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Dipolar compounds containing both quinoxaline/pyridopyrazine acceptors and arylamine/carbazole donors
have been prepared by palladium catalyzed C-C coupling (Stille) reactions in good yields and have been
characterized by spectroscopic, electrochemical and thermal methods. The charge transfer character of these
molecules can be changed by modification of the acceptor or donor ends. They are green emitting with
moderate quantum yields in toluene solutions. However, in dichloromethane the emission maximum is red
shifted and the quantum yield diminishes appreciably. High glass transition temperatures were realized for these
compounds (143-162 °C). The quinoxaline derivatives effectively function as a hole-transporting and emitting
layer in yellow/orange emitting double layer electroluminescent devices. We also demonstrate the possibility of

using these materials in single layer devices.

Introduction

Donor—acceptor materials find much use in optoelectronic
devices owing to their promising non-linear optical,! two-
photon absorption? and red-shifted emission® properties.
Organic light emitting diodes* (OLEDs) require amorphous
films that are capable of carrying both holes and electrons.
Dipolar compounds are ideal for this purpose. In recent years
a wide array of dipolar compounds have been synthesized for
electroluminescent applications. Prominent among them are
oxadiazole/amine,>® pyridine/quinolineamine,” thiophene or
pyrrole/benzothiadiazole® and carbazole/cyanovinylene® com-
binations. Within this series oxadiazole-amine dyads received
immense attention in recent years owing to their wide potential
in non-liner optics and two-photon absorption.'® Electron
transfer between donor and acceptor in these molecules
provides a method of efficient charge generation, which may
benefit OLEDs."!

We have been interested in molecules that incorporate
multiple functions for applications in OLEDs. Earlier we
reported star shaped molecules and carbazole based pyrene
amines and demonstrated their promising hole-transporting
and emitting properties. In a continuation of our efforts'>~'” on
the preparation of materials with both light-emitting and
charge transporting properties for OLEDs, we report herein
the synthesis of quinoxaline- and pyridopyrazine-based con-
jugated materials end-capped with donor fragments (carbazole

S

Bu3Sn/®\Ar

or diphenylamine). A thiophene moiety is incorporated in the
structure as it facilitates the synthesis of the target molecules.
In addition, it is also expected that thiophene conjugation will
lead to red-shifted emission. We have evaluated the function of
these materials in double layer OLEDs by employing them as a
hole-transporting and emitting layer. A quinoxaline segment
has been used as a building block in hole-blocking or electron-
transporting polymers and small molecules.'®!° However, only
recently have triarylamine-quinoxaline dyads and related
derivatives been systematically explored as electroluminescent
materials.*?!

Results and discussion
Synthesis and optical properties

The dipolar compounds were conveniently prepared by
palladium catalyzed cross coupling reactions (Scheme 1) of
the dibromides (1 and 2) with the corresponding stannylene
derivatives in dimethyl formamide with good yields. The
stannylene derivatives required for this study were available
from an earlier work.'® The dipolar materials are yellow or
orange in color and soluble in most solvents excluding hydro-
carbon solvents such as hexanes. In their absorption spectra
they display a prominent band at ca. 390-410 nm (Table 1 and
Fig. 1). It seems there is no notable solvent effect on this band
and it is assigned as a m—m* transition. In compounds 5-8
(Chart 1), an additional high-energy transition with weaker

X=CH(1),N (@

Pd(PPh,),Cl,, DMF

Scheme 1 Synthesis of compounds 3-8.
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Table 1 Photophysical data for the donor—acceptor compounds

In dichloromethane

In toluene

Compound JabsMM (max/1073 M~ em ™) Aem/nm (D¢ (%))

Jab/IM (£max/107> M1 cm ™) Jem/mm (D¢ (%)) T, (Ty)I°C

390 (56.24) 309 (40.43)
393 (53.04)

400 (85.44), 307 (52.84)
402 (93.6), 306 (62.6) —
403 (113.6), 315 (46.3) 612 (<1)
409 (104.9), 313 (50.40) —

572 (6)
624 (< 1%)
603 (~1)

IR W

401 (40.23)

403 (36.36)

402 (45.2), 307 (28.7)
408 (72.1), 305 (50.4)
404 (141.4), 313 (59.7)
405 (114.3), 313 (56.38)

497 (24)
512 (17)
502 (15)
537 (13)
496 (16)
524 (14)

146 (589)
162 (574)
134 (463)
148 (459)
150 (400)
154 (420)

1.00

5in Toluene

600 --- 5inCHCL

0.75 S

Intensity (a.u.)

