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Electroluminescent materials comprising quinoxaline, triarylamine, and fluorophores such as carbazole,
pyrene, and fluorene were prepared by using a key step involving a Pd-cataly2¢ddCipling reaction.
Chromophores were embedded both at quinoxaline and triarylamine units, and their influence on
photophysical and thermal properties was investigated. Quinoxalines possessing more electron-donating
amines exhibit lower fluorescence quantum efficiency and the photoluminescence (PL) is severely affected
by the polarity of the solvent used for measurement. Bulky and rigid aromatic groups such as pyrene and
carbazole enhance the glass transition temperature of the derivatives. Oxidation potential of the triarylamine
was easily tuned by the aromatic substituents while retaining the reduction potential of the quinoxaline
segment. This provides us a method for tuning the photophysical and thermal properties maintaining the
energy levels of the dipolar compounds. The electroluminescent devices fabricated using these materials
as hole-transporters and emitters led to intense light emission. The emission color is green and corresponds

well with the film PL of the material used.

Introduction and anions, which is essential to the robustness of the

. . . ) . material during the transport of the holes and electrons, the
Semiconducting organic and organometallic materials have oo acceptor type derivatives give red-shifted emission,
attracted wide attention in the past decade owing to their though with low quantum yield due to the dipolar quenching.

potential a}pplication in_ fiber—optids,photovqltgics?, .and These materials also crystallize readily due to large dipole
electroluminescent devicé<rganic light-emitting diodes

(OLEDs) typlc_:ally con_talnthree layers of amorphous organic/ (4) (a) Shu, C. F.: Dodda, R Wu, F. L. Liu, M. S Jen, A. K. Y.
organometallic materials to serve the hole-transport, electron- Macromolecule2003 36, 6698. (b) Guan, M. Bian, Z. Q.; Zhou, Y.
transport, and emission requirements of the device. Multi- F.; Li, F. Y, Li, Z. J.; Huang, C. HChem. Commur2003 2708. (c)

Chan, L. H.; Lee, R. H.; Hsieh, C. F.; Yeh, H. C.; Chen, CJTAmM.

functional molecules are designed, synthesized, and evaluated  cpem “s0c2002 124 6469. (d) Paik, K. L.; Back, N. S.. Kim, H.

by many groups in an attempt to eliminate the cumbersome

stepwise deposition proceduteé. Both conjugated and

nonconjugated dipolar compounds have been prepared for
this purpose. In addition to the stabilization of both cations
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moment. Crystallinity affects the homogeneity of the layered essentially following a similar procedure employing Pd-catalyzed
material and leads to grain boundaries that are detrimentalC—N coupling methodology. An illustrative example is given below
to the function of OLEDs. for 7.

We have directed our research efforts to eliminate the = N-(4-(2-(9,9-Diethyl-&H-fluoren-2-yl)quinoxalin-3-yl)phenyl)-
above-mentioned drawbacks by designing quinoxaline de-N-Phenylnaphthalen-1-amine (7). A mixture of 2-(4-bromo-
rivatives containing triarylamine and another chromopfigte, ~ Pneny)-3-(9,9-diethyl-Bl-fluoren-2-yl)quinoxaline §, 1.01 g, 2.0

Quinoxalines are known to function as electron-transporting mmol), N-_phenylnaphthalen-l-amme (0.482 g, 2.2 mmol), sodium
. 1 6d.5e . . . . . N tert-butoxide (0.288 g, 3.0 mmol), Pd(db&}Ll2 mg, 0.02 mmol),
materials2?*¢Our intention on incorporating triarylamine in

. . ; P(t-bu); (6 mg, 0.03 mmol), and toluene (15 mL) was heated to 80
the structure is to impart the hole-transport function. We have o= | der nitrogen atmosphere and stirred for 8 h. After it cooled,

demonstrated earlier that the dyads derived from quinoxaline ihe solution was poured into water and extracted with diethyl ether
and triarylamine exhibit improved balance of hole and (3 x 30 mL). The combined organic extract was dried over
electron mobility in the molecular lay&.We believe that  anhydrous MgS@and filtered. The crude product obtained by
the chromophores such as pyrene and fluorene will enhanceevaporation of the volatiles was adsorbed on silica gel and purified
the emission quantum yield of the compounds while the by column chromatography. The desired compound was eluted with
carbazole and pyrene will be beneficial to the thermal hexane/dichloromethane (3:2) mixture. Yellow solid. Yield: 1.16
stability and glass transition temperatdte. this report, we 9 (90%). FAB MS: mz644 (M" + H). 'H NMR (CDCLy): ¢ 0.28
conduct systematic exploration of quinoxaline compounds ( 3 = 7.3 Hz, 6 H), 1.79-1.98 (m, 4 H), 6.897.08 (m, 3 H),
tethered with fluorene and/or carbazole moieties for the use ;09 (-3 = 7.7 Hz, 2 H), 7.26-7.22 (m, 2 H), 7.327.45 (m, 10

in OLEDs. Two quinoxaline analogues appeared in an earlierH)’ 7-73-7.93 (m, 8 H), 8.16 (br s, 2 H). Anal. Calcd for
report of s q gues app CaHaNz: C, 87.68; H, 5.79; N, 6.53. Found: C, 87.62; H, 5.64;

