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Dibenzothiophene/Oxide and Quinoxaline/Pyrazine Derivatives
Serving as Electron-Transport Materials**

By Tai-Hsiang Huang, Wha-Tzong Whang,* Jiun Yi Shen, Yuh-Sheng Wen, Jiann T. Lin,* Tung-Huei Ke,

Li-Yin Chen, and Chung-Chih Wu*

A series of 2,8-disubstituted dibenzothiophene and 2,8-disubstituted dibenzothiophene-S,S-dioxide derivatives containing
quinoxaline and pyrazine moieties are synthesized via three key steps: i) palladium-catalyzed Sonogashira coupling reaction
to form dialkynes; ii) conversion of the dialkynes to diones; and iii) condensation of the diones with diamines. Single-crystal
characterization of 2,8-di(6,7-dimethyl-3-phenyl-2-quinoxalinyl)-5H-5°-dibenzo[b.d]thiophene-5,5-dione indicates a triclinic
crystal structure with space group P1 and a non-coplanar structure. These new materials are amorphous, with glass-transition
temperatures ranging from 132 to 194 °C. The compounds (Cpd) exhibit high electron mobilities and serve as effective elec-
tron-transport materials for organic light-emitting devices. Double-layer devices are fabricated with the structure indium tin
oxide (ITO)/Qn/Cpd/LiF/Al, where yellow-emitting 2,3-bis[4-(N-phenyl-9-ethyl-3-carbazolylamino)phenyl]quinoxaline (Qn)
serves as the emitting layer. An external quantum efficiency of 1.41 %, a power efficiency of 4.94 Im W', and a current efficien-

cy of 1.62 cd A™ are achieved at a current density of 100 mA cm™.

1. Introduction

Organic and polymer light-emitting diodes (OLEDs and
PLEDs) based on small molecules and conjugated polymers
are considered to be promising candidates for the next genera-
tion of flat-panel displays.[l] After Tang and Van Slyke’sm dis-
covery in 1987, and that of Burroughes et al.Bl in 1990, rapid
progress has been made on device performances. To date,
many small molecules containing electron-rich aromatic
amines have been widely used as hole-transport and/or emit-
ting materials in electroluminescent devices, exhibiting good
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efficiency, brightness, and durability.! In contrast, reports of
the use of small molecules as electron-transporting materials
are still rare in the literature.’! Tris-(8-hydroxyquinoline) alu-
minum (Alqs;) is the most widely used electron-transport mate-
rial, yet its electron mobility is very low (ca. 10° cm?V~'s™).[¢!
2-(4-Biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD)
is also a widely used electron-injection/transport or hole-block-
ing material.”l The high electron affinity (EA=2.16 eV)[S] of
the oxidazole ring in the molecule is believed to play an impor-
tant role in this aspect. However, PBD thin films (glass-transi-
tion temperature, 7,=60°C) formed by vacuum deposition
tend to crystallize over time, which is detrimental to device sta-
bility.[g] Thermally stable quinoxaline compounds are another
useful n-type material with high electron affinity. The quinoxa-
line moiety has been introduced into small molecules and poly-
mers, and successfully applied in OLEDs and PLEDs.!'%)

In this paper, we report the synthesis and characterization
of thermally stable dibenzothiophene and dibenzothiophene-
S,S-dioxide-based derivatives incorporating peripheral qui-
noxaline/pyrazine moieties. The physical properties of these
materials, carrier mobilities, and OLEDs fabricated using these
compounds are investigated.

2. Results and Discussion

2.1. Synthesis of the Materials

Scheme 1 illustrates the synthesis of the dibenzothiophene
or dibenzothiophene-S,S-dioxide incorporating quinoxaline
and pyrazine segments. The synthetic procedures consist of
three key steps: i) synthesis of 2,8-diethynyl derivatives (1 and
2) via a Sonogashira coupling reaction!'!! catalyzed by
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phenylacetylene
PdCl,(PPh;),/Cul/PPh, 7

i-Pr,NH O

X =S or SO,

NH; NC._ NH,
po S
NH; NC™ "NH;
Scheme 1. Synthesis of compounds 1-8. DMSO: dimethyl sofoxide.

PdCI,(PPh3), and Cul; ii) oxidiation of the internal alkynes
using iodine in dimethyl sulfoxide (3 and 4) to form the dione
derivatives, in a process developed by Yusybov and Filimo-
nov;!?! (it is worth nothing that this method is more convenient
than the similar oxidation of an alkyne to dione via the use of
highly toxic selenium dioxide!™) iii) condensation of a bis-
dione compound with an appropriate diamine to afford the tar-
geted diquinoxaline or dipyrazine (5-8, Scheme 2).

