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(57) ABSTRACT 

A light emitting composition includes a light-emitting iri 
dium-functionaliZed nanoparticle, such as an organic-inor 
ganic light-emitting iridium-functionaliZed nanoparticle. A 
light emitting deVice includes an anode, a cathode, and a layer 
containing such a light-emitting composition. In an embodi 
ment, the light emitting deVice can emit White light. 
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LIGHT EMITTING DEVICES AND 
COMPOSITIONS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application claims priority under 35 
U.S.C. §119(e) to US. Provisional Application No. 60/948, 
164 ?led on Jul. 5, 2007 andU.S. Provisional Application No. 
61/033,370 ?led on Mar. 3, 2008, the disclosures ofWhich are 
incorporated by reference herein in their entireties. 

BACKGROUND 

[0002] 1. Field of the Invention 
[0003] This invention relates to light emitting compositions 
and light-emitting devices that include the light-emitting 
compositions. Speci?cally, this invention relates to light 
emitting compositions and light-emitting devices that include 
iridium-functionaliZed nanoparticles. 
[0004] 2. Description of the Related Art 
[0005] Organic electroluminescent devices capable of 
emitting White light are desirable because of their potential 
utility as backplane lights for displays, overhead lighting and 
other lightWeight, loW pro?le, loW poWer lighting applica 
tions. White light-emitting Organic Light-Emitting Diode 
(OLED) devices With high color purity and brightness 
exceeding 2000 cd/m2 have been demonstrated at least since 
1994. (1, 2) HoWever, there is considerable dif?culty in pre 
paring White emitting OLEDs because it is generally quite 
dif?cult to prepare a device With a single layer that can emit 
White light. Several ineffective strategies have been employed 
to generate White light by electroluminescence including: 
preparation of devices With multiple emitting layers, e. g. red, 
green and blue (2); use of a single emitting layer doped With 
multiple small molecule emitters of different colors (1, 3, 4); 
blends of different color emitting polymers (5, 6); excimer (7) 
or “electromer” (8) emission from a semiconducting poly 
mer; excimer emission from an interface (9); and broad emis 
sion from metal chelates (10). 
[0006] There are signi?cant drawbacks to all of these 
approaches. Preparation of devices With multiple emitting 
layers is typically more dif?cult and time consuming than 
preparation of devices With feWer layers. Device failure is 
more likely to occur due to interfacial defects, and matching 
the conduction band energies of multiple layers is compli 
cated at best. Small molecules tend to have limited solubility 
in polymers. Blends of small molecule emitters and polymer 
dispersions of emitters tend to aggregate or phase separate, 
Which often results in decreased device performance and poor 
color stability. Excimers and electromers often shoW ?eld 
dependent emission spectra and their formation changes the 
transport properties of the device. Classical polymer-based 
systems are typically di?icult to purify and exhibit poor 
batch-to-batch reproducibility. It is also very dif?cult to con 
trol the structure of classical polymer-based systems except in 
a very general sense. Finally, broad spectral emission from 
small single molecules typically heavily consists of green 
Wavelength components and has a much loWer ef?ciency for 
the red and blue components. The human eye is mo st sensitive 
to green light; hence in an actual device, it is desirable to have 
the red and blue Wavelength components brighter than the 
green components. Molecular orbital and quantum mechani 
cal theories forbid this type of emission from a single small 
molecule material. 
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[0007] Recently, phosphorescent dyes have been used as a 
source of emission in OLEDs because of their potential for 
achieving high degrees of luminescence ef?ciency. In theory, 
phosphorescence can achieve 100% quantum ef?ciency by 
emitting from both the singlet and triplet state as compared to 
?uorescence Which only emits from the singlet state and is 
thus limited to a theoretical ef?ciency of 25% (11). 
[0008] The folloWing articles are referred to above and 
incorporated by reference herein in their entireties: 
[0009] 1. Kido, 1., HongaWa, K., Okuyama, K. & Nagai, K. 
White light-emitting organic electroluminescent devices 
using the poly(N-vinylcarbaZole) emitter layer doped With 
three ?uorescent chromophores. Applied Physics Letters 
64, 815 (1994). 

