3(m-m*) bands indi-
cates strong spin-orbit coupling. Complexes 54-56 can be used
in the fabrication of single-layer PHOLEDs. Modest efficiencies of
0.10, 0.04 and 0.07 cd A~! were observed for 54-56, respectively,
for devices with a general architecture of ITO/PEDOT:PSS/neat
Ir complex/Ca/Ag. In all cases, the quantum efficiencies are ca.
0.1%. High-efficiency yellow-green polymer-based PHOLEDs can
be fabricated by doping 54 into a host polymer matrix of PVK
blended with the electron-transporting PBD [89]. The highest next
was 10% at a concentration of 0.3 wt.% 54 in PVK-PBD (40 wt.%).
The highest n. of 36cdA~! (pp of 2.5ImW-1) was observed
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at 45V. Brightness in excess of 8000cdm~2 was achieved at
75mA cm~—2. Emission from the dopant molecules in such devices
involves localization of the injected electrons and holes on the

I~
| -Ir

organometallic center. No evidence of phase separation in the films
of the devices was revealed by transmission electron microscopy
(TEM). The same research team also reported electrophosphores-
cence from a polymer guest-host system with 55 as the guest and
a blend of PVK and PBD as the host [86]. The PLEDs turned on
at ~10V and emitted green light at 550 nm. An nex: of 8% and a
ny of 29cd A1 were achieved at 1wt.% concentration of 55. The
devices exhibited no emission from PVK or PBD, even at 0.1 wt.%
doping level of 55. The results reveal that Forster energy transfer
plays a minor role in achieving high efficiencies in these devices.
Direct charge trapping appears to be the main operating mecha-
nism. Along the same line, these authors also demonstrated red
electrophosphorescent PLEDs with high brightness and promising
operational stability fabricated by blending 56 with a num-
ber of copolymer hosts including poly(9,9-dihexylfluorene)-co-
2,5-dicyanophenylene (PFO-CN), poly(9,9-dihexylfluorene) end-
capped with hole-transporting ditolylbiphenylamine (PFO-HTM)
and electron-transporting 5-biphenyl-1,3,4-oxadiazole (PFO-ETM)
[87,88]. High-performance devices with 1 wt.% 56 in PFO-CN exhib-
ited efficiencies of 3.0cd A1 and 1.5% at 142 cd m~2 [87] whereas
those in PFO-HTM and PFO-ETM at the same doping level gave val-
ues at 1.4 and 1.8cd A~ respectively, at 4.5mAcm~2 [88]. These
data suggest that end-capping PFO with hole-transporting and
electron-transporting groups offers a good strategy for tuning the
charge injection/transport without altering the electronic proper-
ties of the semiconducting polymer. The work was then extended
to the small-molecule host, 6,6-dicarbazoyl-2,2’-dihexyloxy-1,1'-

binaphthol, in which a bi-layered PLED containing an additional
film of Alqs yielded a luminance of 1,830 cdm~2 at 30V and a 1 of
2.5cdA-1 at 18 mAcm~2 [90].

I~
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X=H,R=CgH,; 61
K= Bl', R ZC(,HI:; 62

An in-depth investigation of the synthesis and photophysics
of 57 and 58 with extended oligo(fluorenyl)pyridine ligands was
made and the data were compared to those for the analogue 54
of smaller ligand size [91]. Their phosphorescence peaks originate
from the ligand-centered 3(m-m*) states rather than 3MLCT states.
As the ligand length is increased from 54 to 57 and 58, the strength
of spin-orbit perturbation on intersystem crossing and hence
heavy-atom effect rapidly diminish, leading to lower quantum
yields. Simple PLEDs with the configuration of ITO/PEDOT:PSS/Ir
complex:poly(9,9’-spirobifluorene)/Ca/Al were constructed for 54,
57 and 58 and the best results were obtained for 58 with 7ex: 0f 2.8%
and np of 4.3Im W~ at 30 mA cm~2. The peak nex values increase
with the ligand length and shift to higher current densities from
54 to 57 and 58. With longer complexes, there is less chance of
energy transfer back to the host but there is more transfer with
the shorter complex because the triplet energy of the phosphor is
greater than that for the host. Remarkably, exploitation of 57 in
the fabrication of stable and bias-independent WOLEDs has been
demonstrated in which a single active blend layer of 57 with a blue-
emitting fluorene-based polymer host was used. The compatibility
between the iridium guest and host ensures good homogeneous
mixing and the fluorene-like ligands prevent phase segregation and
enhance energy transfer from the host to the guest. The maximum
efficiencies obtained were 2.8% and 4.6 cd A~1.

A red-emitting phosphor 59 based on fluorenylisoquinoline was
reported to emit at 652 nm with @p of 0.19 in toluene [81]. The rigi-
dochromic shift of 59 is found to be large, indicating that the 3MLCT
excited state has a more polar structure than the ligand-centered
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3(m-m*) excited state. The introduction of an electron-rich fluorene
ring into the electron-deficient isoquinoline moiety is expected to
increase the donor-acceptor character of the whole ligand, which
gives rise to red-shifts of both absorption and emission spectra
of 59 with respect to the tris(1-phenylisoquinolinato)iridium(III)
fac-[Ir(piq)3] counterpart. Another yellow-orange phosphorescent
material 60 derived from fluorenylbenzoimidazole ligands is also
known with its crystal structure established by X-ray diffraction
[57]. Akin to the devices made from the carbazole-based ana-
logue 13, PHOLEDs made from 60 furnished an EL peak at 570 nm
(fwhm=70nm) with attractive efficiencies of 8.2%, 24.0cdA~!
and 6.8lmW-! at the benchmark current density of 20 mA cm~2.
The good performance has been attributed to the high solution
quantum efficiency of 60. Two saturated red phosphors 61 and
62 based on heteroleptic iridium(Ill) complexes containing 2-
fluorenylquinoline units were prepared and their utility in PHOLEDs
was studied [92,93]. The emission stems primarily from the 3MLCT
state due to the broad, featureless PL peak observed and the phos-
phorescence shifts to the red upon adding a large conjugating
and electron-accepting heterocyclic portion of the ligands. Com-
plex 61 with Tg of 92°C afforded PLEDs in a PVK/PBD host with
a pure red emission at 627 nm (CIE at x=0.68, y=0.32), showing
maximum efficiencies of 10.3% and 11.0cd A~! at 2.7 wt.% doping
level. The authors attributed such good performance to the short
7p of 61 (1.3 ws), which tends to suppress the triplet-triplet and
polaron-triplet annihilations and diminish the quenching of the
triplet exciton. Also, its highly amorphous nature due to the pres-
ence of long alkyl chains on the fluorene ring leads to a more
uniform distribution of the dopant in the polymer host. Surpris-
ingly, deep red PHOLEDs emanating from 62 appears less efficient
when the dye is being doped in the CBP host.

A fluorene-functionalized diketonate group is present in com-
plex 63 which gave EL efficiencies of 1.21% and 0.37ImW-! in a
non-doped device structure [72]. The performance is inferior to
that from 39 but is still better than the purely acac-based phos-
phor. Burn and Samuel’s groups have discussed the role of fluorene
surface groups in the efficiency enhancement of dendrimer 64 in
solution-processed DLEDs relative to the model compound without
the fluorene rings [94]. The presence of sterically bulky fluorene
side rings can improve the solubility as well as the solution pro-
cessibility and can thus enhance the PL quantum yield by relieving
the intermolecular interactions of the emissive chromophores. A
peak next of ~13% (n of 49.8 cd A~1) for the bi-layer DLEDs with
64:CPB blend and TPBI as the electron-transport layer is obtained
which outperforms that for the non-fluorene dendrimer (~10%,
38.0cdA1).