2.2. X-Ray Crystal Structure

The ORTEP representation of 7-CH,Cl,, Cy44H3,N4O,S-
CH,Cl, is shown in Figure 1 (CH,Cl, molecules have been
omitted for clarity). There are no hydrogen bonds between the
CH,Cl, solvent and 7, but there are very weak van der Waals’
intermolecular interactions. Crystallographic data are listed in
Table S1 (see Supporting Information), and important bond
angles, bond distances, and parameters are collected in
Tables S2-S4 (see Supporting Information). There is significant
deviation of the two neighboring aromatic segments from
planarity. The dihedral angles are 46.57(8)°, 27.48(9)°, and
54.21(8)°, respectively, for the terminal phenyl plane (P2)/azine
plane (P3), P3/dibenzothiophene-S,S-dioxide plane (P1), and
P1/P2 pairs. The twist of these aromatic rings from coplanarity

Scheme 2. Structures of Qn and compounds 5-8.
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Figure 1. ORTEP drawing of 7.

tends to disfavor intermolecular stacking. The intermolecular
spacing (4.3 A) is greater than that observed for a typical n—n
interaction distance (3.8 A).'¥l The crystal structure of 7 (see
below) indicates the lack of planarity of the molecule, and
therefore there are no efficient intermolecular n—r interactions,
although it should be noted that the struc-
ture of a crystal grown from a solvent may
not exactly reflect the real molecular
packing of the deposited film.

2.3. Photophysical Properties

The optical absorption and photolumi-
nescence (PL) spectra of compounds 5-8
in dilute dichloromethane solution are
shown in Figures 2 and 3. All of the com-
pounds displayed two absorption peaks:
around 257-281 nm and 335-373 nm. The
higher-energy bands are assigned to the
absorption of dibenzothiophene, diben-
zothiophene-S,S-dioxide, and the terminal

Adv. Funct. Mater. 2006, 16, 1449-1456
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Figure 2. Electronic absorption spectra of 5-8 (5.0x 10~ mol L™ in dichlo-
romethane).
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Figure 3. The emission spectra of 5-8 (5.0x 107 mol L™ in dichlorometh-
ane). The excitation wavelength was 350 nm.

Table 1. Physical data of the compounds.

phenyl ring. The low-energy absorption bands are attributed to
the n—n* transition of the quinoxalinem] or pyrazine“S] moi-
eties. These compounds are fluorescent, and the emission col-
ors range from purplish-blue to blue-green, both in solution
and the solid state. The maximum wavelength of the fluores-
cence of the film is only slightly red-shifted compared to that
of the solution (A4 ca. 3-6 nm). This outcome can be attribut-
ed to the non-coplanarity of the molecules (see below), which
prevents “disklike” intermolecular stacking. Though it is
known that quinoxaline derivatives may form an excimer upon
excitation, '3 there is no evidence of excimer formation in
our compounds, even at concentrations of up to 1.2 x 107 m, or
in the films.

2.4. Thermal Properties

The thermal properties of these materials were investigated
by differential scanning calorimetry (DSC), and their thermal
stability was examined by thermogravimetric analysis (TGA).
The detailed data are collected in Table 1. The experiments
show that the quinoxaline/pyrazine compounds are able to
form a stable glass. All the compounds exhibited isotherms
with melting points (Ty,) ranging from 309 to 348 °C during the
first DSC heating, and readily formed a glass upon cooling
(30°Cmin™). In further heating cycles, the glass transition was
readily detected, and T, ranged from 132 to 194 °C. These com-
pounds exhibited high thermal decomposition temperatures
(T4>380°C). The T, and T, values for 6 and 8 are higher than
those of 5 and 7 (AT,>20°C; AT, >30°C). This may be due to
the introduction of the strongly polar cyano group on the pyra-
zine rings of 6 and 8. Similarly, the presence of the polar SO,
functional group caused a significant rise the T, and Ty, values
(8Ty>32°C and AT,,>5°C) in 7 and 8 compared to their di-
benzothiophene congeners, 5 and 6. It is worth noting that the
polar azine (quinoxaline/pyrazine) moiety is more beneficial
for raising the T, values than the diarylamino moiety: when the
two azine-containing segments at the 2,8-positions of 5 and 6

parameter Compound
5 6 7 8

Aabs [NM] toluene 364 370 355 335

CHCl, 257,363 281,373 270,355 267,335
Aem [NM] toluene 419 449 420 441

CH,Cl, 426 472 424 457

film 429 475 430 462
Ten/ Te/ Tg/ T4 [a] [°C] 309/NA/132/383 344/NA/157/423 313/NA/174/397 348/NA/194/407
E (Ep) [b] [mV] —2134(140) -1479(125) -1657(87),-2062(90) —-1330(154),-1914(146)
HOMO [c] [eV] 5.64 6.19 6.04 6.59
LUMO [c] [eV] 2.58 3.32 2.92 3.47
Bandgap [c] [eV] 3.06 2.87 3.12 3.2

