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Abstract: Four different 1,8-naphthalimide derivatives were examined in phosphorescent organic light
emitting diodes (OLEDSs), i.e., 1,8-naphthalimide, N-phenyl-1,8-naphthalimide, N-2,6-dibromophenyl-1,8-
naphthalimide (niBr), and bis-N,N-1,8-naphthalimide. Photoluminescence from all four naphthalimides have
violet-blue fluorescence and phosphorescent bands between 550 and 650 nm (visible at 77 K). While all
four compounds gave good glassy films when doped with a phosphorescent dopant, only the niBr films
remained glassy for extended periods. OLED studies focused on niBr, with two different architectures.
One OLED structure (type 1) had the niBr layer as a doped luminescent layer and an undoped niBr layer
to act as a hole-blocking layer. The alternate structure (type 2) utilizes a doped CBP layer as the luminescent
layer and the niBr layer is used as a hole-blocking layer only (CBP = 4,4'-N,N'-dicarbazolylbiphenyl). Type
1 and 2 OLEDs were prepared with green, yellow, and red emissive phosphorescent dopants (Irppy, btlr,
and btplr, respectively). The dopants were organometallic Ir complexes, previously shown to give highly
efficient OLEDs. Of the three dopants, the btplr-based OLEDs showed the best device performance in
both structures (peak efficiencies for type 2: 3.2% and 2.3 lum/W at 6.3 V; type 1: 1.7% and 1.3 Im/W at
6.1 V). The green and yellow dopants gave very similar performance in both type 1 and 2 devices (peak
efficiencies are 0.2—0.3%), which were significantly poorer than the btplr-based OLEDs. The emission
spectrum of the btlr- and btplr-based devices (type 1 and 2) are the same as the solution photoluminescence
spectrum of the dopant alone, while the Irppy device gives a broad red emission line (Amax = 640 nm). The
red Irppy-niBr emission line is assigned to an Irppy-niBr exciplex. The type 2 Irppy-based device gave a
voltage-dependent spectrum, with the red emission observed at low bias (4—8 V), switching over to strong
green emission as the bias was raised. All other devices showed bias-independent spectra. Estimates of
HOMO, LUMO, and excited-state energies (dopant, niBr, and exciplex) were used to explain the observed
spectral properties of these devices. btplr-based devices emit efficiently from isolated dopant states (external
efficiencies = 3.2 %, 2.3 lum/W). Irppy-based devices emit only from exciplex states, with low efficiency
(external efficiency = 0.3%). btlr-niBr films have very similar energies for the dopant, exciplex, and niBr
triplet states, such that relaxation can go through any of these states, leading to low device efficiency
(external efficiency = 0.4%). High device efficiency is achieved only when dopant emission is the dominant
pathway for relaxation, since exciplex and niBr triplet states give either weak or no electroluminescence.

Introduction report of Alg-based OLEDs, it has been the most heavily
studied electron transporter for OLEDs. To be useful as an
electron transporter in an OLED, a given material must be
chemically and thermally stable and have an electron-deficient
m-system. In addition to Alg metal complexes of metals other
than Al have proven useful as wéff. A number of different
organic molecules have also been used as electron transporters,
including oxadiazole$triazoles? phenanthroline®and carba-

zole derivative$: 1! This paper explores the use of naphthal-
imides as electron transporters and luminescence host materials

A great deal of experimental effort has focused on developing
new materials for organic electronic and optoelectronic applica-
tions! In many cases, breakthroughs in device performance have
been tied directly to the use of new materials. A good example
of this is seen in organic light-emitting diodes (OLEDS).
Significantly improved device performance was realized for
OLEDs when aluminum-tris(8-hydroxyquinolate), Algwas
introduced as an electron-transporting matériihce the initial
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for organic light-emitting diodes. The goal is both to evaluate Doping an orange/red fluorescent dye (DCM) into a 4-amino-
these materials in high-efficiency device structures and to 1,8-naphthalimide matrix shifted the electroluminescence (EL)
explore the relationship between the electronic properties of eachspectra to correspond exactly to photoluminescence (PL)
host/dopant system and the device properties, such as OLEDspectrum of DCM, but did not noticeably improve performance
efficiency and the origin of the emitting state (i.e., host, dopant, of the deviceg® The authors concluded that there was no energy
or exciplex). transfer from the naphthalimide matrix to DCM, but the dye
1,8-Naphthalimide compounds are an attractive class of molecules could efficiently trap charge carriers in the devices,
electron-deficient organic materials for OLEDs. They have high leading to electrorthole recombination at the DCM dopants
electron affinities? and related naphthalenetetracarboxylic followed by DCM emission. OLEDs utilizing side-chain naph-
diimide compounds have electron mobilities as high as 0.16 thalimide polymers showed that these materials affect the device

cn?(V s).13 1,8-Naphthalimides can have wide energy gap8
and low reduction potential$,making them good candidates
for use as n-type materials in OLEDs. While many 1,8-

charge transport properties significantly and, in particular, reduce
the bias necessary for electroluminesceficé.
Cleave et al. recently reported the doping of a phosphorescent

naphthalimide derivatives have low luminescent efficiencies at dopant (i.e., platinum octaethyl porphyrin, PtOEP) into a
room temperature, due to strong intersystem crossing to theirnaphthalimide side-chain polymét Efficient energy transfer
triplet states®171,8-naphthalimides substituted at the 4 position from the polymer to PtOEP was observed. While the efficiencies
with electron-donating groups can have high fluorescent quan-of these devices were not high, the use of phosphorescent

tum yields!418
Naphthalimides have been utilized in both small mole€ufé
and polymer-baséé?>28 OLEDs. The small molecule based

dopants has the potential of giving very high efficiency devices
in both small molecuf®® and polymer-baséd OLEDs.
The high electron affinities and ionization potentials of 1,8-

devices, utilizing 4-amino-1,8-naphthalimides as light-emitting haphthalimides suggest that they may be useful electron

material, showed performance inferior to that of Alspsed

transport or hole-blocking materials in electrophosphorescent

OLEDs. Emission from intramolecular charge-transfer states OLEDs. Although it appears that the triplet energy level of 1,8-

contribute greatly to electroluminescence of these devias.

(3) Sapochak, L. S.; Burrows, P. E.; Thompson, M. E.; Forrest, S. Rhys.
Chem.1996 100, 17766. Shoustikov, A. A.; You, Y.; Thompson, M. E.
IEEE J. Sel. Top. Quantum Electrat®98 4 (1), 3. Burrows, P. E.; Forrest,
S. R.; Thompson, M. ECurr. Opin. Solid State Mater. Sc1997, 2, 236.
Hamada, Y.IEEE Trans. Electron De&ces 1997 44, 1208. Li, Y.; Liu,

Y.; Bu, W.; Lu, D.; Wu, Y.; Wang, Y.Chem. Mater.200Q 12, 2672.
Rothberg, L. J.; Lovinger, A. Jl. Mater. Res1996 11, 3174.