64

A series of charged iridium(Ill)-based small molecules 65-66
and their m-conjugated chelating iridium-tethered copolymers 67
were reported by Huang and co-workers [95]. Compound 65 serves
as the model for the copolymers 67 which are prepared from
the dibromo precursor 66 via the Suzuki polycondensation reac-
tion. The ionic metallopolymers (weight-average molecular weight
My ~9.6-23.2 x 103), which consist of the fluorene and bipyridine
units as the polymeric backbones, are thermally very stable (Ty
~324-414°C) and can cast good-quality thin films for optoelec-
tronic characterization. They all displayed good redox reversibility
in both p- and n-doping processes. Interesting energy transfer
events were observed for these compounds and 67 showed more
efficient energy transfer than for the corresponding blended sys-
tem. An almost complete energy transfer from the host fluorene
groups to the guest iridium cores was attained in the solid state
when the feed ratio was 2 mol% (i.e. for 67c). However, the energy
transfer was not complete even when the content of iridium com-
plexes was as high as 16 mol% in the blended mixture. While
intra- and inter-chain energy transfer mechanisms co-existed in
the energy migration process of this host-guest system, the former
process occurred more efficiently. These charged phosphores-
cent copolymers (with triplet emission peaks at 624-631 nm for
67b-e) are potentially appealing to the advance of optoelectronic
devices such as OLEDs and light-emitting electrochemical cells
(LECs). Afterwards, Bryce and co-workers developed some cationic
bis(cyclometalated) iridium(Ill) complexes bearing extended -
conjugated fluorenyl-anchored 1,10-phenanthroline (phen) ligands
68 and 69 [96]. The geometries and electronic structures for the
singlet ground state (Sp) and first triplet excited state (T;) of 68
and 69 were elucidated in detail using computational DFT calcu-
lations. Analysis of orbital localizations for the T; state has been
carried out and correlated to the experimental optical data. Both of
them are soluble in non-polar solvents and characterized by a broad
PL band at ~595 nm due to a combination of 3MLCT and 3(mw-7*)
states. This is consistent with the DFT data in which the HOMOs
are spread between the iridium center and the phenyl rings of the
ppy ligands whereas the LUMOs are mainly located on the pyridyl
rings of the phen ligand. The increased ligand conjugation length
in 69 causes an increase in its tp relative to that for 68. The good
film-forming properties and DFT results of these molecules render
them potential candidates for the future design of spin-coated LECs.
Orange-emitting LECs based on 69 were successfully made by the
authors.
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A significant step in the development of highly efficient OLEDs
was the addition of phosphorescent dopants to the emissive lay-
ers in order to harvest both the singlet and triplet excitons as light.
Important issues such as triplet energy confinement and phase sep-
aration must be considered. Holmes et al. have studied the triplet
energy back transfer in some solution-processible conjugated
polyfluorene polymers 70 carrying pendant red phosphorescent
iridium(III) groups via spacerless and octamethylene-tethered units
[97]. The Tg values of the polymers range 60-74 °C for 70. The emis-
sion yields for 70a-d are 12, 19, 22 and 40% (for PL) and 1.1, 1.7,
2.0 and 1.9% (for EL), respectively. The lower PL and EL efficiencies
of 70a-b than 70c-d suggest greater Dexter triplet energy trans-
fer in the former spacerless systems and more back transfer of
triplet excitons from the iridium phosphor to the PF backbone in
reducing the triplet population at the iridium complexes. However,
triplet energy back transfer is suppressed in 70c-d by the distance
imposed through the Cg alkyl-tether. The authors concluded that
the introduction of a long non-conjugated spacer between polymer
host and phosphorescent guest represents a viable design strat-
egy toward achieving higher efficiencies in PHOLEDs for which the
triplet energy levels of the host and guest are similar.

> PF,

1
= S
NN

2

,m=9.6,n=0.06 70a

,m=9.6,n=0.08 70c

0

=0,m=8.5n=0.18 70b
8
8, m=93 n=030 70d



1734 W.-Y. Wong, C.-L. Ho / Coordination Chemistry Reviews 253 (2009) 1709-1758

By covalently grafting orange iridium phosphor units to blue
fluorescent PF, two series of high molecular-weight white-emitting
copolymers 71-72 were prepared (Tg ~69-77°C) in which the
purity of white light can be controlled by variation of the x value
and the nature of quinoline ligand. Both the PL and EL spectra
of the polymer films show two main components corresponding
to the blue-emitting PF and orange-emitting iridium-containing
chromophore. With increasing the iridium complex content, the
orange emission intensity increases in both series. However, the
orange phosphorescence in 71 is stronger than that in 72 at the
same doping concentration. The iridium core contributes more to
the light emission in EL than that in PL, due to the charge-trapping
effect of the metal unit. In one instance, a white light PLED fabri-
cated from 71a was achieved with maximum 7, of 449 cdA-! and
np of 2.35lm W~ showing CIE color coordinates of (0.46, 0.33) at
6V.For 72a, the device exhibited a much better color purity at CIE of
(0.34, 0.33) but the efficiencies are significantly lower (0.81 cd A1,
0.421lmW-1) [98]. Another fluorene-based conjugated polymer
chelated with an iridium complex 73 was isolated which possesses
a bandgap of 2.2eV [99]. The ionization potential and electron
affinity of 73 are 5.4 and 3.2 eV, respectively, which compare well
with typical hole-transporting and electron-transporting mate-
rials. Polymer 73 has a very high thermal stability (Ty ~400°C)
which arises from the rigidity of fluorene groups and the relatively
large iridium organometallic portions attached to the main chain.
It is able to emit red PL and EL at 610 nm. Due to the bulky iridium
core, there is no observable excimeric emission in the polymer film.
Red PLEDs using CBP and PBD blended into polymer 73 showed
peak efficiencies of 3.19%, 4.71 cdA~! and 1.56 ImW~1.

x=0.005 7la
e x=0.02 7lc

A series of PF copolymers 74 and 75 substituted with both
iridium(Ill) complexes and carbazole or 1,3,4-oxadiazole periph-
erally functionalized dendrons on the side chain as well as their
derivatives were recently synthesized in an efficient manner using
“click chemistry” through the Cul-catalyzed Huisgen azide-alkyne
1,3-dipolar cycloaddition [100]. The methodology is simple and
modular, with potential to be expanded to other iridium and den-
dritic systems. These high-molecular-weight polymers displayed
good solubility and thermal stability (>300°C), which make thin
film preparation as well as the subsequent optoelectronic character-
ization amenable. In all cases, an incomplete energy transfer from
the PF chain to the phosphorescent centre was noted. Dual emission
peaks (blue from PFs and green (for 74) or red (for 75) from the irid-
ium core) were detected but the intensities of the triplet emission
in films were significantly higher than those in dilute solutions. This
was partially attributed to the close packing of polymer backbone
which enhanced the energy transfer.

x=001 72a
x=002 72b
x=003 72
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3.3. Carbazole-fluorene hybrids

There are also many reports on the use of a combination of
both carbazole and fluorene groups in the design of novel phos-
phorescent complexes and polymers for light-emitting devices. We
have recently presented the synthesis and photophysical studies
of several multi-functional phosphorescent iridium(III) cyclometa-
lated complexes 76-79 by coupling the hole-transporting carbazole
units to the fluorene-based ppy moieties [101]. The influence of the
coupling site on carbazole to the central fluorene ring in govern-
ing the EL behavior of the resulting complexes has been discussed.
Presumably because of their high molecular weights, they do not
sublime readily under vacuum and should preferably not be used
for evaporated PHOLED devices. As compared to the non-carbazole
capped parent complex 53 (A ps = 321,336,405 nm, Aem =548 nmin
CH,Cly), phosphors 76 (A s =294, 342,398, 463 nm, Aem =552 nm)
and 77 (Aaps =293, 347, 466 nm, Aem =562 nm) in the same sol-
vent show an obvious red shift in the absorption and emission
features in the presence of the electron-pushing carbazole moi-
ety which can destabilize the ground state by electron donation
for the complex. This is also the case for the complexes 12 and 76.
The attachment of carbazole derivatives extends the electronic -

‘@f?