N, 6.42.
N-(4-(2-(9,9-Diethyl-H-fluoren-2-yl)quinoxalin-3-yl)phenyl)-

N-phenylphenanthren-9-amine (8).Yellow solid. Yield: 76%.

FAB MS: nv/z 693 (M"). 'H NMR (CDCl): ¢ 0.18 (t,J = 7.3

Experimental Section

General Information. Unless otherwise specified, all reactions
and manipulations were performed under nitrogen atmosphere usingHZ' 6 H), 1.76-1.99 (m, 4 H), 6.936.99 (m, 3 H), 7.12.7.22
standard Schlenk techniques. All chromatographic separations Were(m' 4 H), 7.28-7.35 (m, 4 H), 7.39.7.64 (m, 7 H), 7.697.83
carried out on silica gel (60 M, 238400 mesh). Dichloromethane (m, 6 H), 7.98 (dJ = 8.1 Hz, 1 H), 8.13-8.18 (m, 2 H), 8.64 (d,
and toluene were distilled from calcium hydride and Na/benzophe- ¥ = 8-1 Hz, 1 H), 8.69 (dJ = 8.1 Hz, 1 H). Anal. Calcd for
none respectively under nitrogen atmosphieNMR spectra were CeiHsoNs: C, 88.28; H, 5.67; N, 6.06. Found: C, 88.07; H, 5.59;
recorded on a Bruker AC300 spectrometer. Fast-atom bombardment¥: 5.94.

(FAB) mass spectra were collected on a JMS-700 double-focusing ~ 9,9-Diethyl-N-(4-(2-(9,9-diethyl-H-fluoren-2-yl)quinoxalin-
mass spectrometer (JEOL, Tokyo, Japan) with a resolution of 8000 3-yl)phenyl)-N-phenyl-9H-fluoren-2-amine (9). Yellow solid.
(5% valley definition). For FAB mass spectra, the source accelerat- Yield: 86%. FAB MS: m/z737 (M*). *H NMR (CDCly): ¢ 0.27-
ing voltage was operated at 10 kV with Xe gun, using 3-nitrobenzyl 0.33 (m, 12 H), 1.732.03 (m, 8 H), 7.06-7.06 (m, 4 H), 7.1+
alcohol as matrix. Elemental analyses were performed on a Perkin-7.15 (m, 3 H), 7.227.39 (m, 9 H), 7.46 (dJ = 8.6 Hz, 2 H),
Elmer 2400 CHN analyzer. Electronic absorption spectra were 7.55-7.62 (m, 2 H), 7.737.84 (m, 5 H), 8.168.20 (m, 2 H).
measured on a Cary 50 Probe YVis spectrometer. Emission  Anal. Calcd for GsHs/Ns: C, 87.89; H, 6.42; N, 5.69. Found: C,
spectra were recorded by a Hitachi fluorescence spectrometer87.78; H, 6.37; N, 5.61.

(F4500). Emission quantum yields were obtained by standard  N-(4-(2-(9,9-Diethyl-&H-fluoren-2-yl)quinoxalin-3-yl)phenyl)-
method? using Coumarin 1 as the reference. Cyclic voltammetry N-phenylanthracen-10-amine (10)Yellow solid. Yield: 82%.
experiments were performed with a BAS-100 electrochemical FAB MS: m/z 693 (M*). IH NMR (CDCly): 6 0.45 (t,J = 7.3
analyzer. All measurements were carried out at room temperaturez, 6 H), 1.63-1.87 (m, 4 H), 6.856.90 (m, 1 H), 6.936.97
with a conventional three-electrode configuration consisting of a (m 2 H), 7.06-7.16 (m, 4 H), 7.257.44 (m, 10 H), 7.677.74
glassy carbon working electrode, platinum auxiliary electrode and (m 4 H), 7.82 (ddJ = 8.1, 2.1 Hz, 1 H), 7.998.07 (m, 4 H),
a nonaqueous Ag/AgNgeference electrode. TheEvalues were 8.11-8.16 (m, 2 H), 8.45 (s, 1 H). Anal. Calcd fors@izNs: C,
determined asi,® + E,%)/2, whereE,* andE," are the anodic and  gg 28; H, 5.67; N, 6.06. Found: C, 88.11; H, 5.62; N, 5.87.
cathodic peak potentials, respectively. The solvent in all experiments . . .