[0010] 2. Kido, 1., Kimura, M. & Nagai, K. Multilayer 
White light-Emitting Organic Electroluminescent Device. 
Science 267, 1332-1334 (1995). 

[0011] 3. Kido, 1., lkeda, W., Kimura, M. & Nagai, K. Jpn. 
J. Appl. Phys. (part 2) 35, L394 (1996). 

[0012] 4. Tasch, S. et al. Applied Physics Letters 71, 2883 
(1997). 

[0013] 5.Yang,Y. & Pei, Journal ofAppliedPhysics 81, 
3294 (1997). 

[0014] 6. Granstrom, M. & lnganas, O. Applied Physics 
Letters 68, 147 (1996). 

[0015] 7. Gao, Z. Q., Lee, C. S., Bello, l. & Lee, S. T. White 
light electroluminescence from a hole-transporting layer of 
mixed organic materials. Synthetic Metals 11 1-1 12, 39-42 
(2000). 

[0016] 8. Lee, Y.-Z. et al. White light electroluminescence 
from soluble oxadiaZole-containing phenylene vinylene 
ether-linkage copolymer. Applied Physics Letters 79, 308 
310 (2001). 

[0017] 9. Chao, C.-l. & Chen, S.-A. White light emission 
from exciplex in a bilayer device With tWo blue light 
emitting polymers. Applied Physics Letters 73, 426-428 
(1 998). 

[0018] 10. Hamada, Y. et al. White light-emitting material 
for organic electroluminescent devices. Jpn. J Appl. Phys. 
(part 2) 35, L1339-L1341 (1996). 

[0019] 11. Baldo, M. A.; O’Brien, D. F.; You, Y.; Shous 
tikov, A.; Sibley, S.; Thompson, M. E.; Forrest, S. R. 
Nature 395, 151 (1998). 

SUMMARY 

[0020] The inventors have discovered methods for making 
light emitting compositions and devices using a nanoparticle 
approach. Some embodiments described herein relate to an 
iridium-functionaliZed nanoparticle that can include a nano 
particle core and an iridium-complex. In preferred embodi 
ments, the iridium-functionaliZed nanoparticles described 
herein are light-emitting, e.g., White light-emitting. Various 
embodiments provide a composition that comprises an iri 
dium-functionaliZed nanoparticle as described herein. 
[0021] An embodiment described herein relates to a light 
emitting composition that can include one or more compound 
of formula (I): 

(I) 



US 2009/0066234 A1 Mar. 12, 2009 

wherein the core can be a nanoparticle core, n can be 2, X is 
a single bond or -continued 

\ , \ , , 
* Si \ 

\o// \, /N 
/N /N 

each I 
I I 

N) C 

can be independently a ?rst optionally substituted bidentate 
ligand; I 

/ / 

Y N 

C / I 
Z 

can be a second optionally substituted bidentate ligand 
selected from: 

and optionally substituted derivatives thereof, Wherein I indi 
cates the carbon attached to the Ir. 

[0023] In some embodiments, the ?rst optionally substi 
tuted bidentate ligand can be selected from: 

Wherein m is an integer in the range of l to 9, p is an integer \ \ \ I \ 
in the range ofl to 20, Z is 0, l or 2, R1 is selected from alkyl, / N / N I / N 
substituted alkyl, aryl and substituted aryl, and R2 is selected / N 
from: alkyl, substituted alkyl, aryl and substituted aryl, and * F 
indicates a point of attachment to the core or X. In some I I I 
embodiments, the one or more compound of formula (I) may I 
further comprise at least one host attached to the core, 
Wherein the at least one host comprises a hole transport mate- F F3C 

F F c1:3 rial, an electron transport material or a mixture thereof. 