XQA\Q’Q”G

conjugation framework of the ligands which can decrease the LUMO
energy levels. Extension of the m-conjugation through incorpora-
tion of electron-pushing carbazole units to the fluorene fragment
leads to bathochromic shifts in the emission profile, increases the
HOMO levels and improves the charge carrier balance of the result-
ing complexes because of the propensity of the carbazole unit
to facilitate hole transport. The HOMO levels of 76-79 are rela-
tively close to the Fermi level of PEDOT (—5.0eV), resulting in a
good hole-injection contact and an improvement in the hole car-
rier balance in the OLEDs. PHOLEDs using these multi-component
complexes 76-79 as the solution-processed emissive layers have
been fabricated which show very high efficiencies even without
the need for the typical hole-transporting layer. In the literature,
only a rather limited number of orange electrophosphors for OLEDs
are reported where almost all of them were fabricated by the
vacuum deposition approach [102]. Orange-emitting active layers
obtained by spin-coating are very scarce to date for PHOLEDs. These
orange-emitting devices doped with 76-79 can produce a maxi-
mum 7, of ~30.0cdA~! corresponding to next of ~9.6% and np of
~13.4ImW-1, The present work clearly confers a good platform
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for affording robust triplet emitters in the fabrication of solution-
processed efficient orange-emitting PHOLEDs through the design
of some multi-functional chelating ligands. Next, the orange color
from the 77-doped device can be coupled with the blue light for
color mixing to achieve multi-layer WOLEDs. The electrophospho-
rescent WOLED device structure studied is ITO/PEDOT:PSS/0.1%
77:CBP/15% [FIr(pic)]:CBP/BCP/Alqs/LiF/Al ([FIr(pic)] = iridium(III)-
bis[(4,6-difluorophenyl)pyridinato-N,C%picolinate). The peak EL
efficiencies are next=1.9%, n.=5.2cdA~! and 7, =2.0lmW-! and
the efficiencies can be maintained at 1.8%,4.8 cd A-' and 1.9 Im W~!
at the reference luminance of 100 cd m~2. The CIE coordinates at
0.1 wt.% 77 are located at (0.36, 0.42), close to those found in incan-
descent bulbs and tungsten halogen lamp (0.45, 0.41). It should
be highlighted that the fluorene-based chromophore in the emit-
ting layer prevents phase segregation and enhances energy transfer
from the host to the guest due to efficient overlap of excitonic
wave function (Dexter process) and host singlet emission and guest
absorption bands (Férster process) which reduces the loading level
(~0.05-0.30%) necessary for white light generation.
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Zhu and co-workers have elegantly attached 9-carbazole ring
to the red-emitting iridium-fluorene heteroleptic chromophore to
give 80a and 80b with 2-(2-pyridyl)benzimidazolate as the co-
ligand by using the post-Suzuki coupling synthetic route [103].
Here, the fluorene spacers are key to improving the solubility
and solution processibility and the hole-transporting carbazolyl
end groups are critical in driving the phosphorescence into the
red region at Aepy =622 nm and in increasing the amorphous mor-
phological stability (Tg ~123°C for 80a, 127°C for 80b). All of
these features render these hole-transport-enhanced iridium(III)
complexes great potential for use in solution-processible high-
efficiency doped PHOLEDs to address the fatal phase segregations in
the doped emissive layer. Another amorphous dendritic molecule
81 (T;=144°C) was also studied in which the oligofluorene den-
drons tend to lead to undesired phosphorescence quenching as
compared to the purely oligocarbazole counterpart 45 (®p=0.10
versus 0.21-0.25 for 45). The HOMO of 81 is lowered with respect
to 45, reflecting its higher ionization potential [76].
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m=0 80a
m=1 80b
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Two isomeric series of phosphorescent homoleptic iridium(III)
complexes with mixed carbazole(fluorenyl)pyridine ligands 82-85,
in which the carbazole moieties are bonded at the C-2 and C-3
positions to the fluorene ring, have been synthesized and their
redox and photophysical properties well studied [54]. They possess
very good solution processibility and are highly light emissive (®p
~0.30-0.39 in degassed toluene) at Aem =560-565 nm. Increasing
the conjugation length from one fluorene unit in 82 to two in 83
(or from 84 to 85) can red-shift both the !(w-7*) transitions and
to a lesser extent the MLCT bands to lower energies. The tp values
increase with the ligand size in the complexes from 7 to 82 and 83
(3.2-4.8 and 7.4 ps, respectively), suggestive of a weakening of the
spin-orbit coupling and an increasing amount of 3(w—m*) character
in the lowest energy excited state. Although marked changes are
seen in the emission features on changing the carbazole substitu-
tion from C-2 to C-3 for 7 and 8, the effect is greatly diminished
for 82-85 as the carbazole ring is not directly attached to irid-
ium. A convenient and fast synthetic route to the phosphorescent
iridium(Ill) dendrimers in three different generations containing
carbazole dendron units 86-88 was developed using the conver-
gent approach [104]. They consist of three, nine and twenty-one
carbazole rings in the dendritic structures, respectively. The 9,9-
dibutylfluorenyl surface groups were found to confer improved
solubility to these materials. All of them are essentially green triplet
emitters and their emission colors are relatively independent of
the dendron size. Ground-state molecular orbital calculations indi-
cated that while the LUMO was concentrated on the metal core, the
HOMO was delocalized over both the iridium group and the car-

bazolyl units in the dendrons. Accordingly, the delocalized HOMO
has the effect of increasing the hole-transporting properties of
86-88, which is manifested by the electrochemical properties in
which the increased carbazolyl character of the HOMO gave the
first oxidation potential being moved to the more positive val-
ues.

>1r
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Functionalizing the alkyl chains at the termini of 68 and 69 by
carbazole units resulted in two soluble and processible ionic irid-
ium(Ill) complexes 89 and 90 [95]. Significant red shifts in Aem
were observed relative to the parent complex [Ir(ppy).(phen)]*
(AX ~440cm™! for 68, 580cm~! for 69), which are consistent
with the extended conjugation involving the m systems of phen
and fluorene units. Spin-coated LECs based on 90 in the structure
of ITO/PEDOT:PSS/90/Al have been fabricated and tested. A peak
efficiency of ~9cdA~! has been obtained at 9V using a bi-layer

Ba/Al cathode. The devices operated in air with no reduction in effi-
ciency after storage for 1 week in air. An atomic force microscopy
(AFM) study suggested that with <1 nm deviation, the average sur-
face roughness is very low for a spin-coated thin film of 90 using
toluene solvent and microcrystallites of 90 can be observed as reg-
ular needles (~15nm in length), positioned perpendicular to the
film surface. The LEC performance of 90 does not differ much from
that fabricated using 69.
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Cao and co-workers have investigated extensively the electro-
phosphorescence of a series of highly efficient carbazole-fluorene-
based copolymers with cyclometalated iridium(IIl) chromophores
either as the side group or in the main chain. Conjugated fluorene-
alt-carbazole copolymers 91-95 of various comonomer feed ratios
were prepared in which the different phosphorescent iridium cores
were incorporated to the pendants of a diketonate alkyl chain on N-
carbazole ring [105]. The My values lie within ca. 51,000-188,000
with a narrow distribution (polydispersity index=1.7-2.2). The PL
efficiencies of 92-95 range from 56 to 75% whereas those for 91
are lower at 20-29%. The intense absorption peaks below 350 nm
are attributed to the spin-allowed !(m—-m*) transitions of cyclomet-
alated ligands, and the weak absorption bands around 420 nm
are due to the spin-allowed "MLCT transition. The strong visible
absorption peaks are assigned to the 3MLCT event, corresponding
to the individual iridium complex in each case. Based on the fact
that the PL spectrum of the host polymer and the absorption spec-
tra of the iridium guests can show good spectral overlap, it was
observed that there is an efficient Forster energy transfer from the
main chain of the copolymer to the metal complex and complete

quenching of the EL emission from the organic backbone occurs
even at 0.5 mol% metal content in the polymers. Electrophospho-
rescent PLED characterization results suggest that devices from
carbazole-based copolymers 91-93 outperform those from the
fluorene-based congeners (94-95) which indicates that carbazole
unit in the polyfluorene main chain at the 3,6-linkage renders the
hole-transport easier due to the elevated HOMO level of the copoly-
mer as revealed from cyclic voltammetry (CV) results. Also, the
higher triplet level of the copolymer host than the iridium guest
prevents triplet energy transfer from the guest to the host, thus
improving the device performance. In all cases of 91-93, the best
efficiencies were obtained for copolymers with an initial iridium
chelate content of 0.5mol% in the feed ratio and devices blended
with PBD by supplying a large number of electrons via electron
injection to inhibit the buildup of the space-charge due to trapping
of holes on the heavy metal complex. The device of 92 blended with
PBD exhibited the red EL maximum at 610 nm with peak 7ext 0of 4.9%
and n; of 4.0cdA-1at 7.7 V.
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Binary fluorene-based copolymers 96 and ternary copolymers
97 were also promising candidates for white light PLEDs by
mixing singlet and triplet emission within the polymer [106].
The efficiency and color purity of the devices made from 97 were
improved by adding fluorescent green benzothiadiazole unit into
PF backbone relative to those from 96. This can be attributed to
the exciton confinement of the benzothiadiazole moiety, which

permitted efficient singlet energy transfer from fluorene group
to benzothiadiazole and avoided the triplet quenching due to
the higher triplet energy levels of green phosphors than that of
PFE. This provides a good step forward in the molecular design of
white PLEDs. In essence, polymer 97e afforded pure white-light
emission showing excellent color purity at (0.31, 0.34) and peak 1.
of 4.6cdAT.
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x=02, y=0.005 97a =
x=02, y=001 97b O, O
x=02, y=003 97 I’

x=02, y=0.05 97d
x=03, y=003 97

In another report, the first examples of some novel copoly-
mers 98 and 99 with iridium phosphor linked to the polymer main
chains via auxiliary 3-diketonate units are known and opened the
door for more efficient device structures [107]. Both copolymers
are amorphous with high Tg of 152-175°C. The synthetic strat-
egy avoided the preparation of dibrominated bis(cyclometalated)
iridium(IIT) complexes. All of them show almost the same PL spec-
tra as their monomeric iridium units, allowing the versatile color
tunability by simply changing the metalated groups. These poly-

meric materials are highly desirable as emissive layers in PLEDs
and all of the fabricated devices show negligible efficiency roll-
off even at high current density, due to the covalent linkage of
phosphorophore into the copolymer chain. The best saturated-red
PLEDs with 99:PBD blend gave the highest efficiencies of 0.60%
and 0.34cdA-! at 39mAcm~2, which may either result from a
poor solid PL efficiency of the polymer or a lack of additional
charge/exciton confinement.
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An interesting series of metallopolymers 100 consisting of three
separate emission centers emitting the primary colors in the blue,
green and red regions were prepared which can be used to gener-
ate efficient white light emission [108]. Fluorene, benzothiadiazole
and iridium complex serve as the blue, green and red emitters,
respectively in 100. By mixing fluorescence with phosphorescence
emission arising from a single polymer, the PLED device with the
configuration of ITO/PEDOT:PSS/PVK/100b/CsF/Al displayed max-
imum efficiencies of 3.7% and 3.9cdA-! at 1.6mAcm2 with
excellent white CIE coordinates of (0.33, 0.34). The EL spectra com-
prise of main peaks at 420, 520 and 660 nm. While the PL and EL
processes arise from different mechanisms, white EL emission can
be attributed to the individual emission from blue-, green- and red-
emitters with the partial energy transfer from the wide bandgap
species to the narrow bandgap species and charge trapping on the
narrow bandgap emitters. This novel approach provides a useful
avenue toward white PLEDs from a single polymer associated with
the singlet and triplet chromophores in the main chain.