(4) (a) Adachi, C.; Tokito, S.; Tsutsui, T.; Saito, Jn. J. Appl. Phys., Part
1, 1988 27, 713. (b) Brown, A. R.; Burroughes, J. H.; Greenham, N. C;
Friend, R. H.; Bradley, D. C.; Burn, P. L.; Kraft, A.; Holmes, A. Bppl.
Phys. Lett.1992 61, 2793.

(5) (a) Adachi, C.; Baldo, M.; Forrest, S. R.; Thompson, M.Appl. Phys.
Lett. 200Q 77 (6), 904. (b) Kido, J.; Hongawa, K.; Okuyama, K.; Nagai,
K. Jpn. J. Appl. Phys., Part 2993 32, L917.

(6) Nakada, H.; Kawami, S.; Nagayama, K.; Yonemoto, Y.; Murayama, R.;
Funaki, J.; Wakimoto, T.; Imai, KPolym. Prepr. Jpn1994 35, 2450.

(7) Kozlov, V. G.; Parthasarathy, G.; Burrows, P. E.; Forrest, S. R.; You, Y.;
Thompson, M. EAppl. Phys. Lett1998 72 (2), 144.

(8) O'Brien, D. F.; Baldo, M. A.; Thompson, M. E.; Forrest, S.Appl. Phys.
Lett. 1999 74 (3), 442.

(9) Baldo, M. A.; Lamansky, S.; Burrows, P. E.; Thompson, M. E.; Forrest,
S. R.Appl. Phys. Lett1999 75 (1), 4.

(10) Adachi, C.; Baldo, M. A,; Forrest, S. R.; Lamansky, S.; Thompson, M. E.;
Kwong, R. C.Appl. Phys. Lett2001, 78 (11), 1622.

(11) Adachi, C.; Kwong, R. C.; Djurovich, P.; Adamovich, V.; Baldo, M. A.;
Thompson, M. E.; Forrest, S. Rppl. Phys. Lett2001, 79, 2082.

(12) Cacialli, F.; Friend, R. H.; Bouche, C. M.; Le Barny, P.; Facoetti, H.; Soyer,
F.; Robin, P.J. Appl. Phys1998 83 (4), 2343.

(13) Katz, H. E.; Lovinger, A. J.; Johnson, J.; Kloc, C.; Siegrist, T.; Li, W.;
Lin, Y.; Dodabalapur, ANature 200Q 404, 478.

(14) Alexiou, M. S.; Tychopoulos, V.; Ghorbanian, S.; Tyman, J. H.; Brown,
R.; Brittain, P.J. Chem. Sog¢Perkin Trans. 2199Q 837.

(15) Demeter, A.; Biczok, L.; Berces, T.; Wintgens, V.; Valat, P.; Kossanyi, J.
J. Phys. Chem1993 97, 3217.

(16) Wintges, V.; Valat, P.; Kossanyi, J.; Biczok, L.; Demeter, A.; Berces, T.
J. Chem. Soc., Faraday Trank994 90 (3), 411.

(17) Demeter, A.; Berces, T.; Bicsok, L.; Wintges, V.; Valat, P.; Kossanyi, J.
J. Phys. Chem1996 100, 2001.

(18) Wintges, V.; Valat, P.; Kossanyi, J.; Demeter, A.; Biczok, L.; Berces, T.
New J. Chem1996 20, 1149.

(19) Martin, E.; Weigand, RChem. Phys. Lett1998 288, 52.

(20) Utsugi, K.; Takano, SJ. Electrochem. Sod 992 139(12), 3610.

(21) Yin, S.; Liu, X.; Huang, W.; Li, W.; He, BThin Solid Films1998 325,
268.

(22) Su, J.; Xu, T.; Chen, K.; Tian, Fsynth. Met1997, 91, 249.

(23) Ni, W.; Su, J.; Chen, K.; Tian, HChem. Lett1997 101.

(24) Tian, H.; Su, J.; Chen, K.; Wong, T. C.; Gao, Z. Q.; Lee, C. S.; Lee, S. T.
Opt. Mater.2000 14, 91.

(25) Hu, C.; Zhu, W.; Lin, W.; Tian, HSynth. Met1999 102 1129.

(26) Bouche, C. M.; Le Barny, P.; Facoetti, H.; Soyer, F.; Robin].RChim.
Phys.1998 95, 1351.

(27) Zhu, W.; Hu, C.; Chen, K.; Tian, Hsynth. Met1998 96, 151.

(28) Yin, S.; Xu, Z.; Huang, W.; Zhang, F.; Hou, Y.; Wang, Y.; Xu, ®hin.
J. Chem.1999 17 (5), 462.

9946 J. AM. CHEM. SOC. = VOL. 124, NO. 33, 2002

naphthalimides (phosphorescence maxima near 54@6nth)
may limit application of these materials as a host to orange and
red dopants only, the recent successful demonstration of efficient
electrophosphorescence from a device in which the host has
lower triplet energy than the dopahsuggests the possibility
of utilizing these materials for green or blue devices as well.
To investigate the potential of 1,8-naphthalimides in elec-
trophosphorescent OLEDs, we have focused on the character-
ization of 1,8-naphthalimide-based OLEDs doped with highly
emissive Ir-based complexes, i.e., bis(2{gnzo[4,5a]thienyl)-
pyridinato-N,C3) iridium (acetyl-acetonate) (btpl#f;33 bis(2-
phenylbenzothiozolato-NZJ iridium (acetyl-acetonate) (btlff;33
andfac-ris(2-phenylpyridine) iridium (Irppyy. The molecular
structures of the Ir phosphors and 1,8-naphthalimides investi-
gated in this study are given in Figure 1. The emission maxima
of these Ir phosphorescent complexes in dilute solutions are
61232 55732 and 510 nn# respectively, placing the dopant
emissive states below, close to, and above the triplet energies
of 1,8-naphthalimides. This choice of phosphorescent emitters
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0 @ O scanning rate of 100 mV/s in deoxygenatédN-dimethylformamide
| N O \-H N solutions containing 0.1 M tetrabutylammonium hexafluorophosphate.
ZN Q The potentials were recorded relative to a Ag/AgCl reference electrode
" o Q)
3 iH

with Pt wires used for both working and counterelectrodes. The data
ni were recorded at room temperature.
Instrumental Measurements.Absorption spectra were recorded on

Irppy N 0 an AVIV Model 14DS-UV-Vis-IR spectrophotometer (re-engineered
O O @ O Cary 14) and corrected for background due to solvent absorption.
) ) NPD
[0}

Emission spectra were recorded on a PTI QuantaMaster Model C-60SE
spectrofluorometer with 928 PMT detector and corrected for detector
SUN] o= sensitivity inhomogeneity. Triplet emission lifetimes were obtained at
! niPh 77 K by exponential fit of emission dec&curves recorded on the