[a] Te: crystallization temperature; Ty: thermal decomposition temperature. [b] Measured in dimethylformamide (DMF). All potentials are reported relative
to ferrocene, which was used as the internal standard in each experiment. The ferrocene oxidation potential was located at +100 mV relative to the Ag/
AgNO; non-aqueous reference electrode. The concentration of the compound was 1x 107 m. [c] The lowest unoccupied molecular (LUMO) energy was
calculated with reference to ferrocene (4.8 eV). A solvent-to-vacuum correction was not applied. The bandgap was derived from the observed optical
edge, and the highest occupied molecular orbital (HOMO) energy was derived from the relation, bandgap=HOMO-LUMO.
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are replaced by diarylamino substituents, 7, and T}, drop by
ca. 30 and 50 °C, respectively.[‘“]

2.5. Electrochemical Properties

Electrochemical characteristics of the dibenzothiophene de-
rivatives were studied by cyclic and differential pulse voltam-
metry. The redox potentials of these materials are listed in
Table 1. The potentials are reported relative to the internal
standard, ferrocene. The ferrocene oxidation potential was lo-
cated at +100 mV relative to a Ag/AgNO; nonaqueous refer-
ence electrode. Representative cyclic voltammograms for 5, 6,
7, and 8 are shown in Figure 4. No discernible oxidative waves
were detected, owing to the electron-deficient nature of the
compounds. On the other hand, the reduction of the azine (qui-
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Figure 4. Cyclic voltammograms of 5-8 measured in dimethylformamide
(DMF). All the potentials are reported relative to ferrocene, which was
used as the internal standard in each experiment. The ferrocene oxidation
potential was located at +100 mV relative to the Ag/AgNO; nonaqueous
reference electrode.

noxaline or pyrazine) segment in the compounds was promi-
nent, and was identified as a reversible, two-electron redox
process. This reduction potential shifts anodically as the accep-
tor strength of the molecule increases. For example, the reduc-
tion potentials of 6 (E,=-1479 mV) and 8 (£,=-1330 mV)
shift anodically relative to those of 5 (E,=-2134 mV) and 7
(E,=-1657 mV), respectively, due to the presence of the two
cyano substituents in each azine of the former. The reduction
potentials of the azine segments also exhibited a dramatic an-
odic shift upon replacing the dibenzothiophene unit with the
more electron-deficient dibenzothiophene-S,S-dioxide unit,
ie, 5 (E,=-2134mV) versus 7 (E,=-1657 mV), and 6
(E,=-1479 mV) versus 8 (E,=-1330 mV). An additional one-
electron reduction wave at more-negative potential
(E,=-2062 and 1914 mV) is likely due to the reduction of the
dioxide core. The capability of 7 and 8 to form trianions may

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

be due to non-coplanarity between the dibenzothiophene-S,S-
dioxide core (see below) and the azines, which reduces the
electronic repulsion between them.

The first reduction potentials were used to determine the
lowest unoccupied molecular orbital (LUMO) energy levels.
Ferrocene served as the internal standard for calibrating the
potential and calculating the highest occupied molecular orbit-
al (HOMO) levels (—4.8 eV).'"l The cyclic voltammograms
(see above) of the compounds were used to estimate the
LUMO energy level by comparison with ferrocene
(-4.8 eV).[”] These data, together with absorption spectra,
were then used to obtain the HOMO energy levels of the com-
pounds (Table 1, Fig. 5).

LiF

A~ LiF
V=
2.61 \ 2.614\ —
2.58 —
2.92
Qn 5 Al Qn Al
lTO»\ 43 lTO»\ 7 43
5.06 5.06 \§
564 || ﬁ'

Figure 5. The relative energy alignments of the materials in the device.
ITO: indium tin oxide.