0.50 A '

Abs (a.u.)

0.25 4 \ | Wavelength (nm)

L N S S =
300 400 500 600
Wavelength (nm)

Fig. 1 Absorption spectra of compounds 5 and 6 in dichloromethane;
and inset, emission spectra of compound 5 in toluene and dichloro-
methane.

transition probability is also realized. This is attributed to
the n—m* transition arising from the terminal diphenylamine
moieties.'> No discrete charge transfer bands are found in these
compounds and we assume that they are buried in the m—n*
transition. All the compounds emit with moderate intensity
in less polar solvents such as toluene in the green region.
However on increasing the solvent polarity the emission
intensity diminishes significantly with a concomitant red shift
in the emission wavelength. This effect is more pronounced
as the electron withdrawing strength or electron-donating
strength increases. This indicates that relaxation to a more
planar structure and/or dipolar interactions contribute to the
non-radiative decay in these molecules.®”** This influences
the performance of the electroluminescent devices fabricated
using these materials (vide supra).

Thermal properties

The glass forming capability and thermal stability of these
dipolar materials were investigated by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA),
respectively. The pertinent data are compiled in Table 1. All the
compounds form glasses easily on heating and no crystal-
lization was noticed even if the material was heated above
the glass transition temperature (7). Similarly no melting
exotherm was identified for these materials. The profound
stability of the glassy state is remarkable and is uncommon
for the diphenylamine-derivatized compounds.* It should be
noted that the glassy state is facilitated in a molecule if it
incorporates non-planar structural elements and/or asymme-
trically substituted triarylamines.?*** The T, o of these materials
is significantly higher than the two classical hole-transporting
materials TPD and o-NPD. The pyridopyrazine derivatives

(4, 6 and 8) possess slightly higher 7, when compared to their
quinoxaline counterparts (3, 5 and 7). The decomposition
temperature of these materials is also promising. Among the
compounds, the carbazole derivatives 3 and 4 inherit enhanced
thermal stability. The role of carbazole in increasing the
thermal stability of electroluminescent materials is well known
in the literature.'>'*

Electrochemical properties

The bipolar transport capability of a material can be identified
from its propensity to stabilize both cation and anions.
Electrochemical studies can be used as a rough estimation of
the bipolar radical format character. We have studied these
molecules by cyclic voltammetric measurements in dichloro-
methane and the redox potentials are reported in Table 2. All
the molecules undergo a single-step two-electron reversible
oxidation attributable to the carbazole or diphenylamine core
and a one-electron quasi-reversible reduction arising from the
quinoxaline or pyridopyrazine segment. The typical cyclic
voltammetric behavior is shown in Fig. 2 for compound 8.
The redox potentials exhibit trends arising from the strength of
the donor and acceptor segments. An additional two-electron
oxidation wave observable at high positive potentials for
compounds 5-8 probably stems from the thiophene segment.
For compounds 3 and 4 this reversible oxidation is not visible,
however, a new multi-electron irreversible oxidation peak is
present at ca. 1.2 V. This wave may be due to the formation
of dication radicals and thiophene oxidation.