x=0.05, y=0.02
x=0.10, y=0.03
x=0.10, y=0.04
x=0.10, y=0.05
x=030, y=0.03

Another group of fluorene-alt-carbazole-containing copolymers
functionalized with Ir(C"N),(diketonate) units in the main chain
101 was reported in which the PL spectra are characterized by
saturated-red phosphorescence from the parent iridium complex
at 620nm [109]. Peak efficiencies of 0.60% and 0.34cdA-! were
achieved for the red PLED based on 101:PBD blend. In addition, the
efficient synthesis and characterization of electrophosphorescent
chelating polymers 102-103 were studied in detail in which
the iridium moiety appears in the conjugated backbone [110].
Efficiencies of the devices made with polymer 103 reach 4.1% and
5.4cdA-1 at 32.3 mAcm2. It is remarkable that the incorporation
of carbazole and iridium groups in 101-103 can reduce the barrier
for both hole- and electron-transport compared with the parent PF.
The more efficient energy transfer observed in 101-103 versus the

100a
100b
100¢
100d
100e
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corresponding blended systems of the same composition signifies
that intramolecular energy transfer is a more efficient process than
interchain interaction. Most importantly, the devices made from
101 to 103 show no notable efficiency decay with increasing driving
current density due to the suppression of concentration quenching
and triplet-triplet annihilation, which are the primary quenching
mechanisms for blended systems at high current density. Direct
introduction of the iridophosphor unit into the conjugated polymer
main chain helps simultaneously in realizing high efficiency and
simple processing of electrophosphorescent PLEDs. In addition,
phosphorescent main-chain iridium-chelating copolymers bearing
carbazole (104) and fluorene-alt-carbazole (105) spacers were
reported [111]. Three different photoactive difluoro-substituted
[Ir(ppy)2] cores with various auxiliary ligands were incorporated

into the poly(3,6-carbazole) backbone. Copolymers 104 are strong
green emitters with solid-state emission quantum yields up to
62% for 104b at the 5mol% of iridium in the feed ratio whereas
the yellow-emitting 105 has a much lower yield of 9%. This work
indicated that the 3,6-carbazolyl ring plays a vital role in serving
as the host for the green electrophosphorescent polymer guest.
The PLED device behavior blended with PBD is superior to that
with PVK, which is a good manifestation of the poor electron-
transporting capability of the iridium-chelating copolymers and
thus PBD needs to be used for effective charge balance. The best
device from 104b (5 mol% Ir monomer feed content) in a structure
of ITO/PEDOT:PSS/104b:PBD (30%)/Ba/Al furnished maximal effi-
ciencies of 2.2% and 4.4cd A~ at 10.3 mAcm™2.

R = CH, 102
R = C(CH3)3 103
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The teams of Fan and Wang have looked into the first liter-
ature study on saturated-red light-emitting properties of several
T-conjugated chelating polymers 106-108 with charged Ir(C"N),
units based on phen in the main chain through classical Suzuki
polycondensation method [112]. Polymer 108 differs from 106 in
the introduction of an additional carbazole functional moiety. The
energy-transfer, thermal stability, photophysical and redox proper-
ties of 106-108 were examined. They are all thermally very stable
(Tq ~390-415°C) and highly amorphous (Tg ~110-113°C versus
~103 °C for poly(9,9-dialkylfluorene)). Evidently, the charged irid-
ium moiety could function as both hole and electron traps, and the
carbazole incorporation causes a rise in the HOMO level in 108 rel-
ative to those without carbazole groups. While these guest-host
systems are not yet optimized in terms of device performance,
the addition of carbazole units into the iridium-based chelating
polymers does not seem to change the EL spectra (EL peak at

~634 nm), however, it gave better luminance and current density at
a given drive voltage. Conjugated PF-based materials grafted with
cyclometalated iridium complexes and hole-transporting carbazole
moieties 109 were reported by Chen et al. [113]. The HOMO and
LUMO energy levels of the red iridium core lie between those of
the main chain, permitting both hole and electron trapping dur-
ing the electrical excitation. Energy transfer from the PF chain as
well as a green electroplex due to the PF and side-chain carbazole
units to the red-emitting iridium complex can markedly enhance
the device performance. An efficient single-layer red-emitting PLED
device, with efficiencies of 1.6% and 2.8 cd A~! and a brightness of
65cdm—2 at 7V was obtained for 109f. The presence of carbazole
can significantly increase the EL efficiency and lower the turn-on
voltage.
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x=99.5 y=0.5 106a x=98 y=2 107
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3.4. Arylamine and other related main group 13-16 moieties

Generally, a large hole-injection barrier for organic mate-
rials often limits the device efficiency. Since most of the
hole-transporting materials reported are derived from aro-
matic amines, the incorporation of arylamine units into the
metallophosphor skeleton should be beneficial to the hole-
injection/hole-transporting properties of the resulting materials
and hence the EL efficiency. A homoleptic phosphor 110 was first
used in this regard in both doped and polymer-based devices
[56,114]. The EL maximum from 110 (~530 nm) was red-shifted as
compared to that from fac-[Ir(ppy)s | (514 nm), due to the electron-
donating effect of the arylamine group, which destabilizes the
HOMO level by the mesomeric effect and raises the HOMO level of
the former relative to that of fac-[Ir(ppy)s ]. The diphenylamine units
act as effective hole-trapping moieties and confer a better hole-
transporting capacity, therefore, 110-doped devices showed lower
operational voltage and higher EL efficiency than fac-[Ir(ppy)s]-
based devices under identical device structures. Using TAPC as the
hole-transport layer, devices doped with 10 wt.% 110 gave the peak
Next 0f 12.2% at 6.6 V and a high luminance of 51,900 cdm—2 at 13 V.
High-efficiency electrophosphorescent PLED devices based on 110
was also demonstrated by Ma et al. in which a 110:PVK blend con-
sisting of both NPB and TPBI showed 7, as high as 25.2cd A~ at
0.85mA cm~2 [114]. The introduction of NPB and TPBI in PVK layer
improves the balance of the charge carrier injection and trans-
port, and largely inhibits the buildup of space charge caused by
direct trapping of charge carriers on dopant 110. We also fabricated
highly efficient PHOLEDs (doped with 8 wt.% 110) which showed a
very attractive performance (7ex; of 13.9%, 1, of 60.8cd A1, np of
49.11mW~1, Liax 0of 48,576 cd m—2 at 12.3 V).

It is anticipated that non-metallic functional main-group ele-
ments show distinct electronic features according to their intrinsic
nature. In view of this, a series of bluish-green to red-orange
(ca. 498-582 nm) phosphorescent tris-cyclometalated homoleptic
iridium(IIl) complexes fac-[Ir(ppy-X)s3] (X=NPh,, POPh,, B(Mes),,
SiPhs, GePhs, OPh, SPh, SO,Ph, 110-117) was developed by Wong
and co-workers [115]. The crystal structures of 110 and 117 have
been determined. Each of them showed very high Tg in excess of
157 °C and their highly amorphous nature in the solid state can be
attributed to the branched and twisted configuration of the sub-
stituted main-group moieties as the pendant antennas although
the ligand size of the complexes is relatively small. By chemically
manipulating the lowest triplet state character of fac-[Ir(ppy)s]
with some functional main-group 13-16 moieties on the phenyl
ring of ppy, a new family of metallophosphors with high &p,
short 7p and good hole-injection/hole-transporting or electron-
injection/electron-transporting properties can be obtained. They
exhibit appealing characteristics such as highly emissive 3MLCT
excited states at room temperature and facilely tunable emission
color in the visible spectrum. Remarkably, all of these iridium(III)
complexes show outstanding electrophosphorescent performance
in multi-layer doped devices which surpass that of fac-[Ir(ppy)s].
Other than 110 as described above, highly efficient PHOLEDs have
been fabricated which can reach the maximum nex: of 12.3%, n.
of 50.8cdA~1, np of 36.9ImW-1 for 113, and 10.1%, 37.6cdA~ !,
26.11lmW-1 for 117. These results provide a completely new and
effective strategy for carrier injection into the electrophosphor to
afford high-performance doped PHOLEDs suitable for various dis-
play applications.