was CHCl,, and the supporting electrolyte was 0.1 M tetrabutyl- Ngh(:r;g/?p(y?':r_l[)llegmng; gic))rsgli w)gg;ir:jox\?:gf__y?g&engzé
ammonium hexafluorophosphate. Differential scanning calorimetry . ) ) ) o '
(DSC) measurements were carried out on a Perkin-Elmer differential M)S '1 r;vgz_zlg 4(P:In+)'41|:|)Né\A é?gécs%c(lz ' 36 :)2% itz\](d_J i:; TEZG
scanning calorimeter at a heating rate of KLOnin and a cooling " ' ) e : ' " o
rate of 30K/min under nitrogen atmosphere. Thermogravimetric azH)Z T_')ﬂ;zf?(glz (ZmH)é I74)2€;7922((§T=48H1)Ij2421 (S;] ;37}
analysis (TGA) measurements were performed on a TA-7 series8 0’5 (m ’3 |'_|) 8 688 17’ (m éH.) Anal Callcd fo; GH N ; c
thermogravimetric analyzer at a heating rate ofklénin under a 88.67: H. 548 N. 585 Found: C. 88.64' H. 5.37 N39 ;'70 '

flow of air.
The synthetic procedures and characterization details of the N-(4-(2-(9-Ethyl-9H-carbazol-3-yl)quinoxalin-3-yl)phenyl)-N-
quinoxaline precursord—6 are presented in the Supporting phenylnaphthalen-1-amine (12)Yellow solid. Yield: 78%. FAB
. 1 . —
Information. The target compounds—16 were obtained by MS: mz 617 (M7). *H NMR (CDCL): 0 1.44 (t,J=7.3 Hz, 3
H), 4.36 (q,J = 7.3 Hz, 2 H), 6.876.91 (m, 3 H), 7.027.11 (m,

4 H), 7.24-7.53 (m, 10 H), 7.767.74 (m, 4 H), 7.827.90 (m, 2

(9) (a) Justin Thomas, K. R.; Lin, J. T.; Tao, Y.-T.; Ko, C.-Atv. Mater. —
2000 12, 1949. (b) Justin Thomas, K. R.; Lin, J. T.. Tao, Y.-T.. Ko, ) 804 (d.J =7.6 Hz, 1 H), 8.14-8.19 (m, 2 H), 8.29 (s, 1 H).
C.-W. J. Am. Chem. So®001, 123, 9404. Anal. Calcd for GsH3oN4: C, 85.69; H, 5.23; N, 9.08. Found: C,

(10) Demas, J. N.; Crosby, G. A. Phys. Cheml1971, 75, 991. 85.62; H, 5.17; N, 9.01.
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N-(4-(2-(9-Ethyl-9H-carbazol-3-yl)quinoxalin-3-yl)phenyl)-N-
phenylphenanthren-9-amine (13)Yellow solid. Yield: 79%. FAB
MS: m/z 666 (M'). IH NMR (CDCly): 6 1.43 (t,J = 7.3 Hz, 3
H), 4.35 (9, = 7.3 Hz, 2 H), 6.96-6.96 (m, 3 H), 7.067.17 (m,
4 H), 7.25-7.48 (m, 6 H), 7.56-7.53 (m, 3 H), 7.56-7.65 (m, 3
H), 7.70-7.75 (m, 3 H), 7.97 (dJ = 7.6 Hz, 1 H), 8.02 (dJ) =
7.6 Hz, 1 H), 8.148.19 (m, 2 H), 8.17 (dJ = 2.1 Hz, 1 H), 8.62
(d, J=8.1 Hz, 1 H), 8.68 (dJ = 8.1 Hz, 1 H). Anal. Calcd for
C48H34N4: C, 86.46; H, 5.14; N, 8.40. Found: C, 86.40; H, 5.03;
N, 8.22.

9,9-Diethyl-N-(4-(2-(9-ethyl-H-carbazol-3-yl)quinoxalin-3-
yl)phenyl)-N-phenyl-9H-fluoren-2-amine (14). Orange solid.
Yield: 83%. FAB MS: m/z 711 (M" + H). *H NMR (CDClg): ¢
0.28 (t,J=7.3Hz, 6 H), 1.47 (tJ = 7.3 Hz, 3 H), 1.7+1.92 (m,
4 H), 4.39 (q,d = 7.3 Hz, 4 H), 6.957.17 (m, 9 H), 7.26-7.31
(m, 4 H), 7.4%7.58 (m, 7 H), 7.7+7.76 (m, 2 H), 7.85 (dd] =
8.8, 1.6 Hz, 1 H), 8.05 (d] = 7.6 Hz, 1 H), 8.16-8.22 (m, 2 H),
8.23 (d,J = 1.6 Hz, 1 H). Anal. Calcd for §&H,N4: C, 86.16; H,
5.95; N, 7.88. Found: C, 86.02; H, 5.81; N, 7.71.