PTI spectrofluorometer. The emission decay curves were recorded by

2 0 Br O fast (~50 ms) closing of the excitation source shutters. The shutter
O closing was performed manually. The absorption spectra were taken
btir N‘@ O in the dichloromethane solutions with optical densities~@.1. The
O Br photoluminescence emission spectra were taken in dichloromethane and

CBP point of intersection of the normalized absorption and fluorescence

Q O 0 O spectra. All of the naphthalimide compounds examined here have small
N—N ) Al 0 Stokes shifts between their absorption and fluorescence bands.
Q Y & O NS Thin films of naphthalimide compounds were examined with a Nikon
Z 3

Eclipse ME600 optical microscope equipped with a Pixera PVC 100C
btplr ni2 Algs digital camera. Photoluminescence spectra of the films were taken with
a PTI QuantaMaster Model C-60SE spectrofluorometer.
Figure 1. Molecular structures of phosphorescent dopant and 1,8-  |onjzation potentials were measured on neat thin films, using an AC-1
naphthylimide compounds investigated in this study. (Riken Keiki Co., Japan) UV photoelectron spectrometer.

. . . . OLED Fabrication and Testing. Organic layers were deposited
allowed us to investigate how the differences in hasipant onto precleaned transparent conductive inditiim oxide glass sub-

triplet energies affect the color and efficiencies of the resulting gyates (1TO) by thermal evaporation method at®TDorr vacuum. A

electrophosphorescence devices. In this study we have seen bothole-transport layer, a 350 A thick layer of NPD (see Figure 1), was
monomer and exciplex emission in the resulting devices. The followed by a 250 A thick emitting layer (an 1,8-naphthalimide

highest device efficiencies were observed for OLEDs that emit derivative for type 1; 4,4N,N'-dicarbazolebiphenyl (CBP) for type 2)
from only dopant states (i.e., no exciplex or host emission is doped with 6-8% of a phosphorescent Ir complex. The emitting layer

N
. 2-methyltetrahydrofuran solutions.
| /\N o niBr The optical energy gaps for each of the materials were taken as the
Ir N
2

observed). was followed by the hole-blocking (100 A of the 1,8-naphthalimide
_ _ derivative) and electron-injecting (200 A of Alglayers. A 1000 A
Experimental Section thick Mg:Ag cathode (10 mass % of Ag) was deposited on top of the
Synthesis.The phosphorescent dopants used in this study (btplr, Organic films and capped with 500 A of pure Ag. During device
btlr, and Irppy) were prepared by literature procedd?é8.Four fabrication the vacuum was broken after deposition of the organic layers
different 1,8-naphthalimide derivatives were used in the study. 1,8- in order to install a cathode mask. All measurements on the devices
Naphthalimide (niH) was purchased from Sigma-AldridhPhenyl- were carried out in the air at room temperature.

1,8-naphthalimide (niPh) arfd-2,6-dibromophenyl-1,8-naphthalimide

(niBr) were prepared from 1,8-naphthalic anhydride and corresponding

anilines according to a procedure by Rademacher ¥tBis-N,N-1,8- Photophysical and Electrochemical Properties of Naph-

naphthalimide (ni2) was prepared from 1,8-naphthalic anhydrate and thalimides. A brief summary of photophysical data for 1,8-

hydrazine according to a procedure by Kuchkova étAll the reagents naphthalimide (niH)N-phenyl-1,8-naphthalimide (niPH)-2,6-

were purchased from Sigma-Aldrich and were used without further dibromophenyl-1,8-naphthalimide (niBr), and ®sN'-1,8-

purification. o o _ ) » naphthalimide (ni2) is given in Table 1. Fluorescence from these
The four naph_thallmldgs (n_lH, _anh, niBr, and n[Z) were purified complexes appears in the 34060 nm range. The room-

by therm‘f"' g.rad'ent sublimation in a vacuum (ca. 5100.")' T.he temperature emission spectra (predominantly fluorescence) are

characterization data for the three known compounds (niH, niPh, and . . . ] .

ni2) matched the data given in the literat&te®” The characterization mirror images of the lowest gnergy absorption band; See_Flgure

data for niBr are given below. 2. These structqre(_j ab_sorptlop an(_JI fluorescence bfands |nd|_cate
N-2,6-Dibromophenyl-1,8-naphthalimide. Yield: 50%.H NMR that a narrow distribution of vibrational states are involved in

(acetoneds, 250 MHz),6 (ppm): 7.35-7.5 (t, 1H), 7.85-8.1 (m, 4H), the electronic transition and that the geometry of the molecule

8.5-8.7 (m, 4H). MS,m/z 352 (100), 214 (40), 126 (60). Anal. inits relaxed FranckCondon excited state is not very different

Calcd: C 50.04, H 1.98, N 3.23. Found: C 50.15, H 2.10, N 3.25.  from that of the ground-state molecdfeThe spectroscopic
Electrochemical MeasurementsCyclic voltametric measurements  properties of the singlet excited state of tiealkyl-1,8-

were recorded with an EG&G potentiostat/galvanostat model 28, at a naphthallm|des are controlled by the presence of a C|Ose_|y|ng

triplet excited state with m* character, resulting in a high

intersystem crossing efficiencyd(sc = 0.95 and 0.11 for niH

ggg ES‘E’E&%Z‘?{’ LA;-h'\Lfssrg"eA_Sd;ngﬁc:r'%fhg&.;Bﬁ;}]%?ékgg’ZT?ZZZL- and niPh, respectivelyf:1® The energy of the lowest triplet

Akad. Nauk Moldaskoi SSR. Ser. Biol. Khim. Nad®8§ 2, 70.

(37) Day, J. C.; Govindaraj, N.; McBain, D. C.; Skell, P. S.; Tanko, J.JM. (38) Birks, J. B Photophysics of Aromatic Molecule®Viley-Interscience:
Org. Chem.1986 51, 4959. London, 1970.