The work was also extended to another series of heteroleptic
iridium counterparts 118-125, whose solid-state structures were
all ascertained by X-ray crystallography in our recent seminal paper
[116]. Because of the more weakly m-bonding ability of the oxy-
gen atoms in the acac ligand compared to ppy, such color-tuning
venture would be expected to be even more effective for the het-
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Fig. 3. Phosphorescence color tuning of 118-125 triggered by tailoring the phenyl
ring of ppy with various main-group moieties (see Ref. [116]).

eroleptic series 118-125 (Fig. 3) [116] than that for 110-117. The
color tuning can be achieved by shifting the charge-transfer char-
acter from the pyridyl groups in some traditional iridium ppy-type
complexes to the electron-withdrawing main-group units, which
is conceptually different from the classical color tuning protocols
reported in the literature [117]. These iridium(IIl) complexes show
PL spectra with the emission maxima ranging from ca. 505 nm to
605 nm. Interestingly, the complexes with electron-withdrawing
groups (i.e. 119, 120 and 125) show bathochromic shifts in their
MLCT absorptions compared with other complexes in the series and
the parent complex [Ir(ppy)2(acac)] (520 nm). Generally, the emis-
sion spectra of iridium(Ill) complexes show hypsochromic shifts
when an inductively electron-withdrawing group (such as F) is
introduced to the phenyl moiety of ppy [118-121]. On the con-
trary, complexes 119, 120 and 125, with an electron-withdrawing
group on the phenyl moiety of ppy, show red shifts in their PL
spectra compared with other complexes in the relevant series.
The spectroscopic data are also consistent with electrochemical
results and time-dependent DFT (TD-DFT) calculations. The present
work furnished PHOLED colors spanning from bluish-green to red
(505-609 nm) with high EL efficiencies which have great potential
for application in multi-color displays. The maximum efficien-
cies of 9.4%, 10.3cdA! and 5.0lmW-! for the red OLED doped
with 120, 11.1%, 35.0cd A~! and 26.8Im W~ for the bluish-green
device doped with 123, 10.3%, 36.9cd A~! and 28.6Im W~ for the
bright green device based on 118 as well as 10.7%, 35.1cdA~! and
23.11mW-1 for the yellow-emitting device doped with 125 can be
obtained. In the devices for 118 reported by Yamashita et al., the
device performance (11.8%, 23.7lmW~-1) also surpassed those for
[Ir(ppy)2(acac)] (11.4%, 22.4lm W-1), echoing with the good merits
of introducing NPh;, substituent to the phenyl ring [122].

On the other hand, the effect of fused ring and ring substitu-
tion on some NPh,-ppy-based iridium complexes was studied in
two independent reports. Complexes 12 and 126 were prepared
as structural analogues of 110 to seek for an effective method for
carrier injection into the electrophosphor of iridium(IIl) [56]. The
effects of hole-trapping carbazole, diphenylamine and phenoxazine
moieties in 12, 110 and 126, respectively, on the luminescence
properties of the iridium complexes were examined. Heterolep-
tic compounds 127-131 [122] were also designed and studied in
comparison to the unsubstituted congener 118. These substituent
effects are considered to be closely related to the HOMO and



W.-Y. Wong, C.-L. Ho / Coordination Chemistry Reviews 253 (2009) 1709-1758

LUMO levels of the complexes. The order of emission wavelengths
is 127<118<131<128<129<130, in line with an increase of the
Tr-conjugation length along the series and the effect of an electron-
withdrawing CF5; group on the pyridyl ring in lowering the LUMO
level.
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toluene. From the PL spectra of the neat film of the dendritic
complexes, a substantial increase of PL intensity with increasing
dendritic generation can be seen, which indicates that the dendritic
structures will block the self-quenching of the triplet emission core
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Recent research endeavors were paid to PHOLED devices using
solution-processible phosphorescent dendrimers and polymers by
virtue of their advantages as low-cost, large-area displays and light-
ing sources [28,35,91,123]. In this regard, only a limited number of
examples of red phosphorescent dendrimers were developed and
their solution-processed DLEDs showed a maximum 7ex: of 5.7% for
the red light [124]. With this spirit, pure red-emitting bifunctional
iridium(IlI) complexes with triphenylamine dendrons 132-133
were synthesized and compared with the zeroth generation species
fac-[Ir(piq)3] [125]. The new dendrimers and fac-[Ir(piq);] are iso-
lated as highly amorphous (Tg ~145-220°C) and thermally stable
(T4 >417 °C) solids. The Tg value increases gradually with the den-
dron size for fac-[Ir(piq)s], 132 and 133. They show deep red PL
in CH,Cl, at 620 nm for fac-[Ir(piq);], 636 nm for 132 and 641 nm
for 133, respectively and 7p as short as 0.81-1.40 ps in degassed

effectively. The HOMO energy levels determined from the redox
data for 132 (—4.99eV) and 133 (—4.96eV) are notably higher
than that of fac-[Ir(piq)s3] (—5.11 eV), showing that incorporation
of the aromatic amine dendrons into iridium core in 132 and 133
has a great impact on tackling the self-quenching problem for the
phosphor and can improve their hole-injection/hole-transporting
properties. DLEDs fabricated using 132 and 133 in the configura-
tion ITO/PEDOT:PSS/x% Ir:CBP/BCP/Alqs/LiF/Al emit pure red light
with an EL maximum at ca. 640 nm and excellent CIE color coor-
dinates of (0.70, 0.30) in each case. The best device achieved a
turn-on voltage of 4.4V, a maximum brightness of 7,450 cd m—2
at 17V and EL efficiencies of 11.7%, 5.8cdA~! and 3.7ImW~! at
5V.The triphenylamine dendritic ligands might help in overcoming
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the classical problem of carrier mobility reduction with increasing
dendron generation. Furthermore, the detrimental intermolecular
interactions among the emission cores was improved with increas-
ing dendron generation. The efficiencies of these red devices with
CIE of (0.70, 0.30) (next = 11.7% for 132 and 7.4% for 133) represent
one of the highest ever reported for pure red spin-coated devices
and are even superior or comparable to the vacuum-deposited
devices with similar CIE color [126-128]. It also compares well
to the ~12% efficiency reported by Cao et al. for phosphores-
cent PLEDs with saturated red emission [129], but is remarkably
better than those for reported first-generation red-emitting irid-
ium(Ill) dendrimers based on meta-bonded phenylene in terms of
EL efficiency (5.7 and 4.3%) and color purity ((0.64, 0.36) and (0.67,
0.30)) [124]. The device fabricated with 8 wt.% 132 also outperforms
the best vacuum-evaporated device with the dopant fac-[Ir(piq)s]
in CBP, which showed next ~10.3% and CIE (0.68, 0.32) [81]. We
attribute the excellent performance to the hole-trapping triph-
enylamine dendritic structure of the complexes showing more
favorable hole-injection/hole-transporting properties. More impor-
tantly, these materials offer an attractive avenue to developing
metallophosphors with optimized efficiency/color purity trade-offs
for the pure red-emitting devices. An orange powder of 134 con-
taining diphenylthienylamine-benzoimidazole ligands with strong
intramolecular charge-transfer character was also isolated which
emits at 620 nm in toluene with a low quantum yield [57]. No device
data are, however, available.

H,C

H;CO

In a related context, Sauvage’s team has prepared a metal-
containing triad 135 based on iridium(lIll) terpyridine-type core
with an aromatic amine electron donor and a bisimide elec-
tron acceptor on opposite sides (abbreviated as D-Ir-A) [130].
The spectroscopic, redox and photophysical properties of 135
were compared to those for the component models and the sim-
pler constituent dyad. The photoinduced processes in the triad,
which is >4nm long, have been studied by steady-state and
time-resolved optical spectroscopy and the results were corre-
lated to their models. Electron transfer occurs upon excitation
of the amine donor and iridium units, giving rise to the charge-
separated state D*-Ir~-A in quantitative yield and subsequently to
D*-Ir-A~ in ~10% charge-separation yield. Excitation of the A units
does not show intramolecular reactivity, however, the final triplet-
excited state localized on A, i.e. D-Ir-3A, exhibits intermolecular
reactivity. Recently, the same group overcame the unsatisfac-
tory charge-separation yield of 135 by designing dyad molecules
136 (m=1, 2) which contain a triphenylamine donor and a
bis(terpyridine)iridium(III) acceptor core linked via one or two ben-
zamide moieties, respectively [131]. The photoinduced processes
involved in 136 were studied in detail. While the charge-separation
steps remain very efficient in the longer dyad 136b (>99%), charge
recombination is slowed down by a factor 3 relative to the shorter
dyad 136a. These results favor the future use of such dyad systems
in the assembly of D-Ir-A bridged by two benzamide units.

