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A novel r-conjugated heptacyclic framework has been synthesized via a new one-step cyclization
that results in a new class of n-type organic semiconductors. Single-crystal structures of bisinde-
noanthrazolines DADF and DADK showed that the 77-conjugated heptacyclic framework is planar
and leads to a slipped face-to-face w-stacking with short intramolecular distances (3.39 A and 3.56 A,
respectively). The series of bisindenoanthrazolines have a formal reduction potential of —0.68
to —0.70 V (vs SCE) and an estimated electron affinity (LUMO level) of 3.65—3.72 eV. Electron
mobility in evaporated thin films of the bisindenoanthrazolines, measured by the space-charge
limited current method, was as high as 3.84 x 10~* cm?/(V s) under ambient air conditions. Organic
light-emitting diodes based on DADA as the emissive material gave the best performance among the
four molecules with a maximum brightness of 7610 cd/m?, and maximum efficiency of 6.6 cd/A with
EQE of 2.0% at a brightness of 936 cd/m>. Phosphorescent organic light emitting diodes with
fac-tris(2-phenylpyridine)iridium (Ir(ppy)s) as the green triplet emitter and a bisindenoanthrazoline
as the electron transport layer showed a brightness of 62000 cd/m? and luminous efficiency of
39.2 cd/A at a brightness of 4270 cd/m>. Nanowires of DADF and DADK self-assembled from
solution were found to be single-crystalline and their morphology was further investigated by
electron microscopy techniques. These results demonstrate the potential of bisindenoanthrazolines

as new n-type semiconductors for organic electronics and optoelectronics.

1. Introduction

Organic semiconductors are of broad interest for ap-
plications in electronic and optoelectronic devices'
such as photovoltaic cells,' light-emitting diodes,>?°
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special interest because of their extended quasi-two-
dimensional (2D) z-conjugation that results in planar
backbone framework, improved intermolecular interac-
tions, and improved thermal properties.’ >> The vast
majority of the literature to date has focused on the
design, synthesis, and structure—property relationships of
p-type organic semiconductors,’” ' including: oligoacenes,®
fused oligothiophenes,” anthradithiophenes,® bisindolocar-
bazoles,'” oligophenylenes, and oligofluorenes,®!" some of
which have resulted in field-effect transistors with perfor-
mance superior to amorphous silicon.® In contrast, the
development of n-type oligomer and polymer semiconduc-
tors has lagged behind p-type materials."”>"** A common
strategy in the design of n-type organic semiconductors
is the substitution of hydrocarbons with electron-
deficient moieties such as fluorine,'>'*** cyano groups,'*~ !
carbonyls,'” and/or imine nitrogens.'*~2* Among n-type
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ladder oligomers studied to date are perfluorinated
oligoacenes® and thiophenes,*® oligoindenofluorenes,' "'
naphthalene diimides,'*!'”'® perylene diimides,'®*’ and
imine nitrogen-rich oligomers.'*~?* The design and synth-
esis of new n-type organic semiconductors is necessary for
understanding structure—property relationships in the
materials and for improving their performance in organic
electronics and optoelectronics.

Ladder polycyclic aromatic molecules that contain
imine nitrogens are of increasing interest in the develop-
ment of n-type semiconductors.'*"* Incorporation of
imine nitrogens into ladder-type conjugated oligomers
can result in: (i) an increase in electron affinity;'®* (ii)
enhancement of the propensity of m-stacking;?' ~** (iii)
ability to tune the electronic and optoelectronic proper-
ties by protonation or metal ion complexation;>'*22
and (iv) a substantial improvement in photo-oxidative
stability of the molecules. Experimental'*~?* and theo-
retical®* studies have shown that heteroaromatic rings
containing imine nitrogens have higher reduction poten-
tial compared to similar hydrocarbons. Theoretical stud-
ies have also showed that linear expansion of size in such
imine nitrogen-containing polycyclic molecules is very
beneficial toward increasing the reduction potential** and
reducing intrinsic energy barriers and trapping centers
that cause low carrier mobility.?*** Examples of such an
extension of the size of -conjugated polycyclic molecules
and incorporation of imine nitrogens and/or heteroatoms
to increase the reduction potentials include core-ex-
panded perylene bisimides,” quinoxaline and pyrazino-
quionoxaline derivatives,”!"*? bisphenazine derivatives,**
and indenofluorenes/bisindenofluorenes derivatives.'!!3