N-(4-(2-(9-Ethyl-9H-carbazol-3-yl)quinoxalin-3-yl)phenyl)-N-
phenylanthracen-10-amine (15)Yellow solid. Yield: 94%. FAB
MS: m/z 666 (M"). IH NMR (CDCl): 6 1.42 J = 7.3 Hz, 3 H),
4.34 (q,d = 7.3 Hz, 2 H), 6.8+6.91 (m, 3 H), 7.027.09 (m, 4
H), 7.22-7.5 (m, 10 H), 7.63 (ddJ = 8.8, 2.1 Hz, 1 H), 7.6%
7.73 (m, 2 H), 7.99-8.05 (m, 5 H), 8.1+8.19 (m, 2 H), 8.29 (d,
J =21 Hz, 1 H), 846 (s, 1 H). Anal. Calcd for,gH3,N,: C,
86.46; H, 5.14; N, 8.40. Found: C, 86.34; H, 5.09; N, 8.37.

N-(4-(2-(9-Ethyl-9H-carbazol-3-yl)quinoxalin-3-yl)phenyl)-N-
phenylpyren-1-amine (16).Yellow solid. Yield: 86%. FAB MS:
m/z 691 (M + H). 'H NMR (CDCly): 6 1.34 (t,J = 7.3 Hz, 3
H), 4.26 (9,J = 7.3 Hz, 2 H), 6.88-6.97 (m, 3 H), 7.06:7.16 (m,
4 H), 7.29 (t,J = 6.7 Hz, 2 H), 7.3#7.43 (m, 3 H), 7.497.52
(m, 1 H), 7.69-7.79 (m, 5 H), 7.948.06 (m, 7 H), 8.14 (dd] =
8.1, 2.1 Hz, 1 H), 8.188.22 (m, 2 H), 8.26 (dJ = 2.1 Hz, 1 H).
Anal. Calcd for GgH34N4: C, 86.93; H, 4.96; N, 8.11. Found: C,
86.79; H, 4.81; N, 7.96.

OLED Fabrication and Measurements.Electron-transporting
materials TPBI (1,3,5-tri&{-phenylbenzimidazol-2-yl)-benzenié)
and Alg (tris(8-hydroxyquinolinato)aluminurfdwere synthesized

Justin Thomas et al.

Scheme 1
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chromophores such as carbazole, fluorene, and pyrene were
achieved in four steps (Scheme 1). The first three steps
(Sonogashira couplifgjof the corresponding terminal ac-
cetylene with 1-bromo-4-iodobenzene, oxidation of acety-
lenes toa,-diketones, and the condensation of diketones
with o-phenylene diamine) led to the desired bromophe-
nylquinoxaline precursorss(and 6). These intermediates
were later converted to the target compounds by the
palladium catalyzed €N coupling reaction$ involving Pd-
(dba)/P(t-Bu); catalyst and-BuONa base. The compounds
are intense yellow or orange in color and are soluble in most
organic solvents but insoluble in alcohols. THé NMR
recorded in CDGl mass spectral, and elemental analyses
data are in accordance with the structure of the molecules.
Photophysical Properties.The linear optical properties
of the compounds were examined both by absorption and

according to literature procedures and were sublimed twice prior €mission spectroscopy. The optical data are compiled in

to use. Prepatterned indiuftin oxide (ITO) substrates with an
effective individual device area of 3.14 rimvere cleaned as
described in a previous repdftDouble-layer electroluminescence
(EL) devices using quinoxaline derivative8—16) as the hole-