Results and Discussion

(34) King, K. A.; Spellane, P. J.; Watts, R. J. Am. Chem. Sod 985 107,
1432.
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Table 1. Summary of Reporteg Photophysical Data for here, indicating that the IP is greater than 7 eV. While UPS is
1.8-Naphthalimide Compounds the preferred method for evaluating HOMO energies in OLED
§ . ; . (vE;s'eﬁg/ materials’®-42it was necessary to use electrochemical methods
o o (m) oy & AgC) ref to estimate orbital energies of the naphthalimides. Since
niH 379 003 0.1 540588640 055 —125 16 electrochemical oxidation was not observgd forthese.materials,
niPh 386 0.0002 <0.05 542-588-640 055 —1.05 17,18 we have to rely on the reduction potentials to estimate the
nigr 375 005 <1 536-584-636 0.54 ~—1.15 thiswork LUMO energies and use the LUMO to estimate the HOMO
ni2 380 540-584-636 0.84 this work . .
energies. In order for the electrochemical measurement to be
2 Amax £ = fluorescence emission maximur; = fluorescence yieldt; used effectively, a reference compound must be used to convert

= fluorescence lifetimelmax ph = phosphorescence emission maximum; . . I .
7ph = phosphorescence lifetime. All fluorescence data are given for solutions the electrochemical reduction potential in solution to a LUMO

in acetonitrile at 300 K, phosphorescence data are given for 77 K in energy, relative to vacuum. 4;@N,N'-Dicarbazolyl)biphenyl
butyronitrile/butyl acetate glass (95:5, v:¥f’ eq = the reduction potential, (CBP) has been used extensively in OLEDs as a hole transporter
recorded cyclovoltametrically for DMF solutions. and a host for phosphorescent doparisand was used here

T T T —T— T as the reference for the naphthalimides. CBP shows a reversible

8000+ —O—Abs. () |1.0 reduction at—2.37 V (vs Ag/AgCl) and a LUMO energy of
TP 2.7 eV. Using this potential, we place the LUMO levels of niH,

T
4
o=}

niPh, and niBr at 3.8, 4.0, and 3.9 eV, respectively, relative to
vacuum.

The HOMO energies for the naphthalimide compounds were
calculated using the LUMO energy and optical energy gap for
each of the naphthalimide compounds. The naphthalimdes give
---------- fluorescence spectra that are nearly mirror images of their long-

’X 5 wavelength absorption bands, indicating that the geometry of
/\\/\ the molecule in its relaxed FraneiCondon excited state is not
— ol : —t = 100 significantly different from that of the ground-state molecule.
300 350 400 450 500 550 600 650 700 This makes it possible to use the optical energy gap (3.4 eV
Wavelength (nm) for niH, niPh, and niBr) as an estimate of the HOMDUMO
Figure 2. Absorption and emission spectra for niBr. Room-temperature gap for these naphthalimidésThus, the ionization energies
spectra are for CkCl2 solution and the 77 K spectrum is a 2-MeTHF glass. of the naphthalimide HOMOs were calculated by adding the
) o o optical gaps for each of the naphthalimides to the corresponding
excited state is fairly independent of the substitution, whether | ;o energy. The HOMO energies estimated from the
on the dicarboximide nitrogen a_tom oron th_e n_aphthalenelﬁing. reduction potentials and optical gaps are 7.2, 7.4, and 7.3 eV,

Figure 2 shows the absorption and emission spectra at 300¢4nsjstent with the lower limit set by our UPS measurements.
K (dichloromethane solution) and photoluminescence at 77 K 1 is important to note that the optical gap represents a lower
(2-methyltetrahydrofuran glass) for niBr. Photoluminescence |imjt of the carrier gap, since it is not corrected for the coulomb
spectra at 77 K in 2-methyltetrahydrofuran glasses are well inging energy of the excited state. The error in this case gives
structured, and emission from the triplet in the 5850 nm the naphthalimide HOMO a lower ionization energy than its
region can be clearly seen. The measured lifetimes of these stateg ;e HOMO energy. Since the estimated HOMO energies of
are between 0.5 and 1 s, consistent with their assignment asne paphthalimides are well below any of the other materials
organic triplet states. Dichloromethane solutions of any of the .qnsidered here (vide infra), this error will not markedly change
naphthalimides, cooled to 77 K, give broad structureless , picture.
photoemission spectra, centered between 430 and 450 nm. The The potential application of naphthalimides in OLEDs can
phosphorescent bands observed in THF glasses are not observegh examined by comparing the naphthalimide HOMO and
in these samples. The broad emission observed for frozen CH | ymo energies to the other OLED materials. We will discuss
Cl; samples is most likely due to small molecular aggregates hese states with reference to an energy level diagram of the
in the materials, formed by precipitation of the naphthalimide jso|ated materials in their flatband conditions, as depicted in
on cooling (see the following section). . ~ Figure 3. Although this is not intended to be a representation

1,8-Naphthalimides show fully reversible reduction waves in f the relevant energy levels under applied bias, it provides a
acetonitrile solutions. The reduction potentials for niH, niPh, g itaple basis for the discussion of the relative energy levels. It
and niBr are—1.25, —1.05, and—1.15 V (vs Ag/AgCl), is commonly accepted that the validity of usual band theory is
respectively, consistent with the literature reports for'fliehd  jimjted for OLEDs, and charge conduction in the devices occurs
anh.15. ni2 is too insoluble to Obt.all"l an accurate reduction through the hopping of charges between adjacent molecules with
potential. None of the naphthalimide compounds have a pgjes and electrons located at the molecular HOMOs and
detectable oxidation wave in the solvents used here (acetonltrlleLUMOS’ respectively. The ionization potential (IP) and electron

and dichloromethane), putting it outside of the window available
in th lven 2.0 V). (39) Ishii, H.; Sugiyama, K.; Ito, E.; Seki, KAdv. Mater. 1999 11, 605.
these solvents (Up 2.0 ) (40) Richardson, D. Hnorg. Chem.199Q 29, 3213.
Both UV photoelectron spectroscopy (UPS) and electro- (41) The optical gap was defined at-0 transition, as the intersection of
i i normalized absorption and emission spectra.
C_hemlcz_il methOdS_ have been used to assess th_e HQMO enel’gle(ﬁZ) Anderson, J. D.; McDonald, E. M.; Lee, P. A.; Anderson, M. L.; Ritchie,
(ionization potentials, IP) for molecular materidfsniBr has E. L.; Hall, H. K.; Hopkins, T.; Mash, E. A.; Wang, J.; Padias, A.;
f [ ; ; ; Thayumanav, S.; Barlow, S.; Marder, S. R.; Jabbour, G. E.; Shaheen, S.;
beer_l examined by UPS and hqs _a ionization potential that is Kippelen. B.: Peyghambarian, N. Wightman. R. M. Armstrong, NJR.
outside the detectable energy limits of the UPS system used  Am. Chem. Sod998 120, 9646.
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Figure 3. Positions of the HOMO and LUMO levels for the OLED 1.01 niBr )
materials. The energy for each orbital are listed below (HOMOs) or above =2 | 4 \ _ °=°°°° Irppy-niBr
—e— |rppy-CBP

(LUMOs) the appropriate bar. Energies were determined from UPS, optical,
and electrochemical measurements, as described in the text.