Also of fundamental and technological interest is
the synthesis of one-dimensional (1D) nanostructures
of organic semiconductors.’*~3? Self-assembly of organic
semiconductors into well-defined 1D nanostructures such
as nanowires or nanobelts represent a successful approach
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Chart 1. Molecular Structures of Bisindenoanthrazolines

to controlling the solid-state morphology for structure—
property studies and elucidation of charge transport mecha-
nisms at the nanoscale and for electronic and optoelec-
tronic devices.’*** Despite the significant advances in
molecular design' ~**and their widespread applications
in organic electronics and optoelectronics,' ~>° only a
few n-type organic or polymer semiconductors have
been successfully explored as 1D nanostructures.??%3>

In this paper, we report the synthesis, crystal structures,
electrochemical properties, photophysics, self-assembly
of nanowires, electron-transport, and light-emitting prop-
erties of novel ladder-type bisindenoanthrazolines
(BIDASs). The molecular structures of the four bisinde-
noanthrazolines (DADA, DADP, DADF, and DADK)
investigated are shown in Chart 1. The series of BIDAs has a
common framework of a highly planar heptacyclic ring
that contains a core of anthrazoline ring with two imine
nitrogens in the backbone. Various substitutions were
examined toward tuning the electronic properties and
solid-state structures. The simplicity and flexibility of the
synthesis allows for the retention of n-type characteristics
while tuning the electronic structures and intermolecular
interactions by simple substitutents (X = methylene,
benzyl, carbonyl, and ether). We discovered that small
changes in the molecular structures result in drastic
effects on both the solid-state packing and the electronic
and optoelectronic properties.

Structure—property relationships of the bisindenoan-
thrazolines were investigated by X-ray single crystals,
cyclic voltammetry, photophysical measurements, space-
charge limited current (SCLC) measurements of electron
mobility, and electroluminescent devices. Single-crystal
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X-ray diffraction showed that BIDAs are fused heptacyc-
lics with a highly planar and rigid framework. The new
n-type materials had reversible electrochemical reductions
from which an electron affinity of 3.6—3.7 eV was esti-
mated. We also report the solution-phase self-assembly of
nanowires of some of the molecules (DADF and DADK).

2. Experimental Section

2.1. Materials. All commercially available reagents were pur-
chased from Sigma-Aldrich and used without further purification.

Synthetic Procedures. 2,5-Dibenzoyl-1,4-diphenylenediamine
was synthesized according to the known literature method.”

General Procedure for Synthesis of BIDAs. A mixture of
2,5-dibenzoyl-1,4-diphenylenediamine (1.0 equiv.), indanone-
functionalized compound (2.1 equiv.) and diphenyl phosphate
(8 equiv.) in 5 mL of toluene were refluxed in inert atmosphere for
12 h. The reaction mixture was precipitated from 10% methanol/
triethylamine and the solid was collected by vacuum filteration.
The resulting product was recrystallized from THF/MeOH.

DADA. A mixture of indanone (0.53 g, 4.0 mmol), 2,5-
dibenzoyl-1,4-diphenylenediamine (0.6 g, 1.89 mmol), and
diphenyl phosphate were refluxed in toluene. DADA was
extracted and purified according to the above general procedure
in 96% yield as a yellow solid. "H NMR (300 MHz, CDCl):
o0 ppm = 8.677 (s, 2H), 8.303 (d, 2H), 7.674—7.606 (m, 10H),
7.530 (m, 6H), 3.943 (s, 4H). '>*C NMR (TFA-de): 6 ppm 160.00,
153.70, 150.38, 137.50, 134.07, 131.67, 131.27, 130.59, 129.53,
128.59, 128.21, 126.39, 124.55, 34.04. HRMS (FAB) calcd for
C33H54 N>, 508.19395; found M+, 508.19418.