Table 1. In the absorption spectra, all the compounds
displayed a band located at ca. 400 nm possibly originating
from the charge-transfer (CT) transition. Additional peaks
attributable to ther—sr* transition of the chromophores such

transport layer and TPBI or Algas the electron-transport layer
were fabricated. For comparison, a typical device using NPB-(4,4
bis(1-naphthylphenylamino)biphenyl) as the hole-transporting layer
was also prepared. All devices were prepared by vacuum depositin

as fluorene, pyrene, and carbazole were also noticed around
the 320-nm region in the compounds containing those
gfunctional moieties. The CT band does not display any trend
400 A of the hole-transporting layer (compouriés16), followed due to the presence of chromophqres. They are not affected
by 400 A of TPBI or Alg. An alloy of magnesium and silver (ca.  PY the solvent of measurement, either. On the contrary, the
10:1, 500 A) was deposited as the cathode, which was capped with€Mission spectra of the compounds are sensitive to the
1000 A of silver. Thd-V curve was measured on a Keithley 2400 chromophores (Figure 1) and the polarity of the solvent
Source Meter in an ambient environment. Light intensity was (Figure 2). Presence of chromophore on the triarylamine unit
measured with a Newport 1835 Optical Meter. affects the emission maxima significantly. For a given
quinoxaline structure, the triarylamine’s influence on the
wavelength of the emission maximum is manifested in the
following order: naphthalens phenanthrenec anthracene

Results and Discussion

Synthesis and Characterization.The syntheses of the
quinoxaline-triarylamine dyadsq{—16) containing additional

(14) (a) Sonogashira, K.; Tohda, Y.; Hagihara,Teétrahedron Lett1975
4467-4470. (b) Hundertmark, T.; Littke, A. F.; Buchwald, S. L.; Fu,
G. C.Org. Lett 200Q 2, 1729-1731.

(11) (a) Shi, J.; Tang, C. W.; Chen, C. H. U.S. Patent 5,645,948, 1997. (b)

Sonsale, A. Y.; Gopinathan, S.; Gopinathan Ii@2l. J. Chem1976
14, 408.
(12) Chen, C. H.; Shi, J.; Tang, C. Woord. Chem. Bv. 1998 171, 161.
(13) Justin Thomas, K. R.; Lin, J. T.; Velusamy, M.; Tao, Y. T.; Chuen,
C. H. Adv. Funct. Mater 2004 14, 83.

(15) (a) Hartwig, J. FSynlett1997 329. (b) Hartwig, J. FAngew. Chem.,
Int. Ed. Engl.1998 37, 2046. (c) Hartwig, J. FAcc. Chem. Re4998
31, 852-860. (d) Hartwig, J. F.; Kawatsura, M.; Hauck, S. I;
Shaughnessy, K. H.; Alcazar-Roman, L. 81.0rg. Chem1999 64,
5575.
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Table 1. Photophysical, Thermal, and Redox Properties for the Compounds

Aabs M Aem NM (@4, %)
compd toluene CiCl, toluene CHCl, Ty °C

To,°C  Eox(AE), MV Eea(AE), MV  HOMO,eV  LUMO, eV

7 316,397 284,315,398 480(8) 547 (11) 102

8 317,394 277,317,394 478(28) 544(21) 126

9 324,405 290,335,407 500 (11) 589 (3) 104
10 317,402 283,317,399 490 (26) 528(20) 130
11 316,404 275,317,401 490 (34) 574 (5) 125
12 400 287, 398 477 (11) 538(18) 111
13 316,398 280,317,400 475(27) 539(29) 138
14 334,405 290,332,407 497 (13) 582 (6) 117
15 319,405 284,320,403 496 (22) 520(45) 143
16 315,408 275,317,402 484 (34) 567(10) 146

~ pyrene < fluorene when recorded in tolueffe.For

396 611 (64) —2147 (90) 5.41 2.65
420 648 (161) —2132 (i) 5.45 2.63
399 441 (67) —2152 (90) 5.24 2.65
415 587 (110) —2148 (i) 5.39 2.63
410 499 (66) —2151 (105) 5.30 2.54

406 570 (84)  —2171(122) 5.37 2.64
440 638 (60) —2220 (i) 5.44 2.65
415 421 (70) —2171(122) 5.22 2.63
440 548 (73) —2184 (i) 5.35 2.62
425 493 (60) —2196 (i) 5.29 2.54

Figure 2). Pyrenyl and fluorenylamine derivatives show

example, the emission profile in toluene for the fluorenyl- diminished quantum yield when recorded in dichloromethane

quinoxalines adopt the ordeiZ ~ 8 < 10~ 11 (A1 = 10

nm) < 9 (A1 = 20 nm). Triarylamines showing emission

solutions. Anthracenyl and phenanthenylamines result in
moderate quantum yields in both toluene and dichlo-

features due to the chromophores attached to it is well romethane solutions. It is believed that the trends observed

documented in the literatuf€. Chromophores on the

in quantum yield and solvent dependence of the emission

quinoxaline unit have a less-pronounced effect on the are mainly dictated by the decay processes due to oxidative
emission maxima. The magnitude of solvatochromic emis- quenching of the aminé$Such nonradiative decay processes
sion shift is small for anthracenylamine derivatives and larger will be more pronounced in polar solvents when compared
for pyrenyl and fluorenylamine derivatives (see for instance to the apolar solvents. This assumption is reasonable as most