2.6. Charge-Transport Properties

Carrier-transport properties of 2,3-bis[4-(N-phenyl-9-ethyl-3-
carbazolylamino)phenyl]quinoxaline (Qn, Scheme 2), 5, and 7
were investigated by the time-of-flight (TOF) transient photo-
current technique!™® at room temperature. Figure 6a shows a
representative TOF transient for holes of Qn, which reveals
the slightly dispersive hole-transport characteristics of Qn. In
the double-logarithmic representation (Fig. 6a, inset), the car-
rier-transit time, ¢1, needed for determining carrier mobilities
can be clearly evaluated from the intersection point of two
asymptotes. In contrast, TOF transients for electrons of Qn are
highly dispersive, and no clear transit time could be resolved,
even in the double logarithmic representation. The hole mobil-
ities of Qn thus determined are shown in Figure 6b as a func-
tion of the electric field. The field dependence of hole mobili-
ties of Qn follows the nearly universal Poole-Frenkel
relationship: ue<exp(SE"?), where f3 is the Poole—Frenkel factor
and E'? is the square root of the electric field.'’ Hole mobili-
ties of Qn are in the range of 10°-10* cm? V's™!, which is one
to two orders of magnitude lower than those of the typical
hole-transport material 1,4-bis(1-naphthylphenylamino)-biphe-
nyl (NPB; ca. 107 cm?V~'s7).2% Such results indeed directly
verify our previous observations that incorporating quinoxaline
segments in hole-transporting triarylamine molecules appears
to retard the hole-transport in materials.?!]

On the other hand, 5 and 7 show dispersive electron trans-
port, as indicated by their representative TOF transients
(Fig. 7a for electrons of 5, Fig. 7b for electrons of 7). Neverthe-
less, the ¢tr needed for determining carrier mobilities can be

Adv. Funct. Mater. 2006, 16, 1449-1456
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Figure 6. TOF transients for Qn (2.0 um thick): a) hole, E=6.0x10° Vem™.
Inset: double logarithmic plot. b) Hole mobilities versus E'/ for Qn.

clearly evaluated from the intersection point of two asymptotes
in the double logarithmic representations (Fig. 7a and b, insets).
In contrast, hole transport for 5 and 7 is highly dispersive, and
no clear #r could be extracted from the TOF transients. The elec-
tron mobilities of 5§ and 7 as a function of the electric field are
shown in Figure 7c, where again the Poole-Frenkel relationship
is followed. Both compounds 5 and 7 have rather high electron
mobilities (104‘—10'3 em?V's! and 2-5x 10 cm? Vs re-
spectively) compared to those of the typical electron-transport
material Alqs (ca. 10 cm? V') 15

2.7. Electroluminescent Properties

In view of the low-lying LUMOs of compounds 5-8, we at-
tempted to use them as the electron-transporting materials for
OLEDs. However, the devices fabricated with 6 and 8 had very
low efficiencies, and further device studies thus focused on 5
and 7. Double-layer devices using 5 and 7 as electron-trans-
porting materials, and Qn as the hole-transporting and emitting
materials, were fabricated with the structures: I) indium tin ox-

Adv. Funct. Mater. 2006, 16, 1449-1456
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Figure 7. TOF transients for 5 (1.92 um thick) and 7 (2.0 um thick): a) 5,
electron, E=8.3x10° Vem™; b) 7; electron, E=5.0x% 10° Vem™. Insets are
the double logarithmic plots of (a) and (b). c) Electron mobilities versus
E'?for5and7.

ide (ITO)/Qn (40 nm)/5 (40 nm)/LiF/Al; IT) ITO/Qn (40 nm)/
7 (40 nm)/LiF/Al. The compound Qn was chosen because it
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possesses appropriate HOMO (5.06 eV) and LUMO (2.61 eV)
energy levels for hole injection from ITO and for electron in-
jection from 5 (or 7), respectively. The performance parame-
ters of both devices are summarized in Table 2. The current—

Table 2. EL data of the devices. CIE: Commission Internationale de I'Eclai-
rage; FWHM: Full width at half maximum.