DADP. A mixture of 3-phenyl-1-indanone (0.69 g, 3.3 mmol),
2,5-dibenzoyl-1,4-diphenylenediamine (0.5 g, 1.58 mmol), and
diphenyl phosphate were refluxed in toluene overnight. DADP
was extracted and purified according to the above general
procedure to give a yellow solid in 91% yield. '"H NMR
(300 MHz, CDCly): 0 ppm = 8.5271 (s, 2H), 8.2989 (d, 2H),
7.575—7.402 (m, 12H), 7.159 (t, 2 H), 6.694 (d, 2H), 6.579 (d,
2H), 5.217 (s, 2H). '*C NMR (TFA-dg): 6 ppm = 160.41,
155.51, 154.57, 142.19, 138.14, 135.19, 134.06, 131.16, 130.45,
129.96, 129.70, 129.56, 129.28, 128.65, 128.49, 128.04, 127.81,
127.57,126.77,124.15, 119.46. HRMS (FAB) calcd for CsoH3,N3,
660.25387; found M+, 660.25469.

DADF. A mixture of 2H-benzofuran-3-one (0.466 g, 3.48
mmol), 2,5-dibenzoyl-1,4-diphenylenediamine (0.5 g, 1.58 mmol),
and diphenyl phosphate were refluxed in toluene overnight.
DADF was extracted and purified according to the above general
procedure to give an orange solid in 85% yield. "H NMR (300
MHz, TFA-dg): 0 ppm = 9.519 (s, 2H), 8.586 (d, 2H), 8.220 (t,
2H), 8.022—7.907 (m, 12H), 7.803 (t, 2H). '>*C NMR (TFA-dg): 6
ppm = 163.39, 139.79, 139.39, 132.53, 132.16, 130.08, 129.44,
127.61, 126.42, 124.62, 120.09, 115.83, 114.53, 113.54. HRMS
(FAB) caled for C36H0N,0,, 513.1603; found M+, 513.16092.

DADK. A mixture of 1,3-indanedione (0.509 g, 3.48 mmol),
2,5-dibenzoyl-1,4-diphenylenediamine (0.5 g, 1.58 mmol), and
diphenyl phosphate were refluxed in toluene. DADA was
extracted and purified according to the above general procedure
in 90% yield as an orange solid. "H NMR (300 MHz, TFA-d,):
0 ppm = 8.999 (s, 2H), 8.454—8.427 (m, 2H), 8.184—8.079
(m, 6H), 7.957—7.841 (m, 6H), 7.704—7.677 (m, 4H). *C NMR
(TFA-dg): 0 ppm = 186.07, 157.50, 138.81, 138.53, 137.90,
135.89, 133.49, 132.37, 131.94, 129.14, 128.79, 128.17, 126.18,
125.81, 125.55, 124.45. HRMS (FAB) calcd for C3;gHoN>O»,
537.1603; found M+, 537.16054.
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2.2. Characterization. 'H NMR spectra were recorded on a
Bruker AV300 at 300 MHz using deuterochloroform (CDCl5)
or deuterotrifluoroacetic acid (CF;COOD) as the solvent. Mass
spectra were obtained from JEOL/HX-110 using 2-nitropheny-
loctylether as a matrix. Thermogravimetric analysis of the
molecules was conducted on a TA Instruments model Q50
TGA. A heating rate of 10 °C/min under a flow of N, was used
with runs conducted from room temperature to 500 °C. Cyclic
voltammetry was done on an EG&G Princeton Applied
Research potentiostat/galvanostat (model 273A). Data were ana-
lyzed by using a Model 270 Electrochemical Analysis System
Software on a PC computer. A three-electrode cell was used, using
platinum wire electrodes as both counter and working electrode.
Silver/silver ion (Ag in 0.1 M AgNO; solution, Bioanalytical
System, Inc.) was used as a reference electrode. Ferrocene/ferro-
cenium (Fc/Fct) was used as an internal standard. The potential
values obtained in reference to Ag/Ag" were converted to the
saturated calomel electrode (SCE) scale. Solution cyclic voltam-
metry was performed in 1 mM solution of the compound in a
mixed 1,2-dichlorobenzene/acetonitrile (10:3 v/v) solvent containing
0.1 M TBAPF as electrolyte at 100 °C. All solutions were purged
with N, for 20 min before each experiment. UV—vis absorption
spectra were collected on a Perkin-Elmer model Lambda 900 UV/
vis/near-IR spectrophotometer. The photoluminescence (PL) emis-
sion spectra were obtained with a Photon Technology International
(PTTI) Inc. model QM2001—4 spectrofluorimeter.