3+

7~ 3PFg

136a -

m=1
m=2 136b
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3.5. 1,3,4-Oxadiazole

1,3,4-Oxadiazole derivatives are one of the most widely stud-
ied classes of electron-injection/hole-blocking materials due to
their electron deficiency, high PL quantum yield, and good thermal
and chemical stability [31,132-134]. Among these, small-molecule
PBD is widely used as an electron-transporting material in multi-
layer OLEDs [135-137]. However, reported examples of heavy
metal phosphors bearing this functionality are relatively rare. In
one study, a family of bis(cyclometalated) iridium(IIl) complexes
of 2,5-ditolyl-1,3,4-oxadiazole derivatives 137-140 were reported
for the first time in which they differ by the third auxiliary
ligand among themselves [138]. The single-crystal structures of
138-140 were established and the solution structures of 139 and
140 were studied using 2D H-H and C-H COSY and NOE spectra
(COSY = correlated spectroscopy, NOE = nuclear overhauser effect).
The LUMO levels of the complexes are quite insensitive to the
variation of the auxiliary group whereas the HOMO levels can

els of 142-144 are almost invariant among them but their HOMO
levels decrease from 142 to 144 (-5.47, —5.52 and -5.57¢€V,
respectively) due to the different auxiliary ligands involved. The
PL spectra of 141-144 reveal ligand-based 3(m-)* transition for
the lowest triplet excited states. Color tuning becomes possible
by using electron-withdrawing fluoro substituents and dithio-
late ligands relative to [Ir(ppy)2(acac)] and 141 and the emission
wavelength order is [Ir(ppy);(acac)] (516 nm)>141 (500 nm) > 142
(479 nm)>143 (470 nm) > 144 (466 nm). Highly efficient PHOLEDs
in the light-blue to blue-emitting region have been achieved using
142-144. Remarkably, PHOLED based on 3 wt.% 143 gave a very
promising blue-emitting device (CIE of x=0.16,y = 0.27) with a max-
imum luminance of 22,250 cd m~2 at 22.5 V and peak efficiencies of
9.88cdA~! and 2.38Im W~ at 3.05 mA cm~2. A device made from
5% 144 afforded blue PHOLED with 5.41 cdA~! and 1.01 ImW-1 at
2.49 mA cm~2 and CIE coordinates of x=0.14, y = 0.25. These devices
are comparable in performance to, if not better than, those for the
state-of-the-art blue phosphors [FIr(pic)] and iridium(III)-bis(4,6-
difluorophenylpyridinato)-5-(pyridine-2-yl)-1H-tetrazolate.
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be easily tuned. Complexes 139 and 140 have higher oxidation
potentials and lower HOMO levels than 138 since the dithiolate
auxiliary ligand has a stronger ligand field than acac. This is con-
sistent with the notion that the PL emissions of 139 and 140
appear at 501 and 507 nm, respectively, which are blue-shifted
from that for 137 (520 nm) and 138 (518 nm). The PHOLEDs based
on 138 show better device performance than those for 139 and
140. A high-efficiency green EL emission with peak efficiency of
5.28cdA-! at 1.37mAcm~2 has been achieved for 138. Another
series of related compounds 141-144 have also been synthesized
and fully characterized in which novel blue-emitting phospho-
rescent iridium(Ill) complexes with fluorinated 1,3,4-oxadiazole
derivatives as the cyclometalated ligands and stronger ligand-
field dithiocarbamate and dithiophosphate as ancillary ligands
143-144 are particularly attractive [139]. Oxadiazoles, by virtue
of their electron-transporting ability, facilitate charge trapping
across the bulk for high-performance PHOLEDs. The LUMO lev-

More recently, Tian and co-workers have synthesized a group of
interesting green to yellow heteroleptic iridium(IIl) phosphors con-
taining various 2,5-diaryl-1,3,4-oxadiazole ligands 145-151 [140].
The single-crystal structural analysis was carried out for 149. Their
photophysical, redox and EL properties were studied in terms of
the nature of ligand substituents. The emission colors of these
complexes depend on the electronic nature of the aryl ring sub-
stituent and the PL maximum can scan a range of 508-569 nm in
THF. For 145-148, the authors found that both electron-donating
and electron-withdrawing groups on the phenyl ring can lower
the HOMO levels to give shorter-wavelength emissions. The pres-
ence of naphthyl ring in 150 red-shifts the emission maximum
by 1500cm~! with respect to 145. Complex 151 with two N-
carbazole rings also experiences a bathochromic shift of 430 cm™!
from 145 due to the electron donation effect and an increase of lig-
and m-system. PHOLEDs derived from 145, 146 and 149 have been
fabricated in this study.
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of an oxadiazole-containing rhenium(I) carbonyl complex 152 in

the generation of a novel multi-functional complex 153 [141].
Complex 153 is essentially trifunctional in nature in which it con-
tains a highly emissive rhenium(I) polypyridyl chromophore, an
electron-transporting 1,3,4-oxadiazole unit and a hole-transporting

terthiophene ring. Complex 153 emits at 474 nm with a PL emission
yield of 0.3%. It has a bandgap of 1.93 eV based on CV data which
would favor transport of both holes and electrons. Although actual
OLED devices have not been made, the properties of 153 are antic-

ipated to meet the energy requirements among different layers for
a device using PVK as the host.
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3.6. Arylamine—fluorene and arylamine-oxadiazole hybrids

To design new ligand systems for iridium complexes with good
amorphous properties and improved functional properties, Wong

oo

et al. have reported the synthesis, redox, photophysical and elec-
troluminescent properties of two bifunctional robust bis- and
tris-cyclometalated iridium(Ill) complexes containing dipheny-
laminofluorene unit 154 and 155 in which the hole-transporting
and light-emitting functional groups are integrated into one molec-
ular unit essential for more efficient charge transport in the EL
process [142]. We demonstrated that the diphenylamino moiety
end-capped onto highly luminescent fluorene backbone can offer
a good channel to lower the ionization potential, induce morpho-
logically stable amorphous thin-film formation, and enhance the
thermal stability of the complexes. Both of them showed orange
electrophosphorescence with very high EL efficiencies. Complex
154 showed an elevated HOMO energy level as compared to the
unsubstituted complex 53, indicating that compound 154 is more
electropositive than the non-NPh, capped analogue, and a better
hole-transporting ability in 154 can be expected. For optimized
devices at 5 wt.% doping level of 154, it was found that a luminance
0f 4800 cd m~2 can be achieved at 8 V (Liax ~45,530cdm~2 at 12V)
and the highest n attainable is 34.8cdA~! at 1mAcm~2 and 6V.
This corresponds to peak 7p of 18.2Im W1 and nex; of 10.5%. The
CIE coordinates of this 154-doped OLED are (0.50, 0.49), with a color
saturation of ~93%.

Efficient all-phosphor WOLEDs have also been fabricated which
use dual component blue phosphor [FIr(Pic)] and an orange phos-
phor 154 doped into separate layers, and this device has the CIE
color coordinates of (0.31, 0.41) with the highest efficiencies being
17.8cdA-1 and 7.6 ImW~1, respectively [143]. Experimentally, it is
necessary to deposit the orange emission layer first, followed by the
blue emission layer in the fabrication process in order to ensure a
good CIE white color balance. In such device configuration, a voltage
dependence of the EL spectrum was observed, with the blue emis-
sion becoming stronger relative to the orange color at increasing

driving voltage, owing to the requirement for high-energy excita-
tion of the blue phosphor. This can also be rationalized by the fact
that the holes have higher mobilities under higher electrical field
condition and they will drift to the blue recombination region with-
out being completely recombined in the orange-emitting layer.

Ve

R=H 156 158
R=Me 157

N+

> PFg¢~

In subsequent work, the synthesis, redox, photophysical and
EL properties of new multi-component orange phosphorescent
cyclometalated platinum(Il) complexes with diarylaminofluorene
moiety 156 and 157 have been pursued in which hole-
injection/hole-transporting and EL functional groups are combined
into one molecular unit catering for more efficient charge trans-
port in the EL process. Both platinum complexes together with
the unsubstituted analogue 158 were characterized by spectro-
scopic and X-ray crystallographic methods [ 144]. All of the platinum
complexes are thermostable up to ca. 300°C. Complexes 156
and 157 show higher Tg (~175°C) than that of 158 (136°C). The
9-substituted fluorene moiety will be mainly responsible for con-
ferring the amorphous properties to the complexes while the
diarylamino unit plays a crucial role in improving Tg. Again, CV
results revealed that each of 156 and 157 can show an ele-
vated HOMO energy level (-5.12 eV for 156 and —5.06 eV for 157)
relative to 158 (—5.29 eV), indicating that they have a better hole-
transporting ability in 156 and 157 than 158. In other words, the
diarylamino capping group has the function of facilitating the hole
carrier injection and transport of both bifunctional triplet emit-
ters. Efficient pure orange-emitting OLEDs based on 156 were
fabricated. The merits of improved hole transportation and sup-
pressed excimer formation render the fabricated PHOLEDs with
the CBP host to show efficiencies up to 6.6% and 15.4cdA-! at
7.5V. Unlike the PHOLEDs made from other cyclometalated Pt([3-
diketonato) complexes in which the EL spectra generally displayed
both the monomeric and excimeric emissions with different rela-
tive intensities upon variation of dopant concentration [145,146],
these devices emitted a strong pure orange light with stable CIE
color coordinates and no evidence of low-energy excimeric emis-
sion from the aggregate states was observed for a doping level
up to 12 wt.%. The present work confers a good platform for pro-
viding robust platinum-based triplet emitters in the fabrication
of highly efficient monochromatic OLEDs using multi-functional
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chelating ligands. Additionally, these bifunctional platinum phos-
phors have the potential to excel in the development of WOLEDs
through a wise combination with an appropriate blue host or emit-
ter [144].