Electroluminescent characteristics

The electrochemical potentials were used to obtain the orbital
(HOMO and LUMO) energies in comparison with ferrocene,
which has HOMO at 4.8 ¢V. The HOMO and LUMO energies
of these molecules (Table 2) are located near the work function
of ITO and the LUMO (2.70 eV)'* of electron-transporting
1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBI), respec-
tively. Therefore, we speculate that these molecules can effec-
tively function as bipolar transport layers in OLEDs. To
ascertain the functional capability of these materials, initially
we fabricated four devices using compound 3 with different
device structures as follows: (i) ITO/3 (800 nm)/Mg: Ag; (ii)
ITO/NPD (400 nm)/3 (400 nm)/Mg: Ag; (iii)) ITO/3 (400 nm)/
TPBI (400 nm)/Mg: Ag; and (iv) ITO/3 (400 nm)/Alqg; (400 nm)/
Mg: Ag, where Alqs is tris(8-hydroxyquinoline aluminium).
These configurations allow us to evaluate the role of these
compounds in electroluminescent devices. Bright greenish
yellow emission was realized for all the devices. The emission
maxima resemble that of the pure vapor deposited film. Among
the four devices, (iv) displays the best performance statistics
(Table 3 and Fig. 3). This suggests that, despite the presence
of low-lying LUMO, these molecules need improvement for
electron transportation. Thus an efficient electron transporter,
Alqs, leads to an optimized device. Two types of devices of the
configuration ITO/X/ETL/Mg:Ag (X = 4, 5, 6, and 7; ETL
(electron transporting layer) = Alqs or TPBI) were fabricated
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Chart 1

for the other molecules (4-7). Compounds 5 and 7 also exhibit
good device characteristics when Alqs is used as the electron
transporting material (Table 4 and Figs. 4 and 5). The observed
electroluminescence (EL) and film photoluminecence (PL)
spectra are displayed in Fig. 6 for compound 7. From the figure
it is evident that excitons are confined to the hole transporting
layer (HTL) layer for both TPBI and Alqs devices. However,
the pyridopyrazine derivatives 4 and 6 behave differently.
Very weak orange emission was observed for these compounds
when TPBI was used as electron transporting layer and this
confirms exciton formation inside the HTL layer. However use
of Alqs led to a complex situation with the formation of broad
and structureless emission indicative of a recombination zone
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in both the Alq; and HTL layers (Table 4). This anomalous
behavior could not be explained with certainty at this stage.
It is possible that photo-induced electron transfer from 4 and 6
to ETL quench the emission of the molecules.”®> Due to low
volatility no device could be fabricated using 8.

Summary

Quinoxaline/pyridopyrazine-triarylamine conjugates with varied
conjugation were prepared by Stille coupling reactions and
employed as electroluminescent materials. Experiments vary-
ing the device structure for one of the compounds (3) unravel
the efficient hole transporting property of these materials.
Even though a single layer device with reasonable performance



Table 2 Electrochemical data and orbital energies

Electrochemical data (vs ferrocene)

Orbital energies

Compound Ey (AE,)mV E.q (AE,)/mV HOMO/eV LUMO/eV Band gap/eV
3 508 (109) —2072 (75) 5.31 2.73 2.58
4 521 (109) —1826 (77) 5.32 2.97 2.35
5 +412 (67), +928 (61) ~1966 (111) 521 2.83 2.38
6 +420 (65), +924 (107) —1809 (71) 520 2.99 223
7 +354 (78), +752 (75) —2060 (61) 5.15 2.74 241
8 +361 (62), +774 (58) ~1815 (59) 5.16 2.99 217
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Fig. 2 Cyclic voltammogram of compound 8 measured in dichloro-
methane solution (scan rate: 100 mV s™').

Table 3 Electroluminescent characteristics for the compound 3

Device structure 3 NPD/3 3/TPBI 3/Alq;
Turn-on voltage/V 3.0 2.5 32 3.0
Voltage“/V 7.4 7.7 6.8 7.1
Brightness®/cd m™> 1388 1942 2681 5492
Luminance 0.6 0.8 1.2 24
efficiency’/lm W'
Jem (FWHM)/nm 548 (82) 544 (72)  542(92) 544 (102)
Jem (FWHM)/nm 541 (84)
(film)
CIE (x, y) 0.41, 0.57 0.38,0.59 0.38,0.57 0.38, 0.56
Maximum brightness/ 10437 13028 28582 42942

cd m~2 (voltage/V)
Maximum luminance 0.6 0.8 1.2 2.5
efficiency/lm W™

“Data taken for the current density 100 mA cm 2.

was fabricated, it was identified that use of an additional
electron transfer layer improves the brightness and efficiency
significantly.