Device | Device Il
turn-on voltage [V] 33 2.4
Aem [NM] 550 552
CIE (xy) 0.40,0.57 0.42,0.55
FWHM [nm] 38 92
Brightness [a] [cd m?] (voltage [V]) 27485(15) 8090(12.5)
External quantum efficiency [a] [%] 2.1 0.38
Power efficiency [a] [Im W] 7.09 1.28
Current efficiency [a] [cd A] 5.16 0.67
Brightness [b] [cd m?] 4928 1268
External quantum efficiency [b] [%)] 1.41 0.38
Power efficiency [b] [Im W] 4.94 1.27
Current efficiency [b] [cd A”] 1.62 0.61

[a] Maximum value. [b] At a current density of 100 mAcm™.
The structure of device |: ITO/Qn (40 nm)/5 (40 nm)/LiF/Al.
The structure of device 11: ITO/Qn (40 nm)/7 (40 nm)/LiF/Al.

voltage-luminance (/-V-L) characteristics are shown in Fig-
ure 8. The electroluminescence (EL) spectra remain the same
in the voltage range of 6.0 to 12.0 V. Figure 9 depicts the EL
spectra of devices I and II. Both devices show yellow emission,
characteristic of Qn (Aynax ca. 550 nm), indicating emission
from the Qn layer. Such characteristics (i.e., confinement of
carriers and excitons in Qmn) may be due to efficient electron
transport and possibly hole-blocking (see relative energy levels
in Fig. 5) of 5 and 7, and the retarded hole transport of Qn due
to incorporation of the quinoxaline moiety into the hole-trans-
port arylamino derivative.

Device I appears to have much better performance parame-
ters, such as external quantum efficiency, power efficiency, and
current efficiency, than device II. At a current density of

2000 30000
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1-V curves L-V curves /5/ 1 25000
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Figure 8. Current density versus applied electric voltage versus luminance
characteristics of devices | and 1.
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Figure 9. The EL spectra of devices | and II.

100 mA cm ™, device I also performs better: the external quan-
tum efficiency of Iis 1.41 %, while 11is0.38 %; the power effi-
ciency of 1is4.94 %, while I1is 1.27 %; and the current efficien-
cy of lis1.62 %, while 11is0.61 %. Several factors, including
the interfacial energy barriers (e.g., organic/electrode, organic/
organic etc.), can contribute to differences in the device perfor-
mances of devices I and II. For instance, at a particular voltage,
the smaller current density in I than in II is possibly due to the
larger barrier for electron injection between the electron-trans-
porting layer (ETL) and the cathode. The much inferior effi-
ciency of device II compared to I, however, is believed to be
mainly due to the formation of a weakly emissive exciplex!?”!
between Qn and 7 in device II. The formation of such an exci-
plex is supported by the following observations: i) The PL
spectrum of the 1:1 blend film of Qn/7 is broader and red-
shifted compared to that of the Qn film, while the PL spectrum
of the 1:1 blend film of Qn/S is almost superimposable on that
of the Qn film (Fig. 10). The EL spectrum of device II is also
slightly broadened in the long wavelength portion compared to
the EL spectrum of device I and the PL spectra of the Qn film;
ii) Upon excitation at the Qn absorption wavelength (430 nm),
the relative emission quantum yield of the three films, Qn, 1:1
Qn/5 blend, and 1:1 Qn/7 blend, is 100:85:7. The greater ten-
dency to form an exciplex between Qn and 7 may be due to the
smaller energy difference between the ionization potential of
Qn and the electron affinity of 7 compared to that between Qn
and 5.

3. Conclusions

We have synthesized a series of new OLED materials with a
2,8-disubstituted dibenzothiophene or dibenzothiophene-S,S-
dioxide core and peripheral quinoxaline/pyrazine units. The
introduction of azine (quinoxaline/pyrazine) segments to di-
benzothiophene and dibenzothiophene-§,S-dioxide derivatives
increases the thermal stability of the compounds. These com-

Adv. Funct. Mater. 2006, 16, 1449-1456
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Figure 10. PL spectra of Qn, 1:1 Qn/5 blend, and 1:1 Qn/7 blend films.

pounds exhibit rather high electron mobilities, and OLEDs
with promising performances can be fabricated by using these
compounds as electron-transporting materials. Further modifi-
cation of these n-type electroluminescent materials is ongoing.