Work from our laboratory also showed that a novel class of
multi-component sublimable charged iridium(Ill) phosphors are
useful alternative for use in evaporated devices for the realization
of highly efficient doped PHOLEDs. However, compared with neu-
tral complexes, charged iridium(IIl) complexes were demonstrated
to possess many merits that make them eminent candidates for
solid-state lighting and display applications [147-149]. The power
consumption of such OLED devices can be low even using inert
metal electrodes and the excellent redox stability of charged irid-
ium(Ill) complexes can remarkably improve the device stability.
They also show good charge-transfer properties. The synthesis and
characterization of two new phosphorescent cationic iridium(III)
cyclometalated diimine complexes 159 and 160 are reported [150].
Both complexes are coordinated by cyclometalated ligands con-
sisting of hole-transporting diphenylamino and fluorene-based
ppy moieties. The X-ray crystal structure of 160 was determined.
For the first time in the electrophosphorescent OLED area, these
charged metal phosphors can be vacuum-evaporated without ther-
mal decomposition. Presumably due to the intrinsically ionic nature
of both complexes, devices doped with 5 wt.% 159 can produce effi-
cient electrophosphorescence with a maximum brightness of up to
15,610 cd m~2 and a peak nex of ~6.5% that corresponds to a 1 of
~19.7 cd A~1 and anp of ~18.4lm W~1. Such strategy is very promis-
ing for the continual development of using vacuum-sublimable
charged iridium(IIl) phosphors for high-efficiency devices. These
results would be advantageous to the design of new LECs based on
light energy harvesting from the triplet excitons.

The concept was then extended to the studies of highly
amorphous cyclometalated iridium(Ill) and platinum(Il) metal-
lophosphors 161-164 functionalized with two sterically bulky
electron-rich triphenylamino groups at the 9-position of fluorene
ring [151]. All of them are thermally stable solids (T4 >320°C) and
possess high Tg (183-250°C), suggesting the pivotal role of triph-
enylamine moieties in improving the amorphous nature of the
phosphor molecules (versus Tg 0f 118 °C for 53). Complexes 161-163
can exhibit strong anti-triplet-triplet annihilation properties even
at high operating current densities for PHOLEDs, which are in
accordance with both the experimental and theoretical simulation
results. By meticulous selection of the cyclometalating ligand, these
complexes not only provide new outlets to dendronized triplet
emitters (with no aggregate/excimer emission for 161-163) for
high-performance solution-processed PHOLEDs, but also present
new examples of metallophosphors with negligible or reduced
triplet-triplet annihilation even at high doping levels. Inclusion of
the pendant hole-trapping triphenylamino moieties in these phos-
phors offer advantages in terms of improving the hole-injection
as well as suppressing the crystallinity and aggregation of the
materials as compared to the neat 2-pyridinylfluorene congener,
which makes them good multi-component phosphorescent mate-
rials. This enables efficient stable PHOLEDs to be obtained without
the need for an additional hole-transporting layer. The devices
were fabricated in the configuration of ITO/PEDOT:PSS/x% Ir or Pt
dopant:CBP/BCP/Alqs/LiF/Al. Orange-emitting devices from 161 (or
162) achieves the highest luminance of 25,660 (20,100)cdm~2 at
24 (25) V, maximum 7ext of 4.63 (6.43)%, 1 of 15.07 (20.42)cd A~!
and np of 2.36 (3.05)ImW~-1. The pure red-emitting device from
163 (3 wt.%) can attain a maximum luminance of 6,471 cdm~2 at
21V, peak nex: of 4.23%, . of 1.69cd A~ and np of 0.27ImW-1.
Device prepared with 164 (10 wt.%) shows an encouraging perfor-
mance with a peak brightness of 16,070 cd m~2 at 17 V, maximum
Next 0f3.36%, n 0f9.55 cd A= and 17 0f 2.31 Im W~1. Excitingly, next
generally increases with increasing current density values within

the usual operating range (>100mAcm~2) in many cases, espe-
cially for the devices doped with the iridium emitters 161-163, and
this suggests that saturation of the phosphorescence sites is not
severe. Even at the higher doping level, the roll-off of nex: is only
gentle with increasing current density for 161-163. These interest-
ing results are contrary to most of the literature data, in which the
decrease in next With increasing current density usually takes place
rapidly due to the severe triplet-triplet annihilation caused by the
strong bimolecular quenching effect. The molecular design strategy
here opens a new avenue for designing organometallic triplet emit-
ters with minimal T-T annihilation that usually depends strongly
on the molecular size factor.

=Ir

163 164

Chanetal. alsoreported the synthesis and light-emitting proper-
ties of two interesting trifunctional molecules 165 and 166 derived
from the luminescent rhenium(I) and ruthenium(II) bipyridyl chro-
mophore coupled with the hole-transporting triphenylamine as
well as the electron-transporting oxadiazole units within a sin-
gle species [152]. Both compounds exhibit high thermal stability
(Tq: 378°C for 165 and 368°C for 166). It is expected that the
electronic and luminescent properties of these complexes can be
manipulated easily by changing the metal and/or ligand compo-
nent, both of which can influence the excited state properties. The
MLCT [d7r(Re) — m*(diimine)] transitions of 165 and 166 at 440 and
478 nm, respectively, are lowered in energy relative to that for other
rhenium(I) diimine tricarbonyl complexes, owing to the effect of
electron-withdrawing oxadiazole units that can lower the energy
of the m* orbitals. The PL spectra of both complexes are charac-
terized by a red band due to the MLCT emissive states. EL devices
of the ITO/165/poly(vinyl alcohol)/Al and ITO/166/polycarbonate/Al
were fabricated which showed a low turn-on voltage of ~4-5V and
a rectification ratio >103 at 25V. The nex values of these devices
are about 0.1%, with peak luminance of 730cdm~2 in each case.
The hole and electron carrier mobilities of both complexes were
determined by the time-of-flight (TOF) method to be of the order
of 1074 cm? V-1s-1 at 12kV cm~!, which appear to be significantly
higher than those of some triarylamine-doped polycarbonate films
or oxadiazole derivatives. This is indicative of the separate func-
tional roles of triphenylamine and oxadiazole ring in the hole
and electron transport processes. The same research team fur-
ther undertook an investigation into the role of ruthenium and
rhenium diimine cores in the optoelectronic properties of some
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conjugated poly(phenylenevinylene) polymers 167-169 (with dif-
ferent monomer feed ratios) [153]. Polymer 169 acts as the model
compound to study the impact of 1,3,4-oxadiazole ring addition.
These polymers can function as charge-transport species, photo-
sensitizers and light emitters. The presence of metal complexes
could facilitate the charge-transport process and, in general, the
charge-carrier mobilities increase with the metal complex content
in the polymers. The electron-carrier mobility of the polymers can
be promoted in 167 and 168 since the polymers with oxadiazole
and bipyridyl groups tend to be more electron-deficient and act
as extra charge carriers in the charge-transport process. The hole-
and electron-carrier mobilities of 167-169 were estimated by TOF
experiments to be in the order of 104 to 10->cm2V-!s~!, From
the plot of temperature-dependent charge mobility, the activation
energies of charge transport were found to be ~0.1-0.2eV. The