Table 2. Oxidation and Reduction Potentials for Matrix and
Dopant Materials in DMF2

E® oxid E® red

Photoluminescence (arb. units)
o
<

compound V vs Fe/Fc* V vs Fe/Fe* carrier gap (V)
CBP 0.50 —2.77 3.27
btplr 0.36 —2.42 2.78 0.0
btir 0.56 —2.15 2.71 T T T T
Irppy 0.32 —2.69 3.01
niBr —1.55 ! : . :

1.04 Type 1 OLEDs

aFc = Fe(GHs)2. The potential for the Fc/Fccouple falls at 0.40 V vs —o— btplr
Ag/AgCI in DMF. —4&— btlr
---- lrppy

affinity (EA) of the material define positions of the HOMO and
LUMO relative to the vacuum level. For NPD and Alghe
HOMO levels here were determined by UV photoemission
spectroscopy (UPS), and the LUMOs estimated from IP values
by subtracting the optical energy g&is*?

For CBP, btplr, btlr, and Irppy the HOMO energy was
determined by UPS; however, the LUMO energy was estimated
using the carrier gap, rather than the optical gap. The carrier 004 o
gap for these compounds was measured electrochemically. All ' T T T T
four of these compounds show fully reversible oxidation and 400 500 600 700 800
reduction waves. The voltage difference between the waves Wavelength (nm)
gives a good estlmatg of the energy difference between the r!OleFi ure 4. Photoluminescence (PL, top and middle) and electroluminescence
and electron states, i.e., the carrier gap. The redox potentialSihottom) spectra of niBr and doped niBr films. The top plot shows the PL
for these complexes are given in Table 2. This approach spectra for niBr, as well as the btplr and btir doped niBr films. The middle

eliminates the inaccuracy associated with the use of the opticalP!ot shows the PL spectra of niBr, Irppy doped niBr and the spectrum of
Irppy doped into a matrix which does not interact significantly with the

gap to approximate the carrier gap. o dopant (i.e., CBP, 1,4N'-dicarbazolylbiphenyl). All PL spectra were

The HOMO levels for these naphthalimide compounds are obtained with an excitation wavelength of 325 nm. The bottom plot shows
very deep, suggesting that these materials may make good holethe electroluminescence spectra of type 1 devices, prepared with similarly
blocking layers in OLEDs. The LUMO levels for the naphthal- d0ped niBr films.

imides are also fairly deep, however, which may provide a th ted il d hb tical mi d
barrier to electron injection into the luminescent zones of doped € evaporated lims appeared rougn by optical microscopy, an

CBP-based devices. For this reason, two different types of the growth of crystals on a scale larger thaw was observed.

OLEDs were examined, with naphthalimide- and CBP-doped Co-deposition of r.1iH-, r,'iph’ and ni2 W!th_(,B mass % of apy
emissive layers. of the Ir dopants inhibited the crystallization processes in the

Thin Films of the 1,8-Naphthalimides. The first requirement ~ 1IIMS, such that freshly prepared samples appeared amorphous,
a material must satisfy for it to be useful in OLEDs is that it but crystall_me patterns develo_ped in the f|_|ms within hou_rs. In
must make high-quality thin films. Thin films of the naphthal- contra_st, niBr gave smooth, _plnhol_e-free films, whether it was
imides were prepared by thermal evaporation. The qualities of deposited pure or co-deposited with a phosphorescent dopant
the films were investigated by optical and atomic force (i-€., btplr, btir, or Irppy).
microscopies. When niH, niPh, and ni2 were deposited directly ~Photoluminescence spectra of thin films of niBr, both doped
onto quartz or onto a substrate precoated with an organic film and undoped, are shown in Figure 4. Emission from films of
(i.e., NPD), they did not give dense thin films. The surfaces of pure niBr is broad and featureless, witi sy of 436 nm. This

0.5

Electroluminescence (arb. units)
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peak is red-shifted from the fluorescence observed for the THF

 Cathode ~ Cathode
solution by 60 nm. The thin film spectrum is very similar to i : B
that observed from dichloromethane solutions of niBr, cooled 200 A Algs 200 A Algs
to 77 K. Wintges et al® reported similar emission fdd-methyl- 100 A niBr 100 A niBr
1,8-naphthalimide and attributed it to delayed fluorescence from
molecular aggregates, resulting from a tripletplet annihilation 250 A doped niBr 250 A doped CBP
process. A similar process is most likely occurring in the neat 350 ANPD 250 A NFD
niBr film as well.

When the niBr films are doped with-88 mass % of btpir or 119 e

btlr, energy transfer from the naphthalimide to the dopants is
clearly evident. The photoluminescence spectra of these films (type 1) (type 2)
feature emission bands with peaks at 566 and 620 nm for btlr- fig,re 5. Type 1 and type 2 OLED architectures investigated here.
and btplr-doped films, respectively, which are very similar to
photoluminescence bands of these phosphors in dilute sofiition. dicarbonyl complex at low temperatur&svercer-Smith et al.
The excitation spectra for the doped films, taken at the maximum demonstrated that palladium porphyrin triplet states form
of the phosphor emission, have their maxima at the same exciplexes with amines, which have a small degree of charge-
wavelengths as the excitation spectrum for the undoped film. transfer character and strongly resemble the uncomplexed
Both dopants have absorption energies low enough to quenchporphyrin triplet in both lifetime and emission spectréfithe
the excited states of niBr. The ratios of the dopant/host peak exciplex state formed between Irppy and the naphthalimides
emission intensities are similar for the btplr- and btlr-doped shows a markedly different spectrum from either Irppy or the
films, suggesting similar energy-transfer rates for these two naphthalimide alone (see Figure 4), suggesting a high degree
dopants. of charge transfer exists in the Irppyaphthalimide exciplex.
When the niBr film is doped with 68 mass % of the green N-substituted 1,8-naphthalimides are known to be prone to
phosphor (Irppy), the film photoluminescence does not feature exciplex formation due to the presence of a low-lying excited
the monomer phosphor emission band, but shows a broadstate of charge-transfer charactét? Several authors, who
featureless band with a maximum at 640 nm in addition to the investigated 4-amino-1,8-naphthalimides as light-emitting spe-
niBr band peaking at-430 nm (Figure 4). The excitation ciesin OLEDs, used exciplex formation to explain the observed
spectrum of the film, at the 640 nm emission line, is close to EL spectr&?-2* Hasharoni et al° investigated intramolecular
excitation spectra of niBr-doped films. The broad red emission exciplexes in which 1,8-naphthalimide moieties behaved as the
is still present when the Irppy-doped film is excited at 400 nm electron acceptors and concluded from EPR measurements that
(the IMLCT absorption band of the dopant), although the they have triplet character.
extinction coefficient for molecular niBr at this wavelength is niBr-Based Phosphorescent OLEDsTwo different device
negligibly small (Figure 4). The photoluminescence properties architectures were used to evaluate the utility of the 1,8-
of pure and doped films described above are not specific to naphthalimide complexes as electron-transporting and doped
niBr; doped niH and niPh films showed similar behavior (i.e., luminescent layers and as hole-blocking layers in electrophos-
a broad emission band at 640 nm for Irppy-doped films and phorescence OLEDSs, as shown in Figure 5. In type 1 OLEDs,
dopant emission for btplr- and btlr-doped films). a 1,8-naphthalimide derivative was used to form both a 250 A
The lack of structure and low energy of the emission band thick phosphor-doped emitting layer and a 100 A thick hole-
for Irppy-doped niBr, niH, and niPh films, relative to their pure blocking layer. In type 2 devices, CBP was used as a host for
components (i.e., Irppy and the naphthalimide), suggest that thethe emitting layer and a 1,8-naphthalimide derivative was
emitting state is an exciplex. An exciplex is an excited state utilized as a 100 A thick hole-blocking layer only. CBP has
whose wave function straddles two dissimilar molecules, one a been used previously to make high-efficiency phosphorescent
net electron donor and the other an acceptor. Strong-spluit OLEDs& 11
coupling of Ir presumably leads to the formation of a triplet During initial studies, type 1 devices were fabricated for all
exciplex. Emission from triplet exciplexes was first reported in four of the 1,8-naphthalimide derivatives investigated here (niH,
the late 1960% and has been reported for both organic and ni2, niPh, niBr), doped with ca. 6 mass % btlr. All four
inorganic material4>-4° Zheng et al. proposed formation of an  naphthalimides gave working OLEDs with emission predomi-
exciplex species, to explain emission of platinum(ll) biphenyl nantly from the btlr dopant. However, niBr-based devices
showed superior and more reliable performance, compared to
(43) Lamansky, S. Ph.D. Thesis, University of Southern California, 2001. niH-, niPh-, and ni2-based OLEDs, most likely due to better