4. Experimental

General Information: Unless otherwise specified, all the reactions
were carried out under nitrogen using standard Schlenk techniques.
Solvents were dried by standard procedures. All column chromatogra-
phy was performed using silica gel (230-400 mesh, SiliCycle Inc.) as the
stationary phase. Phenylacetylene, iodine, and triphenylphosphine
(PPh;) were purchased from Aldrich. Diaminomaleonitrile and
cuprous iodide were purchased from Acros. 4,5-Dimethyl-1,2-phenyl-
enediamine was purchased from TCI. The starting materials 2,8-dibro-
mobenzothiophene, 2,8-dibromobenzothiophene-S,S-dioxide, and
PdCl,(PPh;), were prepared according to literature procedures [23].
The "H NMR spectra were recorded on a Bruker AMX 400 spectrome-
ter. Electronic absorption spectra were measured in various solvents
using a Cary 50 Probe UV-vis spectrophotometer. Emission spectra
were recorded by a Hitachi F-4500 fluorescence spectrometer. Cyclic
voltammetry experiments were performed with a BAS-100 electro-
chemical analyzer. All measurements were carried out at room temper-
ature with a conventional three-electrode configuration consisting of
platinum working and auxiliary electrodes and a non-aqueous Ag/
AgNOj; reference electrode. The E;, values were determined as
12(Ey" + E,°), where E," and E° are the anodic and cathodic peak po-
tentials, respectively. The solvent in all experiments was N,N-dimethyl-
formamide and the supporting electrolyte was 0.1 M tetrabutylammoni-
um perchlorate. DSC measurements were carried out using a Perkin—
Elmer 7 series thermal analyzer at a heating rate of 10°Cmin™ and
cooling at 30 °Cmin~". TGA measurements were performed on a Per-
kin—-Elmer TGA7 thermal analyzer. Mass spectra (fast atom bombard-
ment mass spectrometry, FAB-MS) were recorded on a JMS-700 dou-
ble focusing mass spectrometer (JEOL, Tokyo, Japan). Elemental
analyses were performed on a Perkin—Elmer 2400 CHN analyzer.

Synthesis of the 2,8-Diethynyl Derivatives (1 and 2): Compounds 2,8-
di(2-phenyl-1-ethynyl)dibenzo[b,d]thiophene (1) and 2,8-di(2-phenyl-
1-ethynyl)-5H-5/°-dibenzothiophene-S,S-dioxide (2) were synthesized
by similar procedures, as described bellow. 2,8-Dibromo starting mate-
rial (3.0 mmol), Pd(PPh;3),Cl, (1 mmol % per halogen atom), Cul
(3 mmol % per halogen atom), PPh; (1 mmol % per halogen atom),
phenylacetylene (2 equiv, 6.0 mmol), and diisopropylamine (70 mL)
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were charged sequentially into a two-neck flask under nitrogen and
heated to reflux for 16 h. The volatile compounds were removed under
vacuum, and the resulting solid was extracted into diethyl ether. The
organic extract was washed with brine solution, dried over anhydrous
MgSO,, and evaporated to leave a white solid. It was further purified
by recrystallization from CH,Cl, and n-hexane.

Synthesis of the Dione Derivatives (3 and 4): Compounds 1-[8-(2-
oxo-2-phenylacetyl)dibenzo[b,d]|thiophen-2-yl]-2-phenyl-1,2-ethane-
dione (3) and 2,8-di(2-oxo-2-phenylacetyl)-5H-5°-dibenzo-[b,d]thio-
phene-5,5-dione (4) were synthesized by similar procedures, as de-
scribed below. A two-necked round-bottomed flask was charged with
dialkyne (2 mmol), I, (2.0 g, 8 mmol per alkyne), and dimethyl sulfox-
ide (DMSO; 50 mL). The reaction mixture was heated to 155°C for
20 h. After cooling, the solution was poured into 1 % aqueous Na,S,0;
(160 mL). A white solid precipitated, which was filtered, washed with
water, and dried. Analytically pure product was isolated without
further purification.

Synthesis of the Diquinoxaline/Dipyrazine Derivatives (5, 6, 7, and
8):  Compounds 2-[8-(6,7-dimethyl-3-phenyl-2-quinoxalinyl)diben-
zo[b,d]thiophen-2-yl]-6,7-dimethyl-3-phenylquinoxaline (5), 5-[8-(5,6-
dicyano-3-phenyl-2-pyrazinyl)dibenzo[b,d]thiophen-2-yl]-6-phenyl-2,3-
pyrazinedicarbonitrile (6), 2,8-di(6,7-dimethyl-3-phenyl-2-quinoxali-
nyl)-5H-52°-dibenzo[b,d]thiophene-5,5-dione (7), and 5-[8-(5,6-dicya-
no-3-phenyl-2-pyrazinyl)-5,5-dioxo-5 H-5/°-dibenzo[b,d]thiophen-2-yl]-
6-phenyl-2,3-pyrazinedicarbonitrile (8) were synthesized by similar
procedures, as described below. A two-necked round-bottomed flask
was charged with diamine (2.0 mmol), bis-dione (1.0 mmol), and
CHCly/ethanol (50 mL; ratio=1:2). Two drops of sulfuric acid were
then added to initiate the reaction. The mixture was refluxed for 16 h.
After cooling, the solvent was removed by Dean-Stark distillation. The
resulting suspension was filtered, washed with methanol, and dried.
The residue was dissolved in CH,Cl, and passed through 2 cm Celite.
The solution was pumped dry, and the solid was sublimed to provide a
powdery product.