1.00

0.75

Intensity (a.u.)
=]
3
1
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Figure 1. Emission spectra of the fluorenylquinoxaline derivativés- (
11) recorded in dichloromethane solution.
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Figure 2. lllustrative examples of solvent effect observed in emission

spectra.

of the compounds that display comparatively lower oxidation
potentials (vide infra) exhibit less quantum efficiency when
recorded in polar solvents. Interestingly, the molecules
reported here exhibit emission at lower wavelength when
compared to the related quinoxaline derivatives that contain
bis(diarylamino) arm& The later compounds possibly
possess larger molecular dipole owing to the presence of two
donor segments and leads to red-shifted absorption and
emission profiles.

Thermal Properties. The thermal stability and the amor-
phous nature of the compounds were investigated by ther-
mogravimetry and differential scanning calorimetry, respec-
tively. All the compounds show glass transition temperatures
higher than those observed for the commonly used hole-
transporting agents TPDN(N'-diphenylN,N'-bis(3-meth-
ylphenyl)-1,1-biphenyl-4,4-diamine) and NPB (4,4bis(1-
naphthylphenylamino)biphenyl). The glass transition temp-
erature increases progressively on incorporating the chro-
mophores such as pyrene, anthracene, and carbazole. Thus,
the compound4 6 and 15 exhibit the highesTy among the
present series. The decomposition temperatures of the
compounds are generally higher than 380 The carbazole
derivatives {2—16) possess elevated decomposition tem-
peratures when compared to the corresponding fluorene
analogues{—11). The role of carbazole on increasing the
glass transition temperature and thermal stability is well
witnessed in the literature®

Electrochemical Properties.The redox propensity of the
compounds was estimated by measuring the cyclic voltam-

(16) Hreha, R. D.; George, C. P.; Haldi, A.; Domercq, B.; Malagoli, M.;
Barlow, S.; Bredas, J. L.; Kippelen, B.; Marder, S. &v. Funct.
Mater. 2003 13, 967.

(17) (a) Castner, E. W.; Kennedy, D.; Cave, RJ.JPhys. Chem. 200Q
104, 2869. (b) Hilczer, M.; Traytak, S.; Tachiya, M. Chem. Phys
2001 115 11249.

(18) (a) Kundu, P.; Justin Thomas, K. R.; Lin, J. T.; Tao, Y.-T.; Chien, C.
H. Adv. Funct. Mater.2003 13, 445. (b) Grazulevicius, J. V.;
Strohriegl, P.; Pielichowski, J.; Pielichowski, Rrog. Polym. Sci
2003 28, 1297.
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Table 2. Electroluminescent Data for the Compounds
7 8 9 10 11 12
TPBI/Algs
turn-on voltage, V 3.5/3.0 3.5/3.0 3.5/3.5 3.5/3.0 3.5/3.0 3.5/3.0
max. brightness, cd/n 16920/12920 30860/23320 35160/40390 27840/21160 49120/41690 31390/37630
max. ext. quantum effic., % 1.43/0.77 1.50/1.00 2.12/2.08 1.75/0.89 1.58/1.54 2.47/1.83
max. power effic., Im/W 2.44/1.43 1.76/1.77 3.93/3.31 3.48/1.54 2.22/2.85 3.69/2.89
max. current effic., cd/A  3.50/2.30 3.44/2.89 6.37/6.63 4.43/2.71 4.73/4.86 6.98/5.59
Aim (fwhm), nm 498 (70) 504 (82) 514 (72) 502 (68) 514 (74) 508 (76)
Aec (fwhm), nm 496 (68)/510 (88) 490 (68)/502 (88) 506 (68)/514 (78) 496 (62)/504 (80) 504 (66)/510 (76) 500 (72)/502 (76)
CIE, x, y 0.16, 0.44/0.26,0.52 0.16, 0.38/0.23, 0.48 0.21, 0.54/0.28, 0.56 0.16, 0.45/0.24, 0.52 0.20, 0.53/0.24, 0.54 0.19, 0.50/0.23, 0.53
voltage? V 6.98/6.86 6.62/5.51 7.15/7.17 6.21/6.00 6.56/5.27 7.86/6.65
brightness, cd/n? 2960/2385 3420/2850 5960/6600 3610/2600 4570/4670 6760/5560
ext. quantum effic3, % 1.21/0.77 1.50/0.98 2.00/2.08 1.44/0.85 1.53/1.48 2.40/1.82
power effic.2 Im/W 1.33/1.09 1.63/1.63 2.63/2.90 1.84/1.36 2.19/2.78 2.71/2.63
current effic.2cd/A 2.97/2.38 3.43/2.85 5.98/6.61 3.63/2.60 4.57/4.65 6.77/5.56
13 14 15 16
TPBI/Algs
turn-on voltage, V 3.5/3.0 3.0/3.0 3.5/2.5 3.5/3.0
max. brightness, cd/n 14370/26000 61800/61460 39430/37050 70850/61620
max. ext. quantum effic., % 1.14/1.06 2.69/2.24 1.43/1.23 2.04/1.27
max. power effic., Im/W 1.49/1.82 5.13/4.31 2.31/1.96 3.14/1.61
max. current effic., cd/A 3.17/3.18 8.80/7.64 4.57/4.00 6.65/4.22
Afim (fwhm), nm 508 (72) 522 (78) 518 (74) 528 (82)
Aec (fwhm), nm 502 (68)/512 (86) 514 (70)/518 (76) 510 (70)/512 (76) 512 (72)/514 (76)
CIE, x, y 0.20, 0.51/0.26, 0.53 0.25, 0.58/0.27, 0.59 0.22,0.57/0.25, 0.57 0.23,0.57/0.25, 0.57
voltage? V 8.34/6.16 7.02/6.64 6.23/4.82 6.18/3.36
brightness, cd/n? 2980/3160 8220/7640 4480/1530 6180/130
ext. quantum effic3,% 1.07/1.06 2.52/2.24 1.40/0.46 1.88/0.04
power effic.2 Im/W 1.13/1.60 3.68/3.62 2.26/0.97 3.13/0.11
2.99/3.16 8.23/7.64 4.47/1.51 6.15/0.12