[0022] In some embodiments, the ?rst optionally substi 
tuted bidentate ligand can be selected from: 
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Wherein I indicates the carbon attached to the Ir. 
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[0024] In some embodiments, the ?rst bidentate ligands 
can be selected from: 

Wherein I indicates the carbon attached to the Ir. If desired, in 
some embodiments, the ?rst bidentate ligands can be the 
same as one another. 

[0025] Another embodiment described herein relates to a 
light emitting device that can include: an anode layer com 
prising a high Work function metal; a cathode layer compris 
ing a loW Work function metal; and a light-emitting layer 
positioned betWeen, and electrically connected to, the anode 
layer and the cathode layer, Wherein the light-emitting layer 
can include an iridium-functionaliZed nanoparticle or com 
position thereof as described herein. In an embodiment, the 
iridium-functionaliZed nanoparticle is represented by For 
mula (I). In an embodiment, the iridium-functionaliZed nano 
particle is an organic-inorganic iridium-functionaliZed nano 
particle. In an embodiment, the organic-inorganic iridium 
functionaliZed nanoparticle comprises a nanoparticle core 
that comprises inorganic elements such as phosphorous (P), 
silicon (Si), and/or a metal. For example, in an embodiment a 
nanoparticle core comprises a moiety selected from the group 
consisting of a silsesquioxane, a cyclophosphaZene, a triaZ 
ine, a cyclodextrin, a caliZarene, a phthalocyanine, and a 
silica particle. The light-emitting compositions described 
herein can include one or more iridium-functionaliZed nano 
particles and/or other materials in addition to the iridium 
functionaliZed nanoparticle(s). 
[0026] In some of the embodiments described herein the 
light-emitting composition is con?gured to emit light such as 
blue, green, orange, red and White. 
[0027] In an embodiment, the process for making the light 
emitting devices described herein, include forming the light 
emitting layer by a Wet process. 
[0028] These and other embodiments are described in 
greater detail beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0029] FIG. 1 shoWs an exemplary con?guration of an 
organic light-emitting device. 
[0030] FIG. 2 is exemplary con?guration of a single layer 
device structure. 
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[0031] FIG. 3 shoWs the photoluminescence spectra (PL) of 
(POSS)(Ir Compound I) in diluted CHCl3. 
[0032] FIG. 4 shoWs an absorption (Abs) and photolumi 
nescence spectra (PL) of (POSS)(Ir Compound II) in diluted 
CHCl . 

[0033] FIG. 5 shoWs an absorption (Abs) and shoWs pho 
toluminescence spectra (PL) of (POSS)(Ir Compound III) in 
diluted CHCl3. 
[0034] FIG. 6 shoWs an absorption (Abs) and photolumi 
nescence spectra (PL) of (POSS)(Ir Compound IV) in diluted 
CH Cl . 