2.3. Fabrication and Characterization of OLEDs. We fabri-
cated multilayer OLEDs using the bisindenoanthrazolines as an
emitter. [ITO-coated glass substrates (10 Q/sq, Shanghai B. Tree
Tech. Consult Co., Ltd., Shanghai, China) were cleaned sequen-
tially in ultrasonic baths of acetone, deionized water, and iso-
propanol, and then dried at 60 °C in a vacuum oven overnight.
The commercially available 1 wt % dispersion of PEDOT:PSS
(Clevios PVP Al14083 H.C. Starck) in water was used after it was
filtered through 0.45 um GHP syringe filters. A 50 nm thick
PEDOT:PSS layer was spin-coated on top of ITO glass and dried
at 150 °C under a vacuum to get rid of residual water molecules.
A 10—20 nm thick TAPC (1,1-bis-(di-4-tolylaminophenyl)-
cyclohexane) hole-transport/electron-blocking layer was spin-
coated from its 0.3—0.5 wt % toluene solution onto the
PEDOT:PSS layer and dried at 60 °C overnight under vacuum.
A 20 nm thick film of each bisindenoanthrazoline was obtained on
top of TAPC layer by evaporation from resistively heated quartz
crucibles at a rate of ca. 0.1—0.3 nm/s in a vacuum evaporator
(Edwards Auto 306) at base pressure of <7 x 1077 Torr. When
TPBI (1,3,5-tris(N-phenylbenzimidizol-2-yl)benzene) was used, it
was evaporated right after evaporation of bisindenoanthrazoline.
Then LiF and Al were sequentially deposited onto the organic
layer without breaking vacuum.

To investigate phosphorescent organic light-emitting diodes
(PhOLEDs) using bisindenoanthrazolines as an ETL, we fabricated
green phosphorescent organic light-emitting diodes (PhOLEDs)
using blends of poly(N-vinylcarbazole) (PVK) and 1,3-bis(2-(4-
tert-butylphenyl)-1,3,4-oxadiazo-5-yl)benzene (OXD-7) (PVK:
OXD-7 = 60:40 wt/wt) as the host doped with 1.0 wt % fac-tris-
(2-phenylpyridine)iridium (Ir(ppy);) as the green triplet emitter in
the EML. For the hole injection layer, a solution PEDOT:PSS was
spin-coated to make a 30 nm thick layer onto a precleaned ITO glass
and annealed at 150 °C under vacuum. A 70 nm thick EML was
obtained by spin-coating of the PVK:OXD-7:Ir(ppy); blend in
chlorobenzene onto the PEDOT:PSS layer and vacuum-dried at
100 °C. A 20 nm bisindenoanthorazolines followed by LiF and Al
cathode are then thermally vacuum evaporated to obtain the device
structures: ITO/PEDOT:PSS/EML/BIDA/LiF/Al
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Film thickness was measured by an Alpha-Step 500 profil-
ometer (KLA-Tencor, San Jose, CA). EL (Electroluminescence)
spectra were obtained using the same spectrofluorimeter in
photophysical properties. Current—voltage characteristics of
the OLEDs were measured by using a HP4155A semiconductor
parameter analyzer (Yokogawa Hewlett-Packard, Tokyo). The
luminance was simultaneously measured by using a model 370
optometer (UDT Instruments, Baltimore, MD) equipped with a
calibrated luminance sensor head (Model 211) and a 5x objec-
tive lens. The device external quantum efficiencies were calcu-
lated by using procedures reported previously.2’d¢ All the device
fabrication and device characterization steps were carried out
under ambient laboratory condition.

Devices for space-charge limited current (SCLC) measure-
ment were fabricated with Al/bisindenoanthrazolines/Al struc-
ture. The Al electrode and organic layer were obtained by the
same evaporation method as the fabrication of OLED devices.
Current—voltage characteristics of SCLC devices were mea-
sured using the same semiconductor parameter analyzer as for
OLED devices. The measurements were performed under dark
and ambient conditions.