Experimental
Measurements

Unless otherwise specified, all the reactions were performed
under a nitrogen atmosphere using standard Schlenk techni-
ques. Dichloromethane and DMF were distilled from CaH,
under a nitrogen atmosphere. 'H spectra were recorded on a
Bruker 300 MHz spectrometer operating at 300.135 MHz.
Emission spectra were recorded on a PerkinElmer spectro-
fluorometer, and the quantum efficiencies were obtained by
standard method using Coumarin I (@; = 0.99 in ethyl acetate)
as reference. All chromatographic separations were carried

Applied voltage, V

Fig. 3 I-V-L curves for the devices fabricated using compound 3.

out on silica gel (60M, 230-400 mesh). Cyclic voltammetry
experiments were performed with a BAS-100 electrochemical
analyzer. All measurements were carried out at room temper-
ature with a conventional three-electrode configuration con-
sisting of platinum working electrode, an auxiliary platinum
electrode, and a non-aqueous Ag/AgNO; reference electrode.
All the experiments were performed with 2.5 x 10™* M CH,Cl,
solutions, and the supporting electrolyte used was 0.1 M
tetrabutylammonium hexafluorophosphate. The scan rate was
100 mV s~ ! and the potential was swept between —2.0 V and
+1.5 V. A control experiment was conducted with blank
solution at the start to make sure the redox waves observed are
due to our materials. The E), values were determined as (E," +
E)2, where E,* and E,° are the anodic and cathodic peak
potentials, respectively. All potentials reported are referenced
to a Fc*/Fc internal standard (+0.350 V relative to the Ag/
AgNOj electrode) and are not corrected for the junction poten-
tial. DSC measurements were carried out using a PerkinElmer
7 series thermal analyzer at a heating rate of 10 °C min .
TGA measurements were performed on a PerkinElmer TGA7
thermal analyzer. Mass spectra (FAB) were recorded on a
VG70-250S mass spectrometer. Elementary analyses were
performed on a PerkinElmer 2400 CHN analyzer.

General procedure for the C—C coupling (Stille) reactions

The dibromide (1 or 2, 1.0 mmol) and the corresponding thienyl-
stannylene (2.2 mmol), Pd(PPh;),Cl, (140 mg, 0.02 mmol) and
dimethyl formamide (20 mL) were mixed together and heated
at 70 °C for 12-17 h. After cooling it was quenched with
methanol (60 mL). The dark yellow precipitate formed was
separated by filtration and purified by column chromatography.
The yield generally varied from 60-82% depending on the
substrate.
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Table 4 Electroluminescent characteristics of compounds 4, 5, 6 and 7

Compound
Parameter 4 5 6 7
Turn-on voltage/V TPBI 5.5 2.9 4.0 2.9
Algs 6.0 2.8 4.0 3.0
Voltage/V TPBI 8.9 6.1 7.8 5.6
Alqgs 10.6 6.2 8.4 5.2
Brightness“/cd m ™2 TPBI 60 2696 383 2192
Algs 633 4624 533 868
Luminance efficiency’/lm W' TPBI 0.02 1.4 0.2 1.2
Algs 0.2 2.3 0.2 0.5
em (FWHM)/nm TPBI 594 (130) 530 (80) 588 (110) 544 (90)
Algs 532 (96) 534 (88) 546 (134) 544 (98)
Jem (FWHM)/nm (film) 592 (131) 527 (81) 594 (112) 538 (96)
CIE (x, y) TPBI 0.44, 0.47 0.33, 0.59 0.52, 0.46 0.38, 0.56
Alqs 0.34, 0.56 0.34, 0.58 0.40, 0.53 0.37, 0.56
Maximum brightness/cd m ™~ (voltage/V) TPBI 455 22871 2333 19671
Algs 4144 41167 6853 22366
Maximum luminance efficiency/lm W ™! TPBI 0.02 1.6 0.2 1.3
Alqgs 0.2 2.4 0.3 0.8
“Data taken for the current density 100 mA cm 2.
1600 -
| 400004 //:’D‘U\\, /j 1.00
J N /“ —— 7 (film)
1 ™ // C --- T7/TPBI (EL)
“c 12003 1N
§ T g r/ J‘»ME PJ:"O-Q\Q\ 0.75 1 7/A|q3 (EL)
] g 20000 N I o) _
E 1 E / .// j /rj)f 3.
- 3 / - S
2 1 10000 / 7/ o) ~
2 800 s Vil >
c 7 o = 050
3 S /7 2
g A e T 4 2
g 400 Current density, mAfcm® ) %W -
3 fcé —i— 5/Alg, 0.25 4
2 —C— 5/TPBI
ig
| , o-o-ad .
0 C‘-ID-:,:-(J-D-U'U ; “l — et 0.00 - . . i : i i . : i i i ) : .
0 4 8 12 16 400 500 600 700