Compound (1): White solid. Yield=92 % (945 mg). 'H NMR (ace-
tone-dg) 0 [ppm]: 7.34-7.39 (m, 6H, m-, p-C¢Hs), 7.57 (d, 4H,
J=1.5 Hz, 0-C¢Hs), 7.62 (dd, 2H, J,=8.3 Hz, J,=1.5 Hz, C¢H;), 7.81
(d, 2H, J=8.3 Hz, CsH3), 8.33 (d, 2H, J=1.5 Hz, C¢H;). Electron-im-
pact mass spectrometry (EIMS) (m/e): 384 (M*'). Anal. caled. for
CysH16S: C, 87.47; H, 4.19. Found: C, 87.78; H, 4.23.

Compound (2): White solid. Yield=90% (998 mg). '"H NMR
(CDCl,) ¢ [ppm]: 7.37-7.39 (m, 6H, m-, p-C¢Hs), 7.55-7.57 (m, 4H,
0-C¢Hs), 7.66 (dd, 2H, J;=8.0 Hz, J,=1.3 Hz, CsH3), 7.79 (d, 2H,
J=8.0 Hz, C¢H3), 7.95 (d, 2H, J=1.3 Hz, CsH3). EIMS (m/e): 416
(M"). Anal. caled. for CpgH;60,S: C, 80.75; H, 3.87. Found: C, 81.10; H,
3.91.

Compound (3): Brown solid. Yield=80 % (717 mg). '"H NMR (ace-
tone-ds) 0 [ppm]: 7.62 (t, 4H, J=8.0 Hz, m-C¢Hs), 7.77 (t, 2H,
J=6.8 Hz, p-C¢Hs), 721 (d, 4H, J=7.2 Hz, 0-C¢Hs), 8.18 (dd, 2H,
J1=85Hz, J,=1.6 Hz, C¢H3), 8.32 (d, 2H, J=8.5 Hz, C¢H3), 9.09 (d,
2H, J=1.6 Hz, C4H3). FABMS (m/e): 449 (M"). Anal. calcd. for
CosH1604S: C, 74.98; H, 3.60. Found: C, 75.02; H, 3.71.

Compound (4): White solid. Yield=83% (797 mg). 'H NMR
(CDCl3) ¢ [ppm]: 7.56 (t, 4H, J=7.7 Hz, m-C¢Hs), 7.71 (t, 2H,
J=7.7Hz, p-CsHs), 799 (m, 6H, o0-CsHs, CcHs), 8.16 (dd, 2H,
.]] =8.0 HZ, j2: 13 HZ, Cf,H_g), 8.49 (d, 2H, J=13 HZ, Cf,Hg) FABMS
(mle): 481 (M"). Anal. caled. for Co,gH;606S: C, 69.99; H, 3.36. Found:
C,70.10; H, 3.39.

Compound (5): White solid. Yield=60 % (470 mg). "H NMR (ace-
tone-dg) o [ppm]: 2.52 (s, 12H, CH3), 7.28-7.32 (m, 6H, o-, p-CcHs),
7.41 (dd, 2H, J,=8.4 Hz, J,=1.3 Hz, CsH3), 7.50-7.53 (m, 4H, m-
CeHs), 7.68 (d, 2H, J=8.4 Hz, C¢H3), 7.94 (s, 4H, CsH>), 8.41 (d, 2H,
J=1.3 Hz, C¢H3). FABMS (m/e): 649 (M"). Anal. calcd for Cy4Hz,N,S:
C, 81.45; H, 4.97; N, 8.64. Found: C, 81.22; H, 5.01; N, 8.60.