(44) lwata, S.; Tanaka, J.; Nagakura,JSChem. Physl1967 47 (7), 2203. 2 . . . . .
(45) Turro, N. J.Modern Molecular PhotochemistryUniversity Science f"m'form'ng properties of niBr. For this reason, niBr was used

Books: Mill Valley, CA, 1991. Horvath, A.; Stevenson, K. Coord. Chem. for all further OLED studies.

Rev. 1996 153 57. Tears, D. K. C.; McMillin, D. R. BCoord. Chem. . h | | . f .

Rev. 2001 211, 195. Shizuka, HPure Appl. Chem1997, 69, 825. Lim, Figure 4 shows electroluminescence spectra of type 1 niBr-

E. C. Pure Appl. Chem1993 65, 1659. Sykora, A.; Sima, J. RCoord. based devices, doped with the three different phosphorescent

Chem. Re. 1990 107, 1. Tero-Kubota, S.; Katsuki, A.; Kobori, YJ. ..

Photochem. Photobiol. C: Photochem.:R€001, 2, 17. Shizuka, H.; Ir complexes. The OLED spectra are very similar to the PL

Yamaji, M. Bull. Chem. Soc. JprR00Q 73, 267. i i ieqi
(46) Mercer-Smith, J. A.; Sutcliffe, C. R.; Schmehl, R. H.; Whitten, D.JG. spectra of the same dop_ed films, e.XCGpt that the NiBr emission

Am. Chem. Sod 979 101, 3995. band of the PL spectra is absent in the EL spectra. Shoulders
(47) Roundhill, D. M.; Gray, H. BAcc. Chem. Re4.989 22, 55. Zipp, A. P,; i _ _ i i

Coord. Chem. Re 1088 84 47 near 500 nm in the btlr- and Irppy-based devices are most likely
(48) Nagle, J. K.; Brennan, B. Al. Am. Chem. S0d.988 110, 5931. Herman,

M. S.; Goldman, J. LJ. Am. Chem. S0d.989 111, 9105. (50) Hasharoni, K.; Levanon, H.; Greenfield, S. R.; Gosztola, D. J.; Scec, W.
(49) Zheng, G. Y.; Rillema, D. Anorg. Chem.1998 37, 1392. A.; Wasielewski, M. RJ. Am. Chem. Sod.995 117, 8055.
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1 10 100
voltage at which the luminance 1810 times background noise

) - ) level (ca. 2 cd/rf), are 3 V inboth cases. We were initially
Figure 6. Quantum efficiency (photon per electron) vs current density for . .
type 1 and 2 devices doped with btplr (top) and Irppy-doped type 1 and CO”C‘?med about the d_eep LUMO level fpr niBr effectively
type 2 devices (bottom). trapping electrons, leading to poor electronic conduction across

that layer. The low turn-on voltage and efficient charge

due to imperfect hole blocking by the niBr layer, leading to conduction (i.e., high current at comparatively low voltage)
weak Algs emission. demonstrate that this is not a problem for these devices,

The electroluminescence spectra of the btplr-doped devicesespecially the type 2 devices.
are identical to photoluminescence spectra of the phosphor in A type 1 btlr-doped device gave quantum and luminance
dilute solutions and in CBP-doped OLE®Bdor both type 1 efficiencies of 0.4% and 0.6 Im/W (5.7 V, 34 mA/nThe
and 2 devices. The maximum quantum and luminescencedevice had a maximum luminance of 6600 c8l/atJ = 430
efficiencies for the type 1 devices are 1.7% and 1.3 Im/W, which mA/cn? andV = 10 V. The type 2 btir-doped device gave very
were achieved at 6.1 V (6.6 mA/é&m00 Cd/ni). The type 2 similar performance to that of the type 1 device. The peak
device performed significantly better, giving peak efficiencies quantum efficiency for this device was 0.3% (9 V). The turn-
of 3.2% and 2.3 lum/W at 6.3 V (4.5 mA/&rb00 cd/nd). Both on voltages (3 V for type 1 ah4 V for type 2) and quantum
type 1 and type 2 devices show the characteristic dropoff in efficiency versus current density characteristics for the btlr-based
QE vs current density (Figure 6). This is common and has beenOLEDs are very similar to those of the corresponding btplr-
tied to triplet-triplet and polaror-exciton annihilation proces-  doped devices.

Current Density (mA/cmz)

ses?152 Maximum luminances of 3600 cd/fJ = 190 mA/ When the green emissive Irppy complex was used as a dopant
cmP) and 3400 cd/rh(J = 105 mA/cn?) were obtained for the  in either type 1 or type 2 devices, the resulting OLEDs yielded
type 1 and 2 devices, respectively. broad structureless emission with a maximum at 640 nm and a

The plots in Figure 7 give the optical power of the OLED in green shoulder in the 56660 nm region (Figure 4). The low-
Wi/cn®. It is customary to report OLED brightness in units that energy band is most likely the same exciplex that is formed by
reflect the human eye response, i.e., cd/Ror btplr emitting optical excitation of the niBirppy films. The shapes of the
OLEDs a device power of 16 W/cn? corresponds to brightness  quantum efficiency versus current density and current density
of 2 cd/n?. The turn-on voltages of the devices, defined as the versus voltage (Figure 7 and Figure 8, respectively) plots are
similar to btplr- and btlr-doped type 1 OLEDs. The type 1