Applied voltage, V

Fig. 4 [-V-L curves of the devices fabricated using compound 5.
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Fig. 5 I-V-L characteristics of the devices fabricated from compound 7.
2,3-Bis-[4-(5-(9-ethylcarbazol-3-yl)thiophen-2-yl)phenyl|qui-

noxaline (3). Yellow solid. Yield: 78%. 'H NMR (6, CDCl5):
1.44 (t,7.3 Hz, 6 H, CH3), 4.36 (q, 7.3 Hz, 4 H, CH,), 7.22-7.25
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Wavelength (nm)

Fig. 6 Film PL and EL spectra of compound 7.

(m, 2 H, carbazole), 7.32 (d, 3.7 Hz, 2 H, thiophene), 7.37-7.49
(m, 8 H), 7.61-7.79 (m, 12 H, carbazole, thiophene, quinoxaline),
8.12 (d, 7.8 Hz, 2 H, carbazole), 8.17-8.21 (m, 2 H,
quinoxaline), 8.33 (d, 1. 2 Hz, 2 H, carbazole). FAB MS
(mlz): 833.4 (M™). Anal. Caled for CsgHsoN4S»: C, 80.74; H,
4.84; N, 6.73. Found: C, 80.65; H, 4.71; N, 6.74%.

2,3-Bis-[4-(5-(9-ethylcarbazol-3-yl)thiophen-2-yl)phenyl]pyr-
ido[2,3-b|pyrazine (4). Orange solid. Yield: 66%. '"H NMR (4,
CDCl,): 1.44 (t, 7.3 Hz, 6 H, CH3), 4.36 (q, CH,, 4 H), 7.20-
7.23 (m, 1 H, pyridine), 7.25-7.50 (m, 10, phenyl, thiophene,
carbazole), 7.65-7.78 (m, 12 H, phenyl, carbazole, thiophene),
8.12(d, 7.3 Hz, 2 H, carbazole), 8.33 (d, 1.2 Hz, 2 H), 8.56 (dd,
8.2, 1.2 Hz, 1 H, pyridine), 9.16-9.18 (m, 1 H, pyridine). FAB
MS (m/z): 833.9 (M™). Anal. Caled for CssH3oN5S,: C, 79.20;
H, 4.71; N, 8.40. Found: C, 79.01; H, 4.55; N, 8.29%.

2,3-Bis-[4-(5-(4-N,N-diphenylaminophenyl)thiophen-2-yl)phe-
nyllquinoxaline (5). Yellow solid. Yield: 82%. 'H NMR (4,
CDCl;): 7.00-7.08 (m, 8 H, ph), 7.10 (d, 8.6 Hz, 8 H, ph), 7.18
(d, 3.7 Hz, 2 H, thiophene), 7.22-7.32 (m, 10 H, ph, thiophene),
7.44-7.49 (m, 4 H, ph), 7.60 (s, 8 H, ph), 7.74-7.79 (m, 2 H,
quinoxaline), 8.14-8.18 (m, 2 H, quinoxaline). FAB MS (m/z):
932 (M™). Anal. Caled for Cg4HuqN4S>: C, 82.37; H, 4.75; N,
6.00. Found: C, 82.31; H, 4.66; N, 5.92%.