[0035]2 FIG. 7 shoWs electroluminescent spectra (EL) of a 
device incorporating (POSS)(Ir Compound I), indicated by 
squares, and a device incorporating (POSS)(Ir Compound II), 
indicated by circles, in Which the devices have the con?gu 
ration of ITO/PEDOT:PSS/PVK+PBD+(POSS)(Ir Com 
pound I)/CsF/Al or ITO/PEDOT:PSS/PVK+PBD+(POSS)(Ir 
Compound II)/CsF/Al, respectively. 
[0036] FIG. 8 shoWs the current density of a device incor 
porating (POSS)(Ir Compound I), indicated by closed 
squares, and a device incorporating (POSS)(Ir Compound II), 
indicated by closed circles; and the brightness of a device 
incorporating (POSS)(Ir Compound I), indicated by open 
squares, and a device incorporating (POSS)(Ir Compound II), 
indicated by open circles. 
[0037] FIG. 9 shoWs the external quantum ef?ciency (EQE) 
of a device incorporating (POSS)(Ir Compound I) indicated 
by closed squares and a device incorporating (POSS)(Ir Com 
pound II) indicated by closed circles; the poWer ef?ciency PE 
of a device incorporating (POSS)(Ir Compound I) indicated 
by open squares and a device incorporating (POSS)(Ir Com 
pound II) indicated by open circles. 
[0038] FIG. 10 shoWs comparison data (EQE, and poWer 
ef?ciency) betWeen POSS(Ir Compound V) and POSS(Ir 
ppy)l (carbaZole)7. 
[0039] FIG. 11 shoWs the current density-voltage curve of a 
device incorporating 0.2 Wt % of (POSS)(Ir compound I), 0.4 
Wt % of (POSS)(Ir compound III) and 5 Wt % of (POSS)(Ir 
compound IV), as indicated by closed squares, and the bright 
ness of the same device as a function of voltage as indicated 
by open squares. 
[0040] FIG. 12 shoWs the EQE (indicated by closed 
squares) and luminous ef?ciency (indicated by open squares) 
of a device incorporating 0.2 Wt % of (POSS)(Ir compound I), 
0.4 Wt % of(POSS)(Ir compound III) and 5 Wt % of(POSS)(Ir 
compound IV) as a function of current density. 
[0041] FIG. 13 shoWs the electroluminescence (EL) spec 
trum of a device incorporating 0.2 Wt % of (POSS)(Ir com 
pound I), 0.4 Wt % of (POSS)(Ir compound III) and 5 Wt % of 
(POSS)(Ir compound IV) as a function of Wavelength. The 
CIE coordinate is (0.23, 0.35). 
[0042] FIG. 14 shoWs the current density-voltage curve of a 
device incorporating 0.2 Wt % of (POSS)(Ir compound I), 0.6 
Wt % of (POSS)(Ir compound III) and 5 Wt % of (POSS)(Ir 
compound IV) and an additional electron injection layer, as 
indicated by closed squares, and the brightness of the same 
device as a function of voltage as indicated by open squares. 
[0043] FIG. 15 shoWs the EQE (indicated by closed 
squares) and luminous ef?ciency (indicated by open squares) 
of a device incorporating 0.2 Wt % of (POSS)(Ir compound I), 
0.6 Wt % of(POSS)(Ir compound III) and 5 Wt % of(POSS)(Ir 
compound IV) and an additional electron injection layer as a 
function of current density. 
[0044] FIG. 16 shoWs the electroluminescence (EL) spec 
trum of a device incorporating 0.2 Wt % of (POSS)(Ir com 
pound I), 0.6 Wt % of (POSS)(Ir compound III) and 5 Wt % of 
(POSS)(Ir compound IV) and an additional electron injection 
layer as a function of Wavelength at 7V and 11V. The CIE 
coordinate is (0.253, 0.354) at 7V and (0.253, 0.349) at 11V. 