Compound (6): Yellow solid. Yield=48 % (450 mg). '"H NMR
(CDCL;) ¢ [ppm]: 7.43 (t, 4H, J=7.4 Hz, m-C¢Hs), 7.51 (t, 2H,
J=17.4 Hz, p-C¢Hs), 7.60-7.66 (m, 6H, 0-CsHs, CcH3), 8.01 (d, 2H,
J=8.4 Hz, C¢H3), 8.53 (d, 2H, J=1.4 Hz, C¢H3). FABMS (m/e): 592
(M"). Anal. caled. for C3sHgNsS: C, 72.96; H, 2.72; N, 18.91. Found: C,
72.87; H,2.62; N, 18.82.
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Compound (7): White solid. Yield=62% (560 mg). 'H NMR
(CDCL) 6 [ppm]: 2.53 (s, 12H, CH3), 7.35-7.38 (m, 6 H, o-, p-C¢Hs),
7.46-7.51 (m, 6H, C¢H3, m-CgHs), 7.66 (d, 2H, J=8.0 Hz, C¢H3), 7.93
(s, 2H, C¢H,), 7.95 (s, 2H, CsH,), 8.09 (s, 2H, CcH3). FABMS (mi/e):
681 (M"). Anal. caled. for C4uH3oN,O,S: C, 77.62; H, 4.74; N, 8.23.
Found: C, 77.60; H, 4.78; N, 8.36.

Compound (8): White solid. Yield=51% (426 mg). 'H NMR
(CDCL) ¢ [ppm]: 7.45 (t, 4H, J=8.2 Hz, m-C¢Hs), 7.54-7.57 (m, 8H,
CeHs3, 0-, p-CeHs), 7.73 (d, 2H, J=8.1 Hz, CsH3), 8.10 (s, 2H, CsH3). E1
MS (mle): 624 (M"). Anal. caled. for C36H1sNgO,S: C, 69.22; H, 2.58; N,
17.94. Found: C, 69.28; H, 2.35; N, 18.01.

Structural Determination of 7-CH,Cl,: Orange prismatic crystals of
7-CH,Cl, were grown from CH,Cly/n-hexane at room temperature.
Data collection was carried out on an Nonius KappaCCD and Enrafno-
nius CAD4 diffractometer at room temperature. MoKa radiation
(4=0.71073 A) was used for the crystal. The unit-cell parameters were
obtained by a least-squares fit to the automatically centered settings
for reflections. Data were collected in @/20 scan mode. Corrections
were made for Lorentz and polarization effects. All calculations were
performed using the SHELX software package by a direct method and
refined by a full-matrix least-squares method on F? (F: structure fac-
tor). A crystal of dimensions 0.16 mm x 0.1 mm x 0.1 mm was mounted
on a glass fiber covered with epoxy. Relevant crystal data are summa-
rized in Table S1 (Supporting Information). The orthorhombic space
group P1 was determined from the systematic absence of specific re-
flections; successful refinement of the structure confirmed the space
group assignment.

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crys-
tallographic Data Centre as supplementary publication no. CCDC-
290060.

LED Fabrication and Measurement: The hole-transporting and emit-
ting material Qn was prepared by literature procedures [21], and was
sublimed twice prior to use. Pre-patterned ITO substrates with an ef-
fective individual device area of 3.14 mm? were cleaned as described in
a previous report [24]. The thermal evaporation of organic materials
was carried out following previously published procedures [18]. Dou-
ble-layer EL devices were fabricated using compounds 5 or 7 as the
electron-transporting layer and Qn as the hole-transporting and emit-
ting layer. The devices were prepared by vacuum deposition of 40 nm
of the hole-transporting layer, followed by 40 nm of 5 or 7. Inorganic
LiF (1 nm thick) was then deposited as the buffer layer. Aluminum
was finally deposited as the cathode (150 nm). /-V curves were mea-
sured in a Keithley 2400 Source Meter under the ambient environment.
Light intensity was measured with a Newport 1835 Optical Meter.

TOF Mobility Measurements: The compounds Qn, 5, and 7 were puri-
fied by sublimation before use in subsequent analyses and device fabri-
cation. The samples x (x=Qn, 5, or 7) for the TOF measurement were
prepared by vacuum deposition using the structure of: glass/Ag (30 nm)/
x (ca. 2 pm)/Al (150 nm) with an active area of 2 mm x 2 mm, as de-
scribed in a previous report [18a,b]. A frequency-tripled Nd:YAG (yt-
trium aluminum garnet) laser (355 nm) with ca. 10 ns pulse duration
was used for pulsed illumination through the semitransparent Ag. Un-
der an applied dc bias, the transient photocurrent as a function of time
was recorded with a digital storage oscilloscope. The TOF measure-
ments were typically performed in a 10 Torr (1 Torr = 133.322 Pa) vac-
uum chamber. Depending on the polarity of the applied bias V, selected
photogenerated carriers (holes or electrons) were swept across the sam-
ple thickness D with a transit time ¢7; the applied electric field E is then
V/D, and the carrier mobility is given by u = D/(ty E) = D*/(V tr).
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