AL
z
=
@)
4
\
Yz
Z/
7

> 2PF,

uniqueness of their redox and excited-state properties govern the
resulting photosensitivity and light emission of these materials. A
two-layered photovoltaic cell with the structure of ITO/167 (x=1,
y=0)/Cgo/Al was made to result in a short-circuit current density of
0.05mA cm~2, an open-circuit voltage of 0.35V and a power con-
version efficiency of ~0.5%. While these polymers consist of two
luminescent centers (i.e. the metal complex and the -conjugated
chain), they show a rather broad emission spectrum in each case
in the yellow-red region that can extend to very long wavelengths
(>750 nm), depending on the actual metal content. For polymer 167
with high metal content (e.g. x=1, y=0), its PL and EL spectra were
dominated by an emission peaking at 690 nm due to the emission
from the MLCT states of the ruthenium complex. The EL efficiencies
of the PLEDs range from 0.05 to 0.2% using these metal-containing
polymers.
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Our group also successfully developed synthetic routes to
a novel class of trifunctional platinum(Il) cyclometalated com-
plexes 170-173 in which the hole-transporting triarylamine,
electron-transporting 1,3,4-oxadiazole and EL metal components
are integrated into a single molecule [ 154]. The photophysical, elec-
trochemical and EL properties of these molecules were studied.
These neutral platinum(Il) chelates display good thermal stability
(>250°C under N;) and morphological stability. All of them exhibit
intense ligand-centered fluorescence and phosphorescence in fluid
solutions at room temperature but the emission spectra become
largely dominated by triplet emission bands in CH,Cl, glass at
77 K. Substituents with different electronic properties were intro-
duced into the bipolar cyclometalating ligands to fine-tune the
absorption and emissive characteristics of the compounds and the
results were correlated with theoretical calculations using the DFT
method. Comparison of the photophysics and electrochemistry of
our multi-functional systems to those only derived from each of the
constituent components 174 and 175 was also made and discussed.
The single-crystal structures of 170-175 were unambiguously
established. For 170-173, each of them shows dual emission peaks
(viz. fluorescence and phosphorescence) at room temperature.
Upon introduction of both triarylamino and oxadiazole functional
groups into the ppy ligands, the platinum(Il) center should show a
reduced spin-orbit interaction. As a result, both ligand-centered
fluorescence and phosphorescence can be observed. While the
higher-lying fluorescent emission was found to show a red-shift
in wavelength along the series 170 — 171 — 172 — 173, attachment
of different R groups does not seem to alter the phosphorescent
emission energies of these complexes. Based on the DFT data, the
diarylamino groups govern the feature of the HOMOs while the
LUMO is derived from the 7* orbitals of the oxadiazole ring and
the ppy group. Compounds 170-173 reveal a gentle decrease in the
oxidation potentials in the sequence R=F>H >Me >0OMe, whichis a
manifestation of the inductive effect induced by the R substituents

(viz. negative effect for F and positive effect for both Me and OMe
substituents). The elevated HOMO energy levels for 1770-173 (—5.05
to —5.50eV) as compared to 174 (—5.69 eV) indicate that the former
series has lower ionization potentials, and hence a better hole-
transport character, than 174. The LUMO levels of 170-173 (—2.48
to —2.77 eV) are lower than that of PBD (—2.4 eV), showing the good
electron-transporting ability for 170-173. Our data can be related
to the poorer electron-transporting property for the prototypical
[Pt(ppy)(acac)] with a higher LUMO level of —2.41eV [102,145].
Complexes 170-173 are thus anticipated to display intriguing bipo-
lar character. The LUMO levels are also compatible to that of TPBI
(—2.70eV) [155]. These trifunctional platinum complexes can be

EL intensity / a.u.

400 500 600 700
Wavelength / nm

Fig. 4. EL spectra of 170-173 showing the co-existence of both fluorescence and
phosphorescence peaks (see Ref. [154]).
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vacuum-sublimed and applied as emissive dopants for the fab-
rication of vapor-deposited PHOLEDs. Like the PL spectra, the
electrofluorescence energy depends on the nature of R groups, but
the electrophosphorescence energy is rather invariant of R (Fig. 4).
The best performance was realized in the green-yellow device
from 172 where maximum efficiency values of 3.6%, 11.0cd A-! and
5.7lmW~-1 were obtained. The higher efficiency and superior per-
formance of 172 than the others may be attributed to the better
match of its HOMO level with NPB that leads to excellent balancing
of holes and electrons.

The sublimability and multi-functional nature of 170 also render
it a suitable candidate for a simple vacuum-deposited device. A

case gave peak next, . and np of 2.6%, 6.8cdA~! and 4.11lmW-1,
respectively. The highest achieved luminance is 3,270cdm~2 at
11V. The performance of these two WOLED devices are slightly
better than the previously reported results for some platinum(Il)
Schiff base emitters (next ~1.1% and np ~0.8lmW~-1) [158]. The
CIE coordinates of both 172-doped white-light devices are (0.33,
0.39) and (0.30, 0.36), respectively, which closely approaches that
of white light (defined as 0.33, 0.33). Here, the near-white emis-
sion is produced by the simultaneous EL of both singlet and triplet
excitons of the trifunctional molecules in the EL device. Thus, the
concentration-dependent color tuning can be accomplished by
making use of the relationship between the singlet-triplet intensity
ratio of the dual emission spectrum and the dopant concentration.

H3CY\/CH3

|
R O\ /O
P\ R=F 170
R=H 171
A = R-Me 172
EN o \ / R=0Me 173
R
. H;C CH
HgC\“/yCHJ & \"/\\\1/ 3
0 O O
N/ N/
QA
O - -
N
) O .
174 175
Multi-functional  platinum-derivatized random terpoly-

device of ITO/CuPc/170/Ca:Al was fabricated where a single active
layer of 170 as the neat emissive film was obtained by vacuum
evaporation [156]. This device exhibited a strong orange-yellow EL
at 538 and 578 nm (CIE coordinates: x=0.52, y=0.47 for forward
bias) with a low turn-on voltage at around 6V. The EL spectrum
resembles its corresponding PL spectrum from thin film and shows
a weak aggregate shoulder at 648 nm due to contribution from its
excimer. The EL spectra for this PHOLED exhibited no significant
change with variation of operating bias voltages. The device reached
a maximum 7 of 1.2cdA~! and a luminance of 1065 cd m~2 was
obtained at 14V that appears to perform better than that for the
ppy derivative in a multi-layer configuration [157]. It is worthwhile
to compare the device performance with single-layer EL devices
fabricated using 165 and 166 with similar ligands which showed
the maximum brightness of 730 cd m~2 [152]. At the brightness of
100 cd m~2, the device showed a 7, of 0.6cd A1 at 9.5 V.

Saliently, single-dopant white light EL, triggered by the simul-
taneous fluorescence/phosphorescence emission of the metal
complexes and a variation of applied driving voltages, has also been
realized based on multi-functional complexes 170 and 172 (Fig. 5).
At 10 wt.% 170, an almost white emission can be observed within the
voltage range of 10-16 V and the EL spectrum at 12 V in Fig. 5 shows
a good CIE of (0.31, 0.33). Additionally, WOLED devices comprising
10 and 12 wt.% of the dopant 172 were demonstrated and the former

mers with different monomer content 176 were reported by
Thompson et al. which are made of hole-transporting triph-
enylamine, electron-transporting 1,3,4-oxadiazole and emissive
[Pt(C N),(acac)] modules [159]. These air-stable metallopoly-
mers are organic-soluble and emit simultaneously from the
monomer and aggregate states in the blue and orange regions,
respectively. These render the materials promising for use in
solution-processible near-white PLEDs. Devices with the structure
of ITO/PEDOT:PSS/176/BCP/Alq3/LiF/Al achieved white light emis-
sion with efficiency up to 4.6% for 176a. The best CIE coordinates
at (0.30, 0.43) were obtained for 179d with its large proportion of
hole-transporting moieties where the higher ratio of non-polar
triphenylamine to polar oxadiazole favors the monomeric form
over the excimeric species. This approach was also adopted in
the development of an ambipolar terpolymer 177 containing
[Ir(ppy)2(acac)],  N,N’-diphenyl-N,N’-bis(3-methylphenyl)-[1,1’-
biphenyl]-4,4’-diamine (TPD) and PBD functional side groups for
phosphorescence, hole- and electron-transportation, respectively
[160]. An optimized green phosphorescent PLED fabricated from
177c affords the best efficiencies of 11.8% and 38.6lmW~! using
cesium metal as the electron-injection layer. An increase in PBD
loading improves the efficiency of PLEDs. The high efficiency
is ascribed to the combination of good hole-transporting and
electron-transporting abilities for balancing of holes and electrons,
but the charge mobility data have not been reported.
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Fig. 5. EL spectra of (a) 170-doped device (10 wt.%) at 12V and (b) 172-doped device (10 wt.%) at 8 V (see Ref. [154]).
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4. Conclusions and future prospects

As a common understanding, balanced charge transport is one
of the important factors for achieving high device efficiency in
OLEDs. This review provides a comprehensive and recent literature
review of the advances in the synthesis, light-emitting properties
and OLED/DLED/PLED applications of a vast range of interesting
organometallic heavy metal chelates derived from different func-
tional components. The various classes of these small-molecular,
dendritic and polymeric materials are described according to the
optoelectronic properties of their special functional cores. Encour-
agingly, impressive progress has been made over the past few
years and these heavy metal organometallic materials possess

phosphorescent chromophores coupled with hole-transporting
and/or electron-transporting entities that can display tunable
charge-transporting and triplet light-emitting properties. These
multi-component molecules have potentials to excel in making
highly efficient and charge-balanced devices with simplified device
structures and possibly reduced fabrication cost. Work along this
line is certainly worthy of serious investigations and should be of
great commercial importance. Greater control of molecular prop-
erties and rational design of new materials through innovative
chemical synthetic methodologies will ensure a bright and excit-
ing future for these multi-purpose organometallic phosphors. In
the short run, the valuable properties shown from this work will
act as a spur to international researchers working on molecular



W.-Y. Wong, C.-L. Ho / Coordination Chemistry Reviews 253 (2009) 1709-1758 1757

optoelectronics and such research can offer a good platform for the
continual development of this area. Of more long-term impact will
be that research knowledge can be expanded towards the future
technology of organometallic optoelectronics and photonics based
on molecular functional materials.
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