2,3-Bis-[4-(5-(4-N,N-diphenylaminophenyl)thiophen-2-yl)phe-
nyllpyrido[2,3-bpyrazine (6). Orange solid. Yield: 69%. 'H
NMR (9, CDCl;): 7.00-7.08 (m, 8 H, ph), 7.10 (d, 8.6 Hz, 8 H,
ph), 7.19 (d, 3.7 Hz, 2 H, thiophene), 7.23-7.28 (m, 8 H, ph),
7.32(d,3.7Hz,2H, th), 7.46 (d, 8.6 Hz, 4 H, ph), 7.60 (d, 8.6 Hz,
2 H, ph), 7.63 (s, 4 H, ph), 7.67-7.74 (m, 3 H, ph, pyridine),
8.49 (dd, 8.5 Hz, 1 H, pyridine), 9.14 (dd, 8.5, 1.2 Hz, 1 H,
pyridine). FAB MS (m/z): 933 (M™). Anal. Caled for
C63H43N5S2: C, 8100, H, 464, N, 7.50. Found: C, 8107, H,
4.55; N, 7.43%.

2,3-Bis-[4-(5-(9,9-diethyl-2- N, N-diphenylaminofluoren-7-yl)-
thiophen-2-yl)phenyl]quinoxaline (7). Yellow solid. Yield: 71%.
'"H NMR (8, CDCly): 0.38 (t, 7.3 Hz, 12 H, CH3), 1.85-2.017
(m, 8 H, CH»), 6.99-7.12 (m, 15 H), 7.21-7.26 (m, 9 H), 7.34-
7.37 (m, 4 H), 7.52-7.67 (m, 16 H), 7.76-7.79 (m, 2 H), 8.17—
8.21 (m, 2 H). FAB MS (m/z): 1220 (M™). Anal. Calcd for
CgsHgsN4S,: C, 84.55; H, 5.61; N, 4.59. Found: C, 84.51; H,
5.66; N, 4.47%.

2,3-Bis-[4-(5-(9,9-diethyl-2-NV, N-diphenylaminofluoren-7-yl)-
thiophen-2-yl)phenyl]pyrido|2,3-b]pyrazine (8). Orange solid.
Yield: 65%. 'H NMR (5, CDCly): 0.38 (t, 7.3 Hz, 12 H,
CH3), 1.85-2.03 (m, 8 H, CH,), 6.99-7.11 (m, 17 H), 7.20-7.26
(m, 8 H), 7.34-7.39 (m, 4 H), 7.51-7.77 (m, 18 H), 8.55 (dd, 8.2,
1.2 Hz, 1 H, pyridine), 9.16-9.18 (m, 1 H, pyridine). FAB MS
(mlz): 1221 (M™). Anal. Calcd for CgsHe7N5sS»: C, 83.50; H,
5.52; N, 5.73. Found: C, 83.36; H, 5.51; N, 5.67%.

Preparation of EL devices and measurements

The electron-transporting materials TPBI and Alqs were
synthesized according to literature procedures®*?” and were
sublimed twice prior to use. Pre-patterned ITO substrates with
an effective individual device area of 3.14 mm? were cleaned as
described in a previous report.!* Double-layer EL devices using
carbazole derivatives as the hole-transport layer and TPBI or
Alqs as the electron-transport layer were fabricated. For com-
parison, a typical device using 1,4-bis(1-naphthylphenylamino)-
biphenyl (a-NPD) as the hole-transport layer was also
prepared. All devices were prepared by vacuum deposition of
400 A of the hole-transport layer, followed by 400 A of TPBI or
Algs. An alloy of magnesium and silver (~10:1, 500 A) was
deposited as the cathode, which was capped with 1000 A of
silver. The I~V curve was measured on a Keithley 2400 source
meter in an ambient environment. The light intensity was
measured with a Newport 1835 optical meter.
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