current effic.2cd/A
a At a current density of 100 mA/ctn

mograms in dichloromethane solutions. All the compounds that the electron injection/transport capabilities of these

displayed a quasi-reversible oxidation couple and a reductioncompounds are still limited.
As mentioned above, two sets of devices were made for

wave. The reduction wave due to the quinoxaline unit

predominantly remains irreversible except for the few each compound varying the electron-transport layer from

compounds7{, 9, and11). The oxidation potential is sensitive  TPBI to Algs. All the devices lead to intense emission. The

to the triarylamine chromophores. Thus, for a given qui- emission color of the devices may be broadly described as

noxaline series, the oxidation potential assumes the following green. A representative EL and photoluminescence (PL)
comparison for compouni4 is provided in Figure 3. The

L U

&5
odf,

order with respect to the triarylamine unit: phenanthrene
naphthalene> anthracene> pyrene > fluorene. Earlier
fluorenylamines were found to possess lower oxidation
potential when compared to the biphenyl analogdesis
interesting to note that the additional chromophores attached
to the quinoxaline nucleus do not exert any significant effect
on the reduction potential of the quinoxaline segment.
Electroluminescent DevicesThe oxidation potential and
the absorption edge from the photophysical data were utilized
to obtain the highest-occupied molecular orbital (HOMO)
and lowest-unoccupied molecular orbital (LUMO) energy
levels, respectively, using ferrocene (4.8 eV) as a standard.
Inspection of these values for the present compounds
suggests that they may be capable of transporting both holes
and electrons. Though the compounds all have LUMOSs lying
close to TPBI (2.70 eV) which reduces the energy barrier
for electron injection, they failed to produce intense emission
when applied as a single layer or the electron-transporting/ rigure 3. PL and EL comparison for compouridh

emitting layer. On the contrary, when the compounds were ) ]
applied as hole-transport layer in conjunction with the €Mission appears to be resulting from the compounds in most

1.00
14/TPBI

14/Alq,

* 14 film

0.75

0.50 -

Intensity (a.u.)

0.25 ]

0.00 —
500
Wavelength (nm)

—T—
400

electron-transport materials (TPBI/A)q in LEDs, they dev?ces. H_owever, plose inspection reveals t.hat all thg Alq
produced intense emission (Table 2). This clearly identifies devices display slightly broad and red-tailing emission
profiles when compared to those of TPBI-based devices and
film PL. This suggests that there is a contribution from the
Algs emission in those devices. This is probably a result of

(19) Loy, D. E.; Koene, B. E.; Thompson, M. Bdv. Funct. Mater 2002
12, 245.
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a recombination zone located close to the interface of HTL/ 28
Algs (HTL = hole-transport layer; Alg= tris(8-hydroxy- ]
quinolinato) aluminum). Additionally, a slight blue shift in
the EL spectra was noticed for the most devices when
compared to the PL spectra of the vapor-deposited pure films.
This may be due to the microstructure variation between the
pure film and the devic&.