US 2009/0066234 A1 

DETAILED DESCRIPTION 

[0045] A nanoparticle is a particle having a cross-sectional 
measurement (e.g., diameter if spherical) of about 100 nm or 
less. Dendrimers are examples of nanoparticles. Nanopar 
ticles may be soluble or insoluble polymers (copolymers, 
hyperbranched polymers, etc), having the ability to aggre 
gate, accumulate and/or self-assemble into particles of about 
100 nm or less. The silsesquioxane group of the formula (II) 
is an example of a nanoparticle. 
[0046] Dendrimers are branched molecular materials that 
exhibit useful properties of both small molecules and poly 
mers. See eg Frechet, J. M. J .; Hawker, C. J. Comprehensive 
Polymer Science, 2nd Supplement; Pergamon: Oxford, 
England, 1996; pp 140-206. A dendrimer is a substantially 
monodisperse synthetic macromolecule possessing a three 
dimensional architecture that comprises a central core, highly 
branched but substantially regular iterative building units, 
and numerous peripheral ending groups. A more detailed 
description of these terms is found in G. Odian, Principles of 
Polymerization, John Wiley, NeW York, 2”“ Ed., 1981, pp. 
177-179 and in W. R. Sorenson, F. SWeeney and T. W. Camp 
bell, Preparative Methods of Polymer Chemistry, John Wiley, 
NeW York, 3rd ed., 2001, pp. 442-444, both of Which are 
hereby incorporated by reference in their entireties. The 
numerous functional groups in the periphery of dendrimers 
are ideally suited for the incorporation of light-emitting 
lumophores, e.g., by covalent bonding. Modi?cations of 
peripheral functional groups in dendrimers to accommodate 
the attachment of lumophores can be carried out by general 
methods described in “Dendrimers III: Design Dimension 
Function”, Vogtle, F., Vol. Ed. Top. Curr. Chem. 2001, 212. 
Similar methods may also used to functionaliZe polymer 
nanoparticles. 
[0047] Unless otherWise indicated, When a substituent 
referred to as being “optionally substituted,” or “substituted” 
it is meant that the substituent is a group that may be substi 
tuted With one or more group(s) containing about 1 to about 
20 atoms individually and independentl selected from alkyl, 
alken l, alkyn l, cycloalkyl, cycloal enyl, cycloalkynyl, 
aryl, hleteroarylil heteroalicyclyl, aralkyl, heteroaralkyl, (het 
eroalicyclyl)alkyl, hydroxy, protected hydroxyl, alkoxy, ary 
loxy, acyl, ester, mercapto, alkylthio, arylthio, cyano, halo 
gen, carbonyl, thiocarbonyl, O-carbamyl, N-carbamyl, 
O-thiocarbamyl, N-thiocarbamyl, C-amido, N-amido, S-sul 
fonamido, N-sulfonamido, C-carboxy, protected C-carboxy, 
O-carboxy, isocyanato, thiocyanato, isothiocyanato, nitro, 
silyl, sulfenyl, sul?nyl, sulfonyl, haloalkyl, haloalkoxy, triha 
lomethanesulfonyl, trihalomethanesulfonamido, and amino, 
includin mono- and di-substituted amino groups, and the 
protecte derivatives thereof. 
[0048] The term “aryl” as used herein refers to single C3_2O 
carbocyclic and poly-C3_2O carbocyclic ring systems With a 
fully delocaliZed pi-system. Exemplary aryl groups are phe 
nyl and naphthyl. 
[0049] The term “alkyl” as used herein is a linear or 
branched chain of one to thirty-?ve carbon atoms. Examples 
of alkyl groups include but are not limited to methyl, ethyl, 
propyl, isopropyl, n-butyl, iso-butyl, tert-butyl, and the like. 
[0050] The term “cycloalkyl” as used herein refers to fully 
saturated single carbocyclic and poly-carbocyclic ring sys 
tems With three to thirty ?ve carbon atoms. 
[0051] A “monodentate ligand” refers to a ligand Which 
forms one bond (e. g., a coordinate covalent bond and/or cova 
lent bond) to a central atom, such as a metal ion, A monoden 
tate ligand can be a neutral molecule or an ion With a lone pair. 
A “bidentate” ligand refers to a ligand Which forms tWo bonds 
(e.g., a coordinate covalent bond and/or covalent bond) to a 
central atom. 
[0052] As used herein, the term “phosphorescence” refers 
to emission from a triplet excited state of an organic molecule. 
The term “?uorescence” refers to emission from a singlet 
excited state of an organic molecule. 
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[0053] An “aggregate emitter” comprises tWo or more 
light-emitting compounds that are bound in the ground state 
and/or in the excited state. An “excimer” is a dimer With an 
excited state Wavefunction that extends over tWo identical 
molecules, and is formed When the light-emitting compounds 
comprising the aggregate emitters are bound in the excited 
state but not in the ground state. 
[0054] The term “silsesquioxane” is the general name for a 
family of polycyclic compounds consisting of silicon and 
oxygen. Silsesquioxanes are also knoWn as silasesquioxanes 
and polyhedral oligomeric silsesquioxanes (POSS). 
[0055] The “Work function” of a metal is a measure of the 
minimum energy required to extract an electron from the 
surface of the metal. 
[0056] A “high Work function metal” is a metal or alloy that 
easily injects holes and typically has a Work function greater 
than or equal to 4.5. 
[0057] A “loW Work function metal” is a metal or alloy that 
easily loses electrons and typically has a Work function less 
than 4.3. 
[0058] A “Wet process” is used herein in its ordinary sense 
as understood by those skilled in the art and includes a process 
of laying doWn a layer Where the materials that are included in 
the layer are in aqueous or organic solution. Examples of Wet 
processes include but are not limited to spraying, spin coat 
ing, drop casting, inkjet printing and screen printing. 
[0059] A material is White light-emitting if it emits White 
light. White light is light having the approximate CIE color 
coordinates (XI1/3, YI1/3). The CIE color coordinates @(IVs, 
YI1/3) is de?ned as the achromatic point. The X andY color 
coordinates are Weights applied to the CIE primaries to match 
a color. A more detailed description of these terms may be 
found in CIE 1971, International Commission on Illumina 
tion, Colorimetry: O?icial Recommendations of the Intema 
tional Commission on Illumination, Publication CIE No. 15 
(E-1.3.1) 1971, Bureau Central de la CIE, Paris, 1971 and in 
F. W. Billmeyer, Jr., M. SaltZman, Principles of Color Tech 
nology, 2nd edition, John Wiley & Sons, Inc., NeW York, 
1981, both of Which are hereby incorporated by reference in 
their entireties. The color rendering index (CRI) refers to the 
ability to render various colors and has values ranging from 0 
to 100, With 100 being the best. 
[0060] An embodiment provides an iridium complex 
attached to the nanoparticle core. In some embodiments, the 
iridium-complex can be a phosphorescent emitter. In an 
embodiment, the iridium-functionaliZed nanoparticle is rep 
resented by Formula (I) as folloWs: 