3. Results and Discussion

3.1. Synthesis and Characterization. The bisindenoan-
thrazoline framework contains seven-fused rings, includ-
ing 5 hexagons and 2 pentagons. The synthesis of the
heptacyclic bisindenoanthrazolines involved a cyclization
reaction of 2,5-dibenzoyl-1,4-phenylenediamine (1) as
outlined in Scheme 1. The four BIDAs were synthesized
in high yield via Friedlander condensation using diphenyl
phosphate (DPP) as an acid catalyst. The DPP catalyst
was readily removed by precipitation into a 10% triethy-
lamine/methanol solution.** DADA, DADP, DADF,
and DADK were recrystallized from 1:1 THF:MeOH
solvent mixture. '"H NMR spectra, *C NMR spectra, and
high resolution mass spectrometry of the molecules and
X-ray single-crystal determination on two of them con-
firmed the structures. The four BIDAs are soluble in
common organic solvents (chloroform, toluene, dichlor-
obenzene, etc.) to varying degrees. Thin-films of the
molecules were easily obtained by vacuum deposition.
The decomposition temperatures are in the range of
418—498 °C as determined by thermogravimetric analysis
(TGA). Glass transition temperature and melting points
were not observed by differential scanning calorimetry
(DSC) up to 300 °C.

3.2. Crystal Structures and Morphology. Single crystals
of DADF and DADK were grown by physical vapor
transport sublimation.®® Single-crystal X-ray diffraction
was performed to investigate the solid-state packing and
the intermolecular interactions in the new organic semi-
conductors. DADF forms a monoclinic primitive lattice
with a space group of P21/n and unit-cell dimensions of
a = 14.3821(5) A, b = 4.73830(10) A, ¢ = 18.2103(8) A,
o= 90° f = 99.5260° (12), and y = 90°. Single-crystal
X-ray diffraction of DADK also showed a monoclinic
primitive lattice with a space group of P21/C and the

(34) (a) Agrawal, A. K.; Jenekhe, S. A. Macromolecules 1991, 24, 6806.
(b) Agrawal, A. K.; Jenekhe, S. A. Macromolecules 1993, 26, 895.
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Scheme 1. Synthesis of Bisindenoanthrazolines
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Table 1. Crystallographic Data for DADF and DADK

DADF DADK
formula C36H20N202 C33H20N202
fw 512.54 536.56
cryst syst monoclinic monoclinic
color of cryst orange yellow
space group P21/n P2l/c
a(A) 14.3821 (5) 7.1904(3)
b(A) 4.73830(10) 27.9435 (5)
c(A) 18.2103(8) 13.7000(15)
o (deg) 90 90
f (deg) 99.5260(12) 108.4290(14)
y (deg) 90 90
V(AY) 1223.75(7) 2611.4(3)

T (K) 418 (2) 292 (2)
zZ 2 4

R 0.0558 0.0618
Ry, 0.1449 0.1667
GOF 1.079 0.999

unit-cell dimensions are a = 7.1904(3) A b= 27.9435(5) A,
¢ = 13.7000(15) A, o = 90°, 8 = 108.429° (12), and y =
90° (Table 1). The crystal structure of both molecules
reveals that the seven fused rings are relatively planar and
that the phenyl rings of DADF have a twist angle of 60°
compared to 68° in the case of DADK, as shown in the
thermal ellipsoid plot in Figures 1A and 2A, respectively.

The molecular packing diagram in Figure 1B shows
that DADF forms a slipped face-to-face -stacking along
the b-axis and edge-to-face interactions in the 101 direc-
tion. The shortest intermolecular distance between adja-
cent molecules is 3.56 A. The inset in Figure 1B shows the
distance of the phenyl groups in the 001 direction and the
imine nitrogens of the molecules that lie in the 010 plane
(C—N) is 3.6 A. Figure 1C is similar to Figure 1B,
with molecules along the 001 deleted to clearly show the
sr-stacking along the b-axis. Contrary to the s-stacking
motif in DADF, DADK forms a slipped face-to-face
m-stacking along the g-axis, as shown in the molecular
packing diagram in Figure 2C. The shortest intermolec-
ular distance between adjacent molecules is 3.39 A.
Figure 2B shows multiple short intermolecular distances
between adjacent molecules in DADK; the phenyl rings
were deleted for clarity. It is clear that the substitution
with carbonyl group results in much shorter and thus
stronger intