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Ambipolar Conductive 2,7-Carbazole Derivatives

for Electroluminescent Devices**

By Jiun-Yi Shen, Xiang-Lin Yang, Tai-Hsiang Huang, Jiann T. Lin,* Tung-Huei Ke, Li-Yin Chen,

Chung-Chih Wu,* and Ming-Chang P. Yeh*

A series of 2,7-disubstituted carbazole (2,7-carb) derivatives incorporating arylamines at the 2 and 7 positions are synthesized
via palladium-catalyzed C-N or C-C bond formation. These compounds possess glass transition temperatures ranging from 87
to 217 °C and exhibit good thermal stabilities, with thermal decomposition temperatures ranging from 388 to 480 °C. They are
fluorescent and emit in the purple-blue to orange region. Two types of organic light emitting diodes (OLEDs) were constructed
from these compounds: (I) indium tin oxide (ITO)/2,7-carb (40 nm)/1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBI,
40 nm)/Mg:Ag; and (IT) ITO/2,7-carb (40 nm)/tris(8-hydroxyquinoline) aluminum (Algsz, 40 nm)/Mg:Ag. In type I devices, the
2,7-disubstituted carbazoles function as both hole-transporting and emitting material. In type II devices, light is emitted from
either the 2,7-disubstituted carbazole layer or Alqs. The devices appear to have a better performance compared to devices fab-
ricated with their 3,6-disubstituted carbazole congeners. Some of the new compounds exhibit ambipolar conductive behavior,

with hole and electron mobilities up to 10°* cm* V-'s™.

1. Introduction

Small organic molecules!! and organic conjugated poly-
mers?! used in organic and polymer light emitting diodes
(OLEDs and PLEDs) are considered promising candidates for
flat-panel displays since the reports from the Kodak team
and the Cambridge group.[4] The application of organic electro-
luminescence (OEL) in flat-panel displays and portable elec-
tronic devices has become realistic because of considerable
progress in the past decade. To compete with liquid-crystal dis-
plays (LCDs), OEL devices have to be low-cost and have to ex-
hibit high performance, high efficiency, and durability. Efficient
blue, green, and red emitters with excellent color purity are im-
portant for full-color displays. On the other hand, the amor-
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phous character of the materials is also important because it
reduces crystallization during long-term operation of the de-
vices.”! Shirota demonstrated that organic m-electron star-
shaped molecules have a strong tendency to form amorphous
glasses.!'¥l A systematic investigation of a series of symmetric
and asymmetric triarylamines by Thompson and co-workers in-
dicated that the incorporation of arylamines in the conjugated
segments is beneficial to glass formation.[! We have been inter-
ested in developing amorphous materials that possess high
glass-transition temperatures (7,s) and a high thermal stability
for OLED applications. In a series of reports, we found that en-
capsulation of a carbazolyl moiety with diarylamines at the 3
and 6 positions led compounds with high T,s and thermal de-
composition temperatures (7gs).”! Furthermore, these com-
pounds are emissive with color tunability.

Recently, 2,7-substituted carbazole compounds were report-
ed to have a higher level of conjugation than their 3,6-disubsti-
tuted counterparts.["! It is therefore interesting to examine how
the 2,7-substituted carbazoles (Scheme 1, A) differ in physical
properties from their 3,6-disubstituted analogues (Scheme 1,
B) and if they retain good morphological and thermal charac-
teristics, i.e., high Tgs and Tgs. There is a substantial number of
studies on 3,6-disubstituted carbazole compounds, including
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Scheme 1. Two isomers of carbazole derivatives.
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small molecules, oligomers, and polymers!”) for OLED applica-
tions. However, there are only a few studies on low-molecular-
weight 2,7-disubstituted carbazole compounds thus far. The
main obstacle is the lack of an efficient synthesis procedure for
these compounds. Recently Leclerc and co-workers!'” and
Miillen and co-workers!'!l reported new synthetic pathways to-
wards 2,7-dihalocarbazoles, which are convenient precursors
for carbazole-based optoelectronic materials. Herein, we re-
port the synthesis and characterization of small-molecule
2,7-disubstitued carbazole materials with peripheral diaryl-
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Figure 1. Structures of the compounds used in this study.
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amines. Devices fabricated from these materials will also be
discussed.

2. Results and Discussion

2.1. Synthesis of the Materials

The structures of the new 2,7-disubstituted carbazole (2,7-
carb) derivatives and some of their 3,6-disubstituted (3,6-carb)
analogues (e.g., 7A and 9A) are illustrated in Figure 1. Two dif-
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ferent pathways for the synthesis of the compounds are out-
lined in Scheme 2. Compounds 1-4 were synthesized via the
first route, which consisted of a palladium-catalyzed aromatic
C-N coupling reaction!?! of 4.4’-dibromo-2-nitrobiphenyl!!
with secondary arylamines to provide the intermediate I, fol-
lowed by an in situ reductive Cadogan ring-closure of I in the
presence of triethyl phosphite to obtain 1-3. Subsequently,

@ _’N_OZ._ Q _POGCHs)s
C} @ reflux, 24h

@“Q

compound 1 underwent a facile Ullmann C-N coupling reac-
tion!3 with 1-bromo-4-tert-butylbenzene in the presence of
Cu/K,COj; in nitrobenzene to give compound 4. Compounds
6-13 were synthesized via the second route, comprising N-alky-
lation of 2,7-dibromo-9H-carbazole™! with 2-bromoethane to
form §, followed by a palladium-catalyzed aromatic C-N cou-
pling reaction of 5 with diarylamines. A Stille cross-coupling
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: Ar = phenyl,

Ar' =2-(2',7'-di-#-butyl)-9,9'-spirobifluorenyl
13 : Ar = 1-naphthyl,

Ar' = 9-ethyl-3-cyano-6-carbazolyl)

15 : Ar = 4-[5-(4--butyl-phenyl)-[1,3,4]oxadiazol-2-yl]-phenyl
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Scheme 2. Outline of the synthetic scheme. Ac: acyl, Ar: aryl, t-Bu: tert-butyl, Et: ethyl, BTEAC: benzyltriethylammonium chloride, Ph: phenyl, DMF: N, N-

dimethylformamide.
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reaction of compound 5 with 5-[N,N-diphenylamino]-2-(tri-n-
butylstannyl)thiophene yielded compound 16.

2.2. Thermal Properties

The glass-forming capabilities and thermal stabilities of the
materials were determined by differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). The detailed
data are collected in Table 1. The T4 values of these com-
pounds, under N, atmosphere, range from 388 to 490 °C. Com-
pounds 1, 6, 8, and 16 exhibited melting isotherms (7p,: 1,
228°C; 6, 283 °C; 8, 302 °C; 16, 178 °C) during the first heating
cycle, but rapid cooling of the melt led to the formation of a
glassy state that persisted in subsequent heating cycles. All
other compounds exhibited a glass transition in the first heat-
ing cycle, and no crystallization exotherm and melting en-
dotherm were noticed. With the same peripheral diarylamine
substituents, replacement of the N-H substituent by an N-aryl
or N-ethyl group leads to a decrease of 7, (1-4, 2—7, and
3—9). Aside from the higher rotational freedom of the ethyl
and t-butyl group, we presume that N-H---N-H or N-H.---r hy-

Table 1. Physical data for compounds 1-16, 7A, and 9A.

drogen bonds in the N-H compounds also plays an important
role.

For the 2,7-disubstituted carbazole derivatives in this study,
the role of carbazole in raising the T, is evident when comparing
1 (Ty=109°C) or 4 (T,=100°C) with a commonly used hole-
transport material such as 1,4-bis(diphenylamino)biphenyl
(DDB, T,=77°C), and when comparing 2 (7,=133°C) or 7
(Ty=111°C) with 1,4-bis(1-naphthylphenylamino)-biphenyl
(NPB, T, =95 °C)."! Furthermore, the incorporation of a 2-spir-
obiﬂuorenyl,[ls] 1-pyrenyl,[7a] or 6—cyano-3-carbazolyl[15] moiety
dramatically raises the T, value of the compound, consistent
with our previous observations. Comparison of T, values be-
tween compounds 6 (123 °C), 7 (111 °C), 8 (166°C), 9 (171 °C),
11 (155°C), 12 (210 °C), and 15 (169 °C) shows that the order of
effectiveness in raising T, is 2-spirobifluorenyl > 1-pyrenyl > 4-
[5-(4-tert-butyl-phenyl)-[1,3,4]oxadiazol-2-yl]-phenyl > 9-anthra-
cenyl > 3-carbazolyl > 4-cyanophenyl > 1-naphthyl. The increas-
ingly restricted motion,"® higher molecular mass,'”! and in-
creasing polar nature!' of the compounds all contribute to the
observed increase of the T, values. The 2,7-disubstituted carba-
zole compounds appear to have slightly lower T, values than
their 3,6-disubstituted counterparts,
ie, 7 (111°C)<7A (120°C) and 9
(171°C)<9A (174°C). The Ty values
of the 2,7-disubstituted carbazole com-

Compound Tg [a] Ty [b] Armax [c] Aem (qbf) [d] Eox (AEP) [e] HOMO/LUMO [f] pounds (7, 388 OC; 9, 490 oc) do not dif-
g rdl [} ) (V] Sl fer strongly from those of the 3,6-dis-
1 109 390 375,312, 262 400 (0.74), 401 80 (94), 391 (96) 4.88/1.75 ubstituted compounds (7A, 385°C;1
2 133 403 368, 260 500 (0.17),456  100(99), 434 (94) 4.90/1.89 9A,510°C)
3 191 487 417,366, 360, 550 (0.07), 114 (85), 425 (94), 4.91/2.24 ’ :
338,323,276 500 (0.38) 1034 (i)
4 100 388 375, 361, 401 (0.85), 162 (108), 4.96/1.85 2.3. Electrochemical Properties
308, 273 403 457 (105)
6 123 448 372, 366, 493 (0.09), 385 (109), 5.19/2.14 Electrochemical characteristics of
329,278 430 577 (109) the 2,7-disubstituted carbazole deriva-
7 1 388 373,271 498 (0.24), 125 (94), 4.92/1.91 . . . .
460 (0.25) 1 93) t1.\/es Wer.e studied by using cychc and
8 166 418 444, 375, 596 (0.01), 146 (85), 509 (97), 4.94/2.44 differential-pulse voltammetric meth-
360, 250 560 1038 (i) ods. The redox potentials of these ma-
9 171 490 419, 366, 337, 551 (0.32), 119 (130), 461 (137), 4.92/2.24 terials are listed in Table 1. The cyclic
323, 276, 266 495 (0.32) 1042 (i) voltammograms for 4, 16, 7, and NPB
10 196 454 424,380, 336, 542 (0.18), 119 (90), 430 (89), 4.92/2.33 PR
124, 275, 266 503 035 1032 () are shown in Flgur? 2 Except for.16,
1 155 465 378, 314, 430 (0.19), 21 (112), 228 (85), 4.78/1.83 all compounds exhibit two re\./ers.lble
283 431 782 (51), 871 (i) one-electron redox processes, indicat-
12 210 460 392, 363, 353, 416 (0.74), 98 (85), 4.90/1.91 ing that the two peripheral arylamines
315, 302, 276 419 424 (34) at the 2 and 7 positions of the carba-
13 217 480 368, 298 513 (0.15), 467 25 (89), 348 (89) 4.83/1.87 zole core are electronically coupled.
15 169 440 386, 359, 276 522 (0.17),452 279 (95), 517 (100) 5.08/2.17 The two peripheral amines of com-
16 87 430 405, 297, 266 481 (0.35), 462 177 (131) 4.96/2.26 . .
7A 120 385 351, 278, 497 (0.05), 127 (78), 518 (76), 4.93/2.00 pound 16 are oxidized simultaneously.
257 456 (0.13) 1164 (i) Apparently, the distance between the
9A 174 510 408, 328, 548 (0.03), 116 (63), 448 (74), 4.91/2.33 two amines is too long to allow elec-
274 509 (0.35) 1012 (i) tronic communication between them.

[a] Obtained by DSC under N,. [b] Obtained by TGA under N,. [c] In CH,Cl, solution. [d] In CH,Cl,
(first value) and toluene, ¢ fluorescence quantum yield, relative to coumarin 1 (99 % in ethyl acetate)
or coumarin 6 (63 % in acetonitrile). Corrected for solvent refractive index changes. [e] In CH,Cl,. All
E., data are relative to ferrocene (Eo 260 mV relative to Ag/Ag®). Concentrations: 107 m; scan rate:
100 mVs™; it irreversible. [f] Highest occupied molecular orbital (HOMO) energy calculated with refer-
ence to ferrocene (4.8 eV). A solvent-to-vacuum correction was not applied. The bandgap was deter-
mined from the observed optical edge, and the lowest unoccupied molecular orbital (LUMO) energy

was derived from the relation bandgap=HOMO-LUMO.
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These arguments are supported by
Osteryoung square-wave voltammetry
(Fig. 2a and b, insets). A comparison
of the first oxidation potentials of
7 (+125 mV) and NPB (+314 mV)
clearly indicates that the planar biphe-
nyl unit of the central carbazole in the
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Figure 2. a—c) Cyclic voltammograms of compounds 4 (a), 16 (b), 7 and
NPB (without ferrocene) (c), measured in dichloromethane.

former is beneficial to the electronic communication between
the two peripheral amines. The larger difference between the
first and second oxidation potential in 7 (+346 mV) compared
to NPB (+258 mV) further supports this argument. The inter-
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action between the two peripheral amines through the central
biphenyl unit is expected to be stronger in 2,7-disubstituted
carbazoles than in 3,6-disubstituted carbazoles, if the role of
the carbazolyl nitrogen atom is overlooked. However, we
found that the first oxidation potential of 7 (+125 mV) is very
similar to that of its analogue 7A (+127 mV),/% and that the
value for 9 (+119 mV) is similar to 9A (+116 mV)."?! Ob-
viously, the carbazolyl nitrogen atom interacts strongly with
both of the peripheral amines in the 3,6-disubstituted carbazole
because the former is at the para position to the latter in the
same phenyl ring.

The presence of the electron-withdrawing cyano group in 6
and the oxadiazole unit in 15 results in a significant anodic shift
of the potential. The presence of the cyano group also results
in a higher first oxidation potential for 13 (+25 mV) compared
to 11 (=21 mV). It is interesting to note that 11 and 13 have
very low first oxidation potentials because of the electron-do-
nating nature of the peripheral 3-carbazolyl groups. The third
oxidation wave for 3 and 8-11 is attributable to the oxidation
of the central carbazole!™ or to the oxidation of peripheral
segments, such as anthracene, pyrene, and carbazole. This oxi-
dation is irreversible, with the exception of 11. Evidently, the
electron-donating 3-carbazolyl peripheral groups in 11 help to
stabilize the trivalent cation and lead to reversibility as well as
an anodic shift of the third oxidation potential compared to
other compounds. The fourth irreversible oxidation in 11 may
be a result of the polymerization of the central carbazole at the
3 and 6 positions after oxidation.!'%¢!

2.4. Optical Properties

The absorption and luminescence spectra of the compounds
were measured in dichloromethane, and the pertinent data are
presented in Table 1. Representative absorption spectra are
shown in Figure 3. The absorptions that fall within A,y =300—
444 nm are attributed to n—n* and n— n* transitions. An-

. ' . ' . ' — i
300 350 400 450 500 550
Wavelength (nm)

Figure 3. Absorption spectra of compounds 8, 9, and 15 in dichlorometh-
ane.
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thracene- or pyrene-containing compounds display a distinct
absorption at longer wavelengths, which may be assigned to lo-
calized N-anthracene and N-pyrene m — n* transitions. Only 1,
4, and 12 have a fluorescence quantum yield greater than 0.5 in
dichloromethane. Similar to the 3,6-disubstituted carbazolyl
analogues we reported earlier,[’" this behavior is likely a result
of reductive quenching by the amines. The emission colors of
the compounds range from orange to purple blue. Among
these, compound 8, containing anthracene, has the most red-
shifted emission in dichloromethane or toluene. Except for 1,
4, 11, and 12 (A(CH,Cl,)- A(toluene) <3 nm), the emission
wavelengths are very sensitive to the solvent polarity, indicat-
ing the dipolar nature of the excited-state compounds. Com-
pounds 7 and 9 appear to have longer absorption wavelengths
than 7A and 9A in both CH,Cl, (Table 1) and toluene (Apnax: 7,
373 nm; 7A, 357 nm; 9, 422 nm; 9A, 414 nm). This trend seems
to be consistent with the increased delocalized nature of the
2,7-substituted carbazoles compared to the 3,6-substituted ana-
logues. It is noteworthy that the 2,7-disubstituted carbazole
compounds have a larger molar absorptivity than the 3,6-disub-
stituted compounds (&nax in toluene: 7, 38361 M em™; 7A,
16717 M em™: 9, 61149 M cm™: 9A, 35655 M cm™).

2.5. Charge-Transport Properties

Carrier-transport properties of 7 and 9 were investigated by
the time-of-flight (TOF) transient photocurrent technique in
vacuum at room temperature. Their 3,6-disubstituted counter-
parts 7A and 9A were also subjected to measurement for com-
parison. Representative TOF transients for holes and electrons
of 7 are shown in Figure 4a and b, respectively, while represen-
tative hole and electron signals of 9 are shown in Figure 4c and
d, respectively. Similarly, representative TOF transients for 7A
and 9A are shown in Figure 4e—h. While the hole transport for
7 and 9A is nondispersive, that for 9 and 7A is dispersive. On
the other hand, the electron transport is dispersive for all inves-
tigated compounds. The carrier-transit times (¢1) needed for
determining carrier mobilities were evaluated from the inter-
section points of two asymptotes from the double-logarithmic
plots (Fig. 4, insets). The obtained carrier mobilities are shown
as a function of the square root of the electric field (E'?) in
Figure 5. The field dependence of the carrier mobilities follows
the nearly universal Poole—Frenkel relationship: u o< exp(SE?),
as usually observed for disordered organic systems, where f is
the PooleFrenkel factor.*"!

The hole mobilities of the 2,7-disubstituted carbazole com-
pounds are one to two orders of magnitude higher than those of
the 3,6-disubstituted congeners, i.e., 7 (ca. 10* cm®* Vs >7A
(2-3x10°ecm®*V's™) and 9 (ca.6x 10* cm’V'sT)>9A
(10°-107° cm? V's™). Some of the hole mobilities are compar-
able to those of NPB (ca. 10° cm?>V's™).2 The relatively
high electron mobilities observed for 2,7-disubstituted carba-
zoles (7, ca. 10*em?®V'sh 9, ca. 2x10* em? V™! s‘l) and
3,6-disubstituted carbazoles (7A, 4-6x 107° ecm®V's! 9A,
ca. 10 cm*V's™) are somewhat unexpected because aryl-
amines are normally viewed as hole-transporting materials.!"?!
However, we note that some carbazole derivatives were pre-
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viously reported to show electron transport. For instance, car-
bazoles with cyano substituents were reported to be capable
of electron-transport.m] Furthermore, 4,4’-N,N’-dicarbazole-bi-
phenyl (CBP) has also been demonstrated to be an ambipolar
conductive material.®! Still, the electron mobilities reported
here appear to be high compared to common electron-transport
materials such as 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene
(TPBI) and tris(8-hydroxyquinoline)aluminum (Algs).*"
When comparing (either hole or electron) carrier-transport
properties of 2,7- and 3,6-disubstituted carbazoles, it is interest-
ing to note that in general 2,7-disubstituted compounds show
higher mobilities than 3,6-disubstituted carbazoles. The more
extended conjugation network in 2,7-disubstituted carbazoles
may result in stronger electronic coupling between molecules,
thereby facilitating carrier hopping. It is also possible that the
very different linking topologies (and thus conformations) in
2,7- and 3,6-disubstituted carbazoles lead to significant differ-
ences in molecular packing, which in turn affects the molecular
packing density and the positional disorder in thin films, which
are critical for carrier transport.

2.6. Electroluminescence Properties

The highest occupied molecular orbital (HOMO) energy lev-
els of the compounds were calculated from cyclic voltammetry
(Section 2.5) and by comparison with ferrocene (4.8 eV).*!
These data, together with absorption spectra, were used to de-
termine the lowest unoccupied molecular orbital (LUMO) en-
ergy levels (Table 1, Fig. 6). According to the obtained HOMO
and LUMO energy levels, the compounds in this study appear
to be good candidates for hole-transporting and emitting mate-
rials (see below).

Compounds with high solution quantum yields were used to
fabricate two types of double-layered devices, using TPBI
(HOMO =62 eV;:LUMO =27 V)" or Alg; (HOMO =6.0 eV;
LUMO=33 eV)[27] as electron-transport materials. Type I de-
vices consisted of indium tin oxide (ITO)/2,7-carb (40 nm)/
TPBI (40 nm)/Mg:Ag, while type II devices comprised ITO/
2,7-carb (40 nm)/Alqz (40 nm)/Mg:Ag. The performance char-
acteristics of all devices are summarized in Table 2. Represen-
tative voltage—current density (V-J) characteristics of the type I
and type II devices are shown in Figure 7a and b, respectively,
while representative current-luminance (/-L) characteristics
are shown in Figure 8a and b, respectively. Figure 9 shows the
electroluminescence (EL) spectra of some type I and type II
devices. All devices in this study exhibited relatively low turn-
on voltages (2.4-3.0 V), perhaps because of the small energy
difference between the work function of ITO and the HOMO
levels of the 2,7-disubstituted carbazoles. In the type I devices,
with TPBI as the electron-transporting layer (ETL), blue to
green light was emitted from the 2,7-disubstituted carbazole
compounds. It is conceivable that TPBI serves as an effec-
tive hole blocker because of the large HOMO energy gap
(1.12-1.42 eV) between TPBI and the 2,7-disubstituted carba-
zoles. In contrast, the relatively smaller LUMO energy gap
(0.37-0.87 eV) between TPBI and 2,7-disubstituted compounds
facilitates injection of the electrons from TPBI into the organic-

Adv. Funct. Mater. 2007, 17, 983-995



J--Y. Shen et al./Conductive 2,7-Carbazole Derivatives MATERIAI.S
e
1500 800 — |':
1
—_ (a) 2 1000 4 2 (b) < t R
< T
= s < Z 600} 2 s >
= 10004 g - g 100 :
= E 100 = =
3 g o G ~
= g = 400} S
. z ; s
S 5004 R 5 £
< : 0 € 20
o ; =
= Time (ps) =
= o
T T T T 0
0 5 10 15 20
Time (us)
4000 4000
2 3500 (c) z t Q3500-(d) P
3 L 1000 Y r 3 < t
33000 = 3000 S Y T
=
£ 2500 g = 2500 g !
E 2000 g w0 gzooo- g
= ] 2 ] S 10
S 1500 £ 3 1500 £
S 10004 01 i £ 10004 o ‘
_g 500 Time (ps) _g 5004 Time (us)
A~ ol A ol
0 2 4 6 0 7 7 3
Time (us) Time (us)
200 800
-~ —_
~ (e) = | < (f) Z t,
= 150+ = / Z 6004 b1 /
bt 5 - 5 100
E £ 10 = E
L =
@ 1001 g = 4001 g
= 2 S £
5 ~ 2 10
8 504 10 100 + 200 1 10
-g Time (ps) 2 Time (ps)
Ay Ot A 04
0 200 400 600 800 0 20 40 60
Time (us) Time (us)
4000
1600 000
- (9) ~ ‘ = 3500 (h) _!
< 1400 21000 T < P
=1 3 J =. 3000 2 T
~ = N~ -
- 12004 E s0 2 2500 § 100 /
S 1000 = ) 5
! 1 g o 2000 g
S = S
5 8001 g = 1500 £
S 600 A 100 S =
S i 10 S 1000+ 01 i
S 4005 Time (us) £ 500 Time (us)
A~ 2004 | A~ ol
0 20 40 60 0 1 2 3
Time (us) Time (us)

Figure 4. Time-of-flight (TOF) transients for 2,7-carb (2.0 um thick): a) 7, hole, E=3.5x10° Vem™. b) 7, electron, E=3.5x10° Vcm™. ¢) 9, hole,
E=3.5x10°Vem™. d) 9, electron, E=4.5x10°Vcm™. e) 7A, hole, E=3.5x10° Vem™. f) 7A, electron, E=3.5x10° Vem™. g) 9A, hole,
E=45x10° Vem™. h) 9A, electron, E=3.5x 10° Vem™.
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Figure 5. Electron and hole mobilities versus E'"%for7,9, 7A, and 9A.

compound layer. In type II devices, with Alq; as ETL, the emis-
sion was also found to be from the 2,7-disubstituted carbazole
layer for 3, 9, 10, and 16. All others emitted green light charac-
teristic of Alqs; (bandwidth >92 nm).

It is believed that the LUMO energy offset between the
HTL and ETL materials is critical for the transport and distri-
bution of electrons, which in turn would determine the carrier-
recombination (emission) zone. Among series of compounds
used for device fabrication, 3, 9, 10, and 16 have lower-
lying LUMO levels (2.24-2.33 eV), and thus smaller energy
barriers for electron injection from the ETL, than others

Table 2. Electroluminescence data for the type | and type Il devices.

1.83 1.83
I I
2.33 2.33 9
2.7
3‘3,\
Mg:A .
carb £oe carb Mg:Ag
3.7 3.7
ITO TPBI ITO ,.\‘ Alq,
4.7 [E 4.7 [E
— :m
478 478 |
508 5.68 6.0
6.2

Figure 6. Relative energy alignments of the materials in type | (left) and
type Il (right) devices.

(LUMO =1.83-1.91 eV, except for 15: 2.17 eV). The larger
LUMO energy offset is thought to effectively block the injec-
tion of electrons from the ETL into the HTL, thus confining
electrons and carrier recombination mainly to the ETL. This is
consistent with our previous observations on devices based on
3,6-disubstituted carbazoles.”*! Interestingly, for the type II de-
vice of 15, emission from both the HTL and the ETL (Alqs)
was observed, suggesting exciton formation in both layers. This
may be because the barrier at the HTL/ETL does not com-
pletely block electron injection into the HTL, and also because
the oxadiazolyl moieties decrease the hole mobility of 15 and
retard hole transport into the ETL.

The luminescence wavelength of the carbazole compounds
in this study can be tuned from green to blue by modification

Compound  Von Linax (V at Lyax) Aem CIE FWHM Textrmax 11p,max Tc,max L[a] Text [a] 7 [a] 7 [a]

v [ed m™2 (V)] [nm] [yl [nm] [Im W] [ed AT [ed m7 [%] [Im W] [cd A7)

2 2.8;3.0 12919 (11.5);  478;524 0.15,0.26; 74; 96 1.0;1.4 1.1;20 1.8;2.7 1788;2696  1.0;0.83 1.0;1.2 1.8;2.7
22138 (15.0) 0.31,0.56

3 2.8;2.8 36514 (12.0);  530;532 0.33,0.61; 78; 78 1.6;2.3 5.3;5.6 56,50  5411;4684  15:1.3 2.8;2.0 5.4;4.7
28952 (12.0) 0.34, 0.60

7 2.8;3.0 21147 (13.0);  470; 524 0.15, 0.20; 70; 92 1.9;1.7 2.1;2.6 2538  2809;3757 1.6;1.2 1618 25,38
32192 (15.0) 0.31,0.56

9 2.6;2.5 58120 (13.0);  520;522 0.28, 0.60; 76; 76 2.4;1.8 6.6; 4.5 8.1;6.1  7672;5779  2.3;1.7 3.4;2.9 7.7;5.8
42250 (13.5) 0.28, 0.60;

10 27,27 56060 (13.0);  538;538 0.34, 0.61; 68; 70 3.2;22  6.885.03  9.85;8.0 8868;7152  2.4;1.9 4.9;3.0 8.9;7.2
39702 (13.5) 0.35, 0.60

1 2.5;3.0 3188 (12.0); 442;528 0.18,0.18;  60;104  0.41;0.34 0.50;0.54 0.61;1.09 587;1067 0.40;0.33 0.31;0.46  0.59; 1.1
7904 (14.0) 0.33,0.55

13 2.4;3.0 28120 (14.5);  508;526 0.24, 0.46; 96; 96 1.7;0.80 4.0;1.2 4.7;2.6  4270;2548 1.6;0.79 2.2;1.1 43;25
21319 (15) 0.32,0.55

15 2.7;3.0 15300 (13.5);  486;502 0.20,0.37;  88;102 2.6;1.4 5.4;3.5 6.0;3.9 5104;3334 22,13 2.1;1.1 5.1;3.3
12506 (15) 0.24,0.43

16 2.75;3.0 13747 (15); 508; 512 0.26, 0.53; 88; 90 0.81;0.73  1.5;1.4  2.43;226 1983;2077 0.66;0.67  1.0;0.91 2.0;2.1
13154 (15) 0.28,0.55

[a] Measured at a current density of 100 mAcm™. The measured values are given in order of the type | (TPBI) and type Il (Alqs) devices. V,, was ob-
tained from the x-intercept of log(luminance) versus applied voltage plot. L. maximum luminance; L: luminance; V,,: turn-on voltage; CIE: Commision
Internationale de I'Eclairage; V: voltage; #ex,max: Maximum external quantum efficiency; #, max: maximum power efficiency; 7 max: maximum current effi-
ciency; #ex: external quantum efficiency; #,: power efficiency; #.: current efficiency; FWHM: full width at half-maximum.
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Figure 7. Current density versus applied electric voltage characteristics of
type | (a) and type Il (b) devices.

of the peripheral group. As the devices are not optimized, the
performances of the green-emitting type I and type II devices
fabricated from 3, 9, and 10 appear to be promising: maximum
luminescence 28952-58120 cdm™, maximum external quan-
tum efficiency 1.6-3.2%, and maximum luminous efficiency
4.47-6.88 ImW™'. Their performances surpass the standard
green-emitting device; ITO/NPB (50 nm)/Alqgs (50 nm)/Mg:Ag
(L=3629 cdm™; Hex=1.2%; 7,=12Im W™ at 100 mA cm™).
Among blue emitting devices, those of 7 and 15 have the best
performance (7: L=2809 cdm ™, extmar=1.6%, 7. =2.5 cd A™,
7p,=1.6lmW™" at 100 mAcm™ 15 L=5104 cdm™, 7ex.
max=22%,7.=5.1 cd A™, 7,=2.1 ImW™ at 100 mA cm™).

It is interesting to note that both type I and type II devices
of 7 and 9 have better performance characteristics than corre-
sponding devices prepared from their 3,6-disubstituted carba-
zole counterparts.[7a] The better emission performance of the
type I device incorporating 7 compared to 7A may be rationa-
lized by the better electron-transport properties and higher

Figure 8. Luminance versus current density characteristics of type | (a)
and type Il (b) devices.
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Figure 9. EL spectra of the type | and type Il devices for selected com-
pounds.
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quantum yield of 7 (thin-film quantum yields: 7, 21 %; 7A,
15%). In the type II devices (emission from Alqs), the forma-
tion of excitons in Alqs is perhaps less efficient for 7A than
for 7 because of the much lower hole mobility of 7A. Similarly,
the better performances of the type I and type II devices
for 9 (emission from 9 in both) than for 9A are possibly asso-
ciated with better electron transport in 9 (film quantum
yield: 9, 32 %; 9A, 42 % ). A comparison is also made between
the compounds in this study and compounds with a similar
carbon skeleton: 2,7-carbazole derivatives without arylamines,
4,4’-bis(diarylamine)-biphenyl, and 2,7-bis(diarylamino)-9,9-di-
methylfluorene. Although compound 7 has a lower solution
quantum yield (@=0.25 in toluene) than 2,7-bis(2,2-diphenyl-
vinyl)-9-isopropyl-9H-carbazole (& =0.37 in toluene) and 2,7-
bis(2,2-diphenylvinyl)-9-tolyl-9H-carbazole (©#=0.51 in tolu-
ene),®® the type I device for 7 has a much better performance
than the devices of similar structure for the other two. It is pos-
sible that the presence of the two peripheral arylamines in 7 re-
sults in a smaller energy gap between the Fermi level of ITO
and the HOMO of 7, and in a better balance of carriers mobili-
ties. When used as the hole-transport layer in devices, type II
devices for 2 and 7 have performances comparable to the de-
vice using NPB (see above) as the hole-transport layer. In con-
trast, the performances of the type II devices for 2 and 7, on
the other hand, appear to be better than that of the device from
2,7-bis(diarylamino)-9,9-dimethylfluorene, using 2,7-bis(diaryl-
amino)-9,9-dimethylfluorene/polystyrene blend (with hole mo-
bility <10 cm? V~'s7!) as the hole-transporting layer.”’)

3. Conclusions

We have synthesized a series of 2,7-carbazole derivatives
containing arylamines via palladium-catalyzed C-N and Stille
C-C coupling reactions. The new compounds possess high glass
transition temperatures and can function as emitting and/or
hole-transporting materials. The two peripheral arylamines are
electronically coupled through the biphenyl spacer in these
2,7-disubstituted carbazole compounds. This is in contrast to
their 3,6-disubstituted carbazole congeners, in which the two
peripheral arylamines are coupled via the nitrogen atom of the
central carbozolyl unit. It is intriguing that the 2,7-disubstituted
compounds exhibit somewhat ambipolar conductive behavior,
and have higher and more balanced electron and hole mobili-
ties than their 3,6-disubstituted analogues. Double-layer
devices using the compounds either as the hole-transporting
materials or as the emitting materials exhibit promising perfor-
mances. Further modification of the molecules at the 2-, 7-, and
9-positions of carbazole aimed at color tuning and introducing
multiple functions is ongoing.

4. Experimental

4.1 General Information

Unless otherwise specified, all reactions were carried out under a
nitrogen atmosphere using standard Schlenk techniques. Solvents

www.afm-journal.de
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were dried by standard procedures. Column chromatography was
performed with silica gel (230—400 mesh, Macherey—Nagel GmbH &
Co.) as the stationary phase. 'H NMR spectra were recorded on a Bru-
ker AMX400 spectrometer. Electronic absorption spectra were mea-
sured in dichloromethane using a Cary 50 Probe UV-visible spectro-
photometer. Emission spectra were recorded by a Hitachi F-4500
fluorescence spectrometer. Emission quantum yields were measured
with reference to coumarin 1 or coumarin 6 in CH3CN [30]. Cyclic vol-
tammetry experiments were performed with a BAS-100 electrochemi-
cal analyzer. All measurements were carried out at room temperature
with a conventional three-electrode configuration consisting of plati-
num working and auxiliary electrodes and a nonaqueous Ag/AgNO;
reference electrode. The E;, values were determined as 1/2(Ej + Ep),
where |, and ; are the anodic and cathodic peak potentials, respectively.
The solvent in all experiments was CH,Cl,, and the supporting electro-
lyte was 0.1 M tetrabutylammonium perchlorate. DSC measurements
were carried out using a Perkin—Elmer 7 series thermal analyzer at a
heating rate of 10°Cmin™". TGA measurements were performed on a
Perkin—Elmer TGA7 thermal analyzer. Mass spectra (FAB) were re-
corded on a JMS-700 double focusing mass spectrometer (JEOL, To-
kyo, Japan). Elementary analyses were performed on a Perkin-El-
mer 2400 CHN analyzer. Compounds 2,7-dibromo-9H-carbazole [11],
(9-ethyl-9H-carbazole-3-yl)-phenyl-amine [7c], 5-[N,N-diphenylami-
no]-2-(tri-n-butylstannyl)-thiophene [31], [(2",7’-di-tert-butyl)-9,9’-spiro-
bifluoren-2-yl]-phenyl-amine [15], 9-ethyl-6-(naphthalen-1-ylamino)-
9H-carbazole-3-carbonitrile [15], 9-ethyl-N,N’-diphenyl-9H-carbazole-
2/7-diamine  (14) [32], and N,N’-bis-{4-[5-(4-tert-butyl-phenyl)-
[1,3,4]oxadiazol-2-yl]-phenyl}-9-ethyl-N,N’-diphenyl-9H-carbazole-
2,7-diamine (15) [32] were prepared according to published procedures.

4.2 Synthesis Details
4.2.1 General Procedure A for the Synthesis of Compound 1-3

The corresponding 4,4’-dibromo-2-nitro-biphenyl (1.5 mmol), sec-
ondary amine (3.2 mmol), Pd(OAc), (15 mg, 0.06 mmol), (+-Bu);P
(0.06 mmol), sodium fert-butoxide (0.43 g, 4.5 mmol) and toluene
(30 mL) were charged in a two-necked flask kept under nitrogen. The
mixture was heated at reflux for 48 h. After cooling, the solvent was re-
moved under vacuum and the residue was extracted with dichloro-
methane/water. The organic layer was dried over MgSO, and filtered.
The filtrate was pumped dry to afford the crude compound, 4,4-
bis(diarylamino)-2-nitrobiphenyl. A mixture of the crude 4,4’-bis(diar-
ylamino)-2-nitrobiphenyl and triethyl phosphite (10 mL) was heated at
reflux for 24 h in an inert atmosphere. Excess triethyl phosphite was re-
moved by distillation and the residue was extracted with dichlorometh-
ane/water. The organic layer was dried over MgSO, and filtered. The
residue obtained after evaporation of the solvent was chromatographed
on silica gel using dichloromethane/hexanes mixture as eluent.

N,N,N',N’-Tetraphenyl-9H-carbazole-2,7-diamine (1): White solid.
Yield: 43 %. Fast atom bombardment (FAB) mass spectrometry (MS):
m/z 501 (M*). 'THNMR (acetone-dq, 0): 10.01 (s, 1H, NH), 7.94 (d,
J=8.3 Hz, 2H, C¢Hj;), 7.27 (d, J=7.4 Hz, 8H, meta-CsHs), 7.11-7.07
(m, 10H, ortho-C¢Hs and Cg¢H3), 7.00 (t, J=7.4 Hz, 4H, para-C¢Hs),
6.91 (d, J=7.4 Hz, 2H, CgH3). Anal. Calcd for C36H,7N5: C 86.20, H
5.43, N 8.38; found: C 85.96, H 5.13, N 8.11.

N,N’-Di-naphthalen-1-yl-N,N’-diphenyl-9H-carbazole-2,7-diamine
(2): Yellow solid. Yield: 34 %. FAB MS: m/z 601 (M*). 'HNMR (ace-
tone-dg, 9): 9.78 (s, 1H, NH), 8.01-7.95 (m, 4H, C,0H;), 7.87-7.84 (m,
4H, C]()H7 and C(,H3), 7.53 (t, J=74 HZ, 2H, C]()H7), 7.47 (t, J=74 HZ,
2H, CyoH7), 7.35-7.34 (m, 4H, C,oH;), 7.20 (t, J=7.4 Hz, 4H, meta-
CgHs), 6.99-6.83 (m, 10H, ortho-, para-C¢Hs and CgHj3). Anal. Calcd
for C44H3;N3: C87.82, H 5.19, N 6.98; found: C 87.74, H 4.91, N 6.69.

N,N’-Diphenyl-N,N’-di-pyren-1-yl-9H-carbazole-2,7-diamine (3):
Yellow solid. Yield: 40 %. FAB MS: m/z 749 (M*). '"HNMR (acetone-
dg, 9): 9.76 (s, 1H, NH), 8.30-8.25 (m, 4H, pyrenyl), 8.23-8.12 (m, 8H,
pyrenyl), 8.05-7.98 (m, 4H, pyrenyl and C¢H3), 7.90-7.88 (m, 4H, pyre-
nyl), 7.22 (t, J=7.6 Hz, 4H, meta-CcHs), 7.05 (d, J=7.6 Hz, 4H, ortho-
CgHs), 6.98-6.92 (m, 6H, para-C¢Hs and CgH3). Anal. Caled for
Cs6H3sN3: C 89.69, H 4.70, N 5.60; found: C 89.28, H 4.90, N 5.33.

Adv. Funct. Mater. 2007, 17, 983-995
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4.2.2. 9-(4-tert-Butyl-phenyl)-N,N,N’,N’-tetraphenyl-9H-
carbazole-2,7-diamine (4)

A mixture of 1-bromo-4-tert-butylbenzene (1 mmol), compound 1
(1 mmol), ground K,CO; (1.2 mmol), Cu powder (0.3 mmol), and ni-
trobenzene (5 mL) was heated at reflux for 72 h. After cooling, the sol-
vent was removed under vacuum and the residue was extracted with di-
chloromethane/water. The organic layer was dried over MgSO, and
filtered. The residue obtained after evaporation of the solvent was
chromatographed through silica gel using dichloromethane/hexanes
mixture as eluent. Compound 4 was obtained as a white solid in 75 %
yield. FAB MS: m/z 633 (M*). 'THNMR (acetone-ds, 9): 8.06 (d,
J=83 Hz, 2H, C¢H;3), 7.52 (d, J=8.6 Hz, 2H, CeH,), 7.39 (d,
J=8.6 Hz, 2H, CsHy4), 7.25 (t, J=7.8 Hz, 8H, meta-CsHs), 7.07 (t,
J=17.8 Hz, 10H, C¢H3 and ortho-Cg¢Hs), 6.98 (t, J=7.2 Hz, 6H, para-
CeHs and CsH3), 1.28 (s, 9H, CH3). Anal. Calcd for C46H39N3: C 87.17,
H 6.20, N 6.63; found: C 86.79, H 6.06, N 6.67.

4.2.3 2,7-Dibromo-9-ethyl-9H-carbazole (5)

Bromoethane (1.63 g, 15 mmol) was added dropwise to a flask con-
taining a mixture of 2,7-dibromocarbazole (3.22 g, 10.0 mmol), aque-
ous 50 % sodium hydroxide (10 mL), benzene (5 mL), and BTEAC
(0.55 mg, 0.3 mmol). The reaction was continued at room temperature
for 4 h. The reaction mixture was poured into hot water and left over-
night at room temperature. The precipitated solid was collected,
washed with water and dried. Recrystallizations from ethanol afforded
5 as a white powder in 90 % yield (3.15 g). FAB MS: m/z 350 (M").
'HNMR (acetone-dg, 0): 8.09 (d, J=8.3 Hz, 2 H, H-4 of C¢H3), 7.82 (s,
2 H, H-1 of C¢H3), 7.36 (d, /=83 Hz, 2 H, H-3 of CcH3), 451 (q,
J=7.1Hz, 2 H, CH;), 141 (t, J=7.1 Hz, 3H, CH3). Anal. Calcd for
C14H11BroN: C47.63, H 3.14, N 3.97; found: C 47.51, H2.93, N 3.53

4.2.4. General Procedure B for the Synthesis of Compound 6-13

The corresponding compound 5 (1.5 mmol), secondary amine or ani-
line (3.2 mmol), Pd(OAc), (15 mg, 0.06 mmol), (+~Bu);P (0.06 mmol),
sodium fert-butoxide (0.43 g, 4.5 mmol) and toluene (30 mL) were
charged in a two-necked flask kept under nitrogen. The mixture was
heated at reflux for 48 h. After cooling, the solvent was removed under
vacuum and the residue was extracted with dichloromethane/water.
The organic layer was dried over MgSO, and filtered. The residue ob-
tained after evaporation of the solvent was chromatographed through
silica gel using dichloromethane/hexanes mixture as eluent.

2,7-bis[(N-phenyl)-4-cyanophenylamino[-9-ethyl-9H-carbazole  (6):
Pale yellow solid. Yield: 82 %. FAB MS: m/z 579 (M*). 'HNMR (ace-
tone-ds, 0): 8.15 (d, J=8.2 Hz, 2H, H-4 of C¢H3), 7.53 (d, J=8.8 Hz,
4H, C¢H,), 7.47 (d,J=1.4 Hz, 2H, H-1 of C¢H3), 7.41 (t,J=7.8 Hz, 4H,
meta-CeHs), 729 (d, J=7.8 Hz, 4H, ortho-C¢Hs), 722 (t, J=7.8 Hz,
2H, para-C¢Hs), 7.05 (dd, /=82, 1.6 Hz, 2H, H-3 of C¢H3), 7.01 (d,
J=8.8 Hz, 4H, C¢H,4), 432 (q, J=7.1 Hz, 2H, CH,), 1.26 (t,J=7.1 Hz,
3H, CHs;). Anal. Calcd for C4oH9Ns: C 82.88, H 5.04, N 12.08; found:
C82.75,H 4.93,N 11.83

9-Ethyl-N,N’-di-naphthalen-1-yl-N,N’-diphenyl-9H-carbazole-2,7-di-
amine (7): Yellow solid. Yield: 75 %. FAB MS: m/z 629 (M*). '"HNMR
(CDCl;, d): 8.00 (d, J=8.3 Hz, 2H, Cy0H;), 7.96 (d, J=8.3 Hz, 2H,
C10H7), 7.85 (Hl, 4H, C|0H7), 7.52 (t, J=83 HZ, 2H, C|0H7), 7.47 (t,
J=82 HZ, ZH, C10H7), 7.37 (m, 4H, C10H7 and C6H3), 7.21 (t,
J=8.2 Hz, 4H, meta-CsHs), 7.14 (s, 2H, CsH3), 6.98-6.90 (m, 8H, para-
, ortho-C¢Hs and Cg¢Hs), 4.00 (q, J=7.2 Hz, 2H, CH,), 1.05 (t,
J=7.2 Hz, 3H, CH3). Anal. Calcd for C4H35N3: C 87.73, H 5.60, N
6.67; found: C 87.28, H 5.32, N 6.38.

N,N’-Di-anthracen-9-yl-9-ethyl-N,N’-diphenyl-9H-carbazole-2,7-di-
amine (8): Yellow solid. Yield: 80%. FAB MS: m/z 729 (M").
"HNMR (CDCls, §): 8.47 (s, 2H, anthracenyl), 8.15 (d, /= 8.4 Hz, 4H,
anthracenyl), 8.02 (d, J=8.4 Hz, 4H, anthracenyl), 7.60 (d, J=8.2 Hz,
2H, Cg¢Hs3), 7.40 (t, J=7.6 Hz, 4H, anthracenyl), 7.31 (t, /J=8.0 Hz,
4H, anthracenyl), 7.14-7.03 (m, 10H, C¢H3 and CgHs), 6.84-6.79 (m,
4H, C¢H;3 and para-CeHs), 3.83 (q, /J=7.0 Hz, 2H, CH,), 1.05 (t,
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J=7.0 Hz, 3H, CH3). Anal. Calcd for Cs;H39N3: C 88.86, H 5.39, N
5.76; found: C 88.40, H 5.27, N 5.47.
9-Ethyl-N,N’-diphenyl-N,N’-di-pyren-1-yl-9H-carbazole-2,7-diamine
(9): Yellow solid. Yield: 86 %. FAB MS: m/z 777 (M*). 'HNMR (ace-
tone-dg, J): 8.31-8.13 (m, 12H, pyrenyl), 8.06-7.99 (m, 4H, pyrenyl),
7.91-7.89 m, 4H, pyrenyl and Cg¢H;), 7.25-7.21 (t, J=7.6 Hz, 6H,
meta-Cg¢Hs and CgH3), 7.05 (d, J=7.6 Hz, 4H, ortho-CsHs), 6.96-6.93
(m, 4H, para-C¢Hs and C¢H3), 3.99 (q, J=7.0 Hz, 2H, CH,), 1.02 (t,
J=7.0 Hz, 3H, CH3). Anal. Calcd for CsgH3oN3: C 89.55, H 5.05, N
5.40; found: C 89.12, H 4.74, N 5.18.
N,N’-Bis-biphenyl-4-yl-9-ethyl-N,N’-di-pyren-1-yl-9H-carbazole-2,7-
diamine (10): Yellow solid. Yield: 67 %. FAB MS: m/z 929 (M").
'HNMR (acetone-ds, J): 8.32-8.25 (m, 6H, pyrenyl), 8.22-8.14 (m,
6H, pyrenyl), 8.06-8.00 (m, 4H, pyrenyl), 7.95-7.92 (m, 4H, pyrenyl
and Cg¢Hs), 7.61 (d, J=7.3 Hz, 4H, ortho-CsHs), 7.54 (d, J=8.7 Hz,
4H, C¢H,) 7.37 (t, J=7.8 Hz, 4H, meta-C¢Hs), 7.32 (d, J=1.7 Hz, 2H,
Cels), 7.27 (t, J=7.8 Hz, 2H, para-CeHs), 7.10 (d, J=8.7 Hz, 4H,
CeH,), 7.00 (dd, J=83, 1.7 Hz, 2H, C4Hs), 4.02 (q, J=7.0 Hz, 2H,
CHz), 1.04 (t, J=7.0 HZ, 3 H, CH3) Anal. Calcd for C7()H47N3: C
90.39, H 5.09, N 4.52; found: C 89.90, H 4.84, N 4.10.
9-Ethyl-N,N’-bis-(9-ethyl-9H-carbazol-3-yl)-N,N’-diphenyl-9H-carba-
zole-2,7-diamine (11): Pale-yellow solid. Yield: 78 %. FAB MS: m/z 763
(M"). "HNMR (acetone-dg, 0): 7.99-7.97 (m, 4H, C¢H, and C¢Hs3), 7.88
(d, J=8.3 Hz, 2H, C¢Hs), 7.54-7.51 (m, 4H, CsH3), 7.42 (t, J=8.2 Hz,
2H, CeHy), 7.31 (dd, J=8.2, 1.7 Hz, 2H, C4Hs), 7.22-7.18 (m, 6H, meta-
CgHs and CgHy), 7.11 (t, J=8.2 Hz, 2H, C¢H,4), 7.06 (d, J=8.2 Hz,
4H, ortho-CeHs), 6.94-6.88 (m, 4H, para-CeHs and CeHs), 445 (q,
J=17.1 Hz, 4H, CH,), 4.03 (q, J=7.1 Hz, 2H, CH,), 1.40 (t,/=7.1 Hz,
6H, CH;), 1.11 (t, J=7.1 Hz, 3H, CH3). Anal. Calcd for Cs4HysNs: C
84.90, H 5.94, N 9.17; found: C 84.86, H 6.24, N 8.70.
9-Ethyl-N,N’-bis[(2',7'-di-tert-butyl)-9,9 -spirobifluoren-2-yl]-N,N’-di-
phenyl-9H-carbazole-2,7-diamine (12): White solid. Yield: 80 %. FAB
MS: m/z 1229 (M*). 'HNMR (acetone-ds, 9): 7.89-7.86 (m, 4H, spirobi-
fluorene), 7.75 (d, J=8.3 Hz, 2H, CsH3), 7.70 (d, J=7.8 Hz, 4H, spiro-
bifluorene), 7.39-7.35 (m, 6H, spirobifluorene), 7.11-7.04 (m, 8H, spiro-
bifluorene and ortho-C¢Hs), 7.01 (d, J=1.7 Hz, 2H, CsH,), 6.91-6.87
(m, 6H, ortho- and para-Cg¢Hs), 6.79 (d, J=1.6 Hz, 4H, H1" and H8 of
spirobifluorene), 6.75 (dd, J=8.3, 1.7Hz, 2H, Cg¢H,), 6.60 (d,
J=17.5 Hz, 2H, spirobifluorene), 6.49 (d, J=2.0 Hz, 2H, spirobifluo-
rene), 3.98 (q, /=7.3 Hz, 2H, CH,), 1.18 (s, 36H), 1.04 (t, J=7.1 Hz,
3H, CHj3). Anal. Calcd for CgpHgsN3: C 89.79, H 6.80, N 3.41; found: C
89.70, H 6.46, N 3.26.
9-Ethyl-N,N’-bis-(6-cyano-9-ethyl-9H-carbazol-3-yl)-N,N’-di(naphtha-
len-1-yl)-9H-carbazole-2,7-diamine (13): Yellow-green solid. Yield:
82%. FAB MS: m/z 913 (M*). '"HNMR (acetone-ds, 0): 8.46 (d,
J=0.9 Hz, 2H, CsH3), 8.12-8.08 (m, 4H, C;oH7), 7.96 (d,J=8.1 Hz, 2H,
C6H3)781 (t, J=175 HZ, 4H, C]()H7), 7.71 (d, J=1.0 HZ, 4H, C6H3), 7.60
(d, J=8.4 Hz, 2H, Ce¢H3), 7.52 (t, J=7.5Hz, 2H, CyoH;), 7.46 (t,
J=7.0 HZ, 2H, C]()H7), 7.40-7.31 (m, 6H, C]()H7 and C6H3), 7.00 (d,
J=1.7 Hz, 2H, Cg¢Hs), 6.77 (dd, J=8.4, 1.8 Hz, 2H, CsH3), 4.53 (q,
J=17.2 Hz, 4H, CH,), 3.86 (q, J=7.1 Hz, 2H, CH,), 1.43 (t, J=7.0 Hz,
6H, CHs;), 0.95 (t, /=69 Hz, 3H, CH3). Anal. Calcd for Ce4Hy7N7: C
84.09, H 5.18, N 10.73; found: C 83.61, H 4.97, N 10.47.

4.2.5. 2,7-Bis[5-(N,N-diphenylamino)-2-thienyl[-9-ethyl-9H-
carbazole (16)

To a mixture of diphenyl-(5-tributylstannanyl-thiophen-2-yl)-amine
(0.78 g, 1.3 mmol, 90 % purity), compound 5 (0.18 g, 0.5 mmol) and
PdCL(PPh;), (14 mg, 0.02 mmol) was added 4 mL of dry dimethyl-
formamide (DMF). The solution was slowly warmed to 80°C and
stirred for 24 h. After cooling, methanol (5 mL) was added to precipi-
tate the product. The solid was filtered, washed with methanol
(2x5 mL), and then chromatographed using dichloromethane/hexanes
as eluent. Compound 16 was obtained as yellow solid in 83 % yield.
FAB MS: m/z 693 (M*). 'HNMR (acetone-ds, d): 8.10 (d, J=8.0 Hz,
2H, CsH3), 7.76 (s, 2H, CsH3), 7.47 (dd, J=8.0, 1.3 Hz, 2H, CsH3), 7.43
(d, J=3.8 Hz, 2H, SC4H,), 7.34 (t, J=7.4 Hz, 8H, meta-C¢Hs), 7.18 (d,
J=7.4 Hz, 8H, ortho-CsHs), 7.09 (t, J=7.4 Hz, 4H, para-Ce¢Hs), 6.75
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(d, J=38 Hz, 2H, SC4H,), 457 (q, J=7.1 Hz, 2H, CH,), 143 (1,
J=7.1 Hz, 3H, CH;). Anal. Calcd for C4HsN3S: C 79.62, H 5.08, N
6.06; found: C 79.21, H 5.18, N 5.97.

4.3. LED Fabrication and Measurements

Electron-transporting materials TPBI (1,3,5-tris(N-phenylbezimida-
zol-2-yl)benzene) and Alqs (tris(8-hydroxyquinoline) aluminum) were
synthesized according to literature procedures [33], and were sublimed
twice prior to use. Prepatterned ITO substrates with an effective indi-
vidual device area of 3.14 mm? were cleaned as described in a previous
report [34]. Double-layer EL devices using compounds 2-3, 7, 9-11, 13,
and 15-16 as the hole-transport and emitting layer and TPBI or Alqs as
the electron-transport layer were fabricated. The devices were pre-
pared by vacuum deposition of 40 nm of the hole-transporting layer,
followed by 40 nm of TPBI or Alqgs. An alloy of magnesium and silver
(ca. 10:1, 50 nm) was deposited as the cathode, which was capped with
100 nm of silver. -V curves were measured on a Keithley 2400 Source
Meter in ambient environment. Light intensity was measured with a
Newport 1835 Optical Meter.

4.4 Time-of-Flight (TOF) Mobility Measurement

The compounds 7, 9, and their 3,6-substituted analogues 7A, 9A
(Fig. 1) [7a] were subjected to TOF mobility studies. They were puri-
fied by sublimation before use in subsequent analyses and device fabri-
cation. The samples x (x=7, 9, 7A, or 9A) for the TOF measurement
were prepared by vacuum deposition using the following structure:
glass/Ag (30 nm)/x (ca.2 um)/Al (150 nm) with an active area of
2x2 mm as described in a previous report [35]. A frequency-tripled
Nd:YAG (YAG: yttrium aluminum garnet) laser (355 nm) with a pulse
duration of ca. 10 ns was used for pulsed illumination through the
semitransparent Ag. Under an applied dc bias, the transient photocur-
rent as a function of time was recorded with a digital storage oscillo-
scope. The TOF measurements were typically performed in a 10~ Torr
vacuum chamber. Depending on the polarity of the applied bias V; se-
lected photogenerated carriers (holes or electrons) were swept across
the sample thickness D with a transit time ¢, the applied electric
field £ was then V/D, and the carrier mobility was given by u =D/
(tr- E)=D/AV - t7).
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