(51) Baldo, M. A.; Adachi, C.; Forrest, S. Rhys. Re. B 200Q 62 (16), 10967. P ; T 0,
(52) Lamansky, S.; Kwong, R. C.; Nugent, M.; Djurovich, P. I.; Thompson, M. devices reach a maximum q_uantum _eff|C|ency of 0.3% (_6'0 v
E. Org. Elect.200%, 2, 53. and 20 mA/cm). Type 2 devices achieve the same maximum
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15 ; . . Table 3. Summary of Device Performance Data for btplr-, btlr-,
;«E — gV and Irppy-Doped NiBr-Based OLEDs?
% oV dopant device structure QEnax (V at QEmax) %, V Viumn—on
el ——10V
5 1.0 ——11V Btplr 1 1.7(6.1) 3
© Btplr 2 3.2(6.3) 3
2 Btlr 1 0.4 (5.7) 3
3 Btlr 2 0.3(8.9) 4
® 054 i Irppy 1 0.3(6.0) 45
E Irppy 2 0.3(7.6) 45
3
g 2 QEnax is the external quantum efficiency (photons/electons), and the
8 00 turn-on voltage is the voltage at which the light emission from the OLED
W 400 500 600 700 800 increases to 10 times the background level (typicalybZd/n?).

Wavelength . L .
velength (nm) processes in OLEDs is discussed with reference to the energy

Figure 9. E'E;C"O"I’.“:j”eslcence spectra of a type 2 device doped With I'bpy  jjaqram of the isolated materials in their flatband conditions
at a range of a ied voltages. . . . . . '
9 P 9 as depicted in Figure 3. Although this is not intended to be a

quantum efficiency of 0.3%, but at somewhat higher bias than representation of the relevant energy levels under applied bias,

the type 1 device (7.6 V and 6.1 mA/&nThe turn-on voltages it provides a suitable basis for the discussion of the carrier

for both type 1 and 2 devices aret.5 V, ca. 1.5 V higher than injection, transport, and recombination. The HOMO levels of
those of btlr- or btpir-based devices., NPD and each of the Ir dopants are reasonably well aligned,

Type 1 Irppy-doped devices show no change in the EL while the barriers for hole transfer from NPD to either niBr or

spectrum when the bias is increased. In contrast, type 2 device<BP are very large. Thus, it is likely that direct injection of

showed EL spectra that change dramatically as a function of holes from NPD into the dopant molecules is important for both

the applied bias. Figure 9 shows EL spectra of such a device atniBr and CBP host devices. The holes in these doped films will

8,9, 10, and 11 V (8, 16, 28, and 44 mARmespectively). At be either trapped or carried by the dopant molecules. At the
low bias values (48 V) the device EL spectrum resembled levels of doping used here the average interdopant distances

that of the Irppy-doped type 1 device, with a broad emission &€ short and garrier conduction may be faé‘ﬂ@.n the basis _
band in the 606700 nm region and a weak shoulder in the of the energy diagram, we expect the electrons in these devices

500-550 nm region. As the voltage was increased, the greento b_e carri_ed by the host matrix for both CBF_’- and niBr-based
shoulder increased in intensity relative to the red line, and at devices, since they have lower LUMO energies than any of the

voltages> 11 V the green band becomes dominant and the red dopants used. Hoteelectron recombination in these devices is
line is a_weak shoulder. The dependence of the device EL thus expected to involve both the dopant and host molecules,
spectrum on the applied voltage is completely reversible since the hole will be localized on the dopant and the electron

Voltage-dependent EL spectra are observed only for Irppy-dopedon the host. The exciton formed in this process can either be
type 2 OLEDs. All other OLEDs examined here gave a constant localized on the dopant, as seen for btplr devices, or form an
spectrum on changing bias. exciplex, whose wave function covers both the dopant and the
The device quantum efficiency for the Irppy-doped type 2 host molecule, as seen for IrppyBr. ] )
OLED dropped as the bias was increased. The quantum EXciplexes are observed for the niBppy system, in both
efficiencies for the OLED were 0.27, 0.21, 0.16, and 0.10% at €lectro- and photoluminescent processes. The optical formation
8, 9, 10, and 11 V, respectively. Insertings0 A of undoped of the exciplex involves first the excitation of a single molecule
CBP between the Irppy-doped CBP layer and the niBr féyer (IrPpy or niBr), followed by relaxation of that exciton into the
removed the red component of the devices' electroluminescence /OWer energy exciplex state. The exciplex formation pathway
making the emission spectra field-independent and identical to Used in optical excitation is not likely for the electrolumines-
that of an OLED emitting from Irppy alone (i.e., greeia = cently formed exciplex. To follow that type of process, the
515 nm). This undoped CBP layer, however, did not improve hole—electron recombination would have to initially lead to

devices remained: 0.3%). followed by relaxation into the exciplex. Both of these excited
Table 3 summarizes the peak device performances of the typeStates are markedly higher in energy than the resulting exciplex,
1 and type 2 devices prepared here. leading to a thermodynamically unfavorable situation. Thus, it

Mechanism of Electroluminescence in niBr-Based OLEDs. is more likely that the hoteelectron recombination leads
Efficiencies of the 1,8-naphthalimide-based OLEDs doped with directly to the exciplex for. niBirppy films.
btplr are comparable to the efficiencies of the best reported red  Type 2 Irppy-doped devices demonstrated voltage-dependent
OLEDs}° demonstrating that 1,8-naphthalimides could be spectra (Figure 9). Atlow voltages, the emission originated from
utilized as a new class of electron-transporting and hole-blocking & very efficient exciplex formed between Irppy and niBr (red
materials in red electrophosphorescent OLEDSs. band). At higher bias levels the emission comes from the Irppy-

Comparison of electroluminescent and photoluminescent

i 54) OLEDs prepared with neat films of Ir as the HTL (ITO/Irppy/

properties .Of the doparhost systems presented h_ere allows (9 Iuminescgntplayer/ETL/MgAg) have beenp%¥epared and shc()w no i?—||O1¥L
us to examine the energy-transfer and charge-trapping processes emission and low-voltage operation, i.e., similar to the OLEDs described