The core in Formula (I) represents the nanoparticle core, 
While 

(I) 

n 

(>412) n 



US 2009/0066234 A1 

represents the iridium complex. The n in the iridium complex 
is 2, each 

> C 

is independently a ?rst optionally substituted bidentate 
ligand, and 

C Z 
is a second optionally substituted bidentate ligand. The X in 
Formula (I) may be a single bond or 

Wherein * indicates the attachment to the core. In some 

embodiments, the iridium-functionaliZed nanoparticle of 
Formula (I) further comprises at least one host having the 
formula 

R5 
k 

Wherein k is 0 or an integer selected from 1, 2, 3, 4, 5, 6, 7, 8, 
9,l0,l1,l2,l3,l4,l5,l6,l7,18,19 and 20. The 

5% 
indicates that the bond is attached to the core. In some 
embodiments, the host may comprise a hole transport mate 
rial or an electron transport material, and a mixture of the hole 
transport and electron transport hosts can be attached to the 
core. 

[0061] In some embodiments, the iridium-functionaliZed 
nanoparticle may be represented by the folloWing formulas: 

(11) 

Mar. 12, 2009 

Wherein both R' and R" are Ir complexes, R' is represented by 

_( Y> Irl'jN D Z C 
2 

or 

Y N 

—\Si — O —< > Ir ) 
/ Z c 

2 

and R" is represented by 

_<Y>Ir\l|iN D Z C 
2 a 

Wherein each 

N D 
C 

is independently a ?rst optionally substituted bidentate 
ligand, and 

C Z 
is a second optionally substituted bidentate ligand. The R3 is 

R5 
k 

Wherein k is 0 or an integer selected from 1 to 20. In some 
embodiments, R3 may be a host, and each R5 in Formula (I), 
(II), and (III) can be independently selected from the folloW 
ing: 
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