The device characteristics of the compounds are displayed
in Figures 4-7, and the corresponding parameters are listed
in Table 2. Among the devices, those containing pyrenyl,
anthryl, and phenanthrenylamines (compoudds), 11, 13,

15, and16) display larger current densities at higher voltages.
We speculate that in these compounds the planar and rigid
aromatic moieties (pyrene, anthracene, and phenanthrene) oole
present in the triarylamine segment facilitate the hole-hopping 0 600 1200 1800
process through intermolecular interactidhdn general, Current Density (mA/cm?)

most of th_e compounds show promising p?rformance n Figure 8. Variation of external quantum efficiency observed for selected
terms of brightness and external quantum efficiency. Green TPBI based devices with operating voltage.

emitting devices of the compoundsl, 14, and 16 show

exceptional brightness. Table 3 presents a comparison of | .
P g P P device performance for the known compounds in the

(20) Dirr, S.; Wiese, S.; Johannes, H.-H.; Kowalsky, Adv. Mater. 1998 literatu_re alqng with the promising compoqnl_:l:s 14, a”‘}'
10, 167. 16. It is evident that, among the unoptimized devices,

2144;
1.4

07d;

Ext. Quantum Efficiency, %
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Table 3. Comparison of Selected Green Emitting Devices

lemy
compound, device nM/CIE &,y) L2cd/M? nexs®% 7p2IMW  Lmay cd/n? ref

2,3-Bis[4-(N-phenylnaphthylam ino)phenyl]quinoxaline, ITO/X/TPBI/Mg:Ag  492/0.16, 0.41; 3829 1.63 1.86 25370 5b
Tris(quinolinato)Aluminum(lil), ITO&-NPB/X/Mg:Ag 520 2870 1.07 1.42 30200 22
9,10-Bis(1-naphthylphenylamin o)anthracene, IFOMTDATA(20 nm)/ 522/0.24,0.69 11150 2.86 4.25 65120 23

X(40 nm)/TPBI(50 nm)/Mg:Ag
4-(3-(N-phenyl-N-(pyren-1-yl)a mino)-6-(N-phenyl-N-(pyren-8 -yl)amino)- 500/0.22, 0.47 5362 2.10 3.26 48200 9b

9H-carbazol-9-yl)be nzonitrile, ITO/X/TPBI/Mg:Ag
11, ITO/X/TPBI/Mg:Ag 504/0.20,0.53 4570 1.53 2.19 49120 this work
14, ITO/X/TPBI/Mg:Ag 514/0.25,0.58 8220 2.53 3.68 61800 this work
16, ITO/X/TPBI/Mg:Ag 512/0.23, 0.57 6180 1.88 3.13 70850 this work

aAt a current density of 100 mA/ctn
compoundsl1, 14, and16 show promising parameters and Summary
better than the standard green emitting I&IPB/Algs/ We have designed and synthesized a new series of

Mg:Ag device?? It is to be noted that the exceptional compounds that contain electron-deficient quinoxaline, elec-
performance realized for the compound 9,10-bis(1-naphth- tron-rich triarylamine segments, and fluorophores such as
ylphenylamino)anthracene is a result of a combinatorial pyrene, carbazole, and fluorene. We unravel that the incor-
device engineering? poration of fluorene and pyrene greatly improve the bright-
ness of the emission in the devices while fragments such as
carbazole and pyrene strengthen the thermal properties, viz.,
glass transition temperature and decomposition temperature.
Combined with the high glass transition temperature, thermal
stability, and good fluorescence properties, these molecules
are potential candidates for electronic devices.

Though the unoptimized devices experience device insta-
bility at higher operating voltages (Figure 8) as evidenced
by a rapid drop in the quantum efficiency at higher current
densities, we believe that further device engineering can
greatly improve the performance characteristics.

(21) Three-layer devices with a structure of ITO/NPB (40 rem}/1, or Acknowledgment. We thank Academia Sininca and the
16 (10 nm)/TPBI or Alg (30 nm)/Mg:Ag (NPB = 1,4-bis[(1- National Science Council for financial support.
naphthylphenyl)amino]biphenyl) were fabricated. All these three
devices display similar current density, and the current density of these  Supporting Information Available: Synthesis and character-

devices forll and 16 was slightly higher than that of the double- ... ; ; ;
layer devices. These observations suggestithand16 have greater ization details of the bromophenyl quinoxaline precursors.

hole mobility than9. This material is available free of charge via the Internet at
(22) Ko, C. W.; Tao, Y. T.Synth. Met2002 126, 37. http://pubs.acs.org.
(23) Yu, M.-X.; Duan, J.-P.; Lin, C.-H.; Cheng, C.-H.; Tao, Y.-Chem.

Mater. 2002 14, 3958. CMO047705A