in these OLEDs. The nature of these optical and electronic here. At doping levels of 68%, chains of dopant molecules with close
: dopant-dopant contacts are expected in the doped layer, which would have
carrier conduction along the chain similar to the neat thin film. These chains
(53) Device structure: IT@-NPD (350 A)/CBPIrppy (200 A)/CBP (50 A)/ could readily conduct holes into the luminescent layer. Adamovich, V.;
niBr (100 A)/Algs (200 A)/Mg—Ag. Thompson, M. E. Unpublished results.
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doped CBP layer (green band). This observation suggests thathe value of the constant in the equation above as 0.13 V, leading
the location of the electrenhole recombination zone in these to values for the bthniBr and btplfniBr exciplexes of 2.24 V
devices is field dependent, and at low voltages it occurs at the (561 nm) and 2.04 V (608 nm), respectively.
CBPIrppy/niBr interface and shifts into the CBP layer at higher  There are three different energetic situations present for the
bias. The Irppy:niBr exciplex could be formed very efficiently three dopants in niBr, which lead to the observed spectra and
when the hole and the electron are localized at Irppy and niBr OLED efficiencies. For btplr, the monomer and exciplex are
molecules, respectively. In order for this to happen efficiently, close in energy and the niBr triplet is much higher in energy.
the holes must be localized on Irppy molecules adjacent to the Thus, the lowest energy excited state will either be the dopant
CBP/niBr interface, which is likely since Irppy is the principal alone or the exciplex. On the basis of the spectra and OLED
hole conductor in these devices. As the voltage is increased,efficiencies it appears that btplr alone is the preferred site of
electrons are injected into the doped CBP layer and ultimately emission. This could be due to either the btplr dopant excited
recombine at Irppy, leading to an Irppy-based exciton and not state actually being lower in energy than the exciplex (the
the interfacial exciplex. calculated exciplex energy above is only an estimate) or btplr
The current-voltage characteristics for the Irppy type 1 and having a markedly shorter lifetime than the exciplex. Since the
2 devices are very different. Significantly less current is passed exciplex is not observed, we cannot measure its energy or
through the type 2 device at a given voltage than is passediifetime to determine which of these is the best explanation.
through the type 1 device, Figure 8. Having the carrier The lower efficiency of type 1 btplr-based OLEDs relative to
recombination confined near the CBP/niBr interface, as itis in type 2 devices may be due to some relaxation through a weakly
the type 2 device, may be the cause of this difference. In the emissive exciplex state for the type 1 device, which does not
type 1 device, the electrons are injected into niBr and are free occur when the btplr and niBr are separated in the type 2 device.
to migrate until they recombine with a hole on Irppy or are lost  The situation for niBfirppy is very different. In this case,
into the hole-transporting layer. In the type 2 devices, the the |rppy dopant state is the highest in energy, followed by the
electrons directly recombine with Irppy-based holes near the nigr triplet, and lowest energy excited state is clearly the
interface or must be injected into CBP. The latter process is @ exciplex. Thus, only exciplex emission is observed and the
significant barrier to electron injection and will act to limit the  emjssion is weak, leading to low OLED efficiencies.
current. The exciplex state is fixed at the CBP/niBr interface,  1nq piir case is intermediate between these two extremes.
hindering further charge injection. As the bias is raised, electrons o i dopant, the niBr triplet, and the exciplex are all of

are _|nJected_ Into C_ZBP (leading t9 _"pF_’y emission rather than very similar energies. The only emission that is observed is from
the interfacial exciplex), but the injection barrier at the CBP/ " iy dopant alone; however, the device efficiencies were
niBr interface remains a limitation to current flow through the poor. In this device the triplet state of niBr and the exciplex

device. The fact that the currentoltage plots of the btplr 514 easily be populated at room temperature, but would not
devices do not show the same behavior suggests that the chargeg 15 significant emission relative to btir alone, since the

recombine at the dopant, near the CBP/niBr interface, and the, ,inescent efficiency for bt is expected to be significantly

btplr-based exciton is_free to migrate into the host matrix. . higher than either the niBr triplet or exciplex states. Thus, the
Among the three different Ir phosphorescent dyes used in |,y efficiency for the niBrbtir-based devices is most likely

this study, only one, namely, Irppy, appears to form an exciplex g6 1 competing relaxation though poorly emissive states (i.e.,
with the 1,8-naphthalimide host. The three dopants have similar ;5. triplet or exciplex).

HOMO energies and would be expected to form exciplexes with

similar energies. That being the case, it is surprising that the Conclusions

exciplex is only observed for Irppy. Exciplex electronic states ) o o o

have a degree of charge-transfer character; that is, one of the 1N€ investigation of the 1,8-naphthalimide derivatives dem-
components acts as an electron donor (D), while another behave@nstrated that these compounds have charge-transport and film-
as an electron acceptor (A5:5 This leads to a correlation fo_rr_mng pr_opertles, which make them useful materials for
between the exciplex emission maxima and the reduetion Utilization in phosphorescence dye doped OLEDs, as hole-
oxidation properties of the components that make it up. Plocking and electron-conducting materials. Among the elec-
Systematic studies of excipleXésevealed a linear correlation ~ rophosphorescence dopants we investigated, the 1,8-naphthal-
between the emission energy of the excitor @ (Eexciple) imide derivatives are best used for red emissive dopants, i.e.,

and the solution redox potentials of the components: btplr. Using dopants with higher energies of the luminescent
excited state, such as Irppy, leads to efficient generation of a

Eoxciplex = E(D/D+) — E(AJA”) + Constant weakly emissive exciplex. Formation of such a_lcharge-t_ran_sfer
state between the Irppy and the 1,8-naphthalimide derivatives
is consistent with an analysis of the HOMO and LUMO energies

whereE(D/D) andE(A/A ™) are the oxidation potential of the . ) o X
for Irppy and niBr, respectively. A similar analysis suggests

donor component and reduction potential of the acceptor hat th ol ; f d red issive d
component, respectively. The electrochemical potentials for thet_ at the exciplex states or yellow and red emissive opants
donor (Ir-based dopants) and acceptor (niBr) components are("e" btlr and_ btplr, respectively) are comparable in energy to
listed in Table 2, relative to a common reference (ferrocence). the dopant triplet states themselves and may not be efficiently

; _ : : formed. Thus, for btlr and btplr only dopant emission is
The Ir excimer Eexcime(Ir = 2.0 V) is used to estimate
PPy excmel11PPY) ) observed in either photo- or electroluminescence. While only

(55) Gilbert, A.; Baggot, JEssentials of Molecular Photochemistr¢RC the btlr emission is observed, nonemissive exciplex and niBr
(56) Rress posa 53&?% oL ueller L 1 Albrecht A. C.- Farid. 5 triplet states may have contributed to the excited-state distribu-
Am. Chem. Sodl994 116, 8189. tion formed in electroluminescence, leading to poor EL ef-
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ficiency. The conclusion reached here is that the most efficient  Acknowledgment. We thank the Universal Display Corpora-
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rescent dopant alone has the lowest energy excited state (i.e.,
lower than the triplet of the host matrix or the haitpant
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exciplex).

We conclude that the transport mechanism of positivel doped and undoped naphthalimide films, as well as the cyclic
charged carriers in Ir dye dozed 1,8-naphthalimiges film)sl voItammeFric tracgs for niH, niPh, nigr, btplr, bt!r, and Irppy
involves hopping of the holes between dopant molecules. As a(PDF). This material is available free of charge via the Internet
result, the electronhole recombination at the phosphorescence &t http:/pubs.acs.org.
dye molecule is highly probable, making it the dominant
mechanism for exciton formation in these devices. JA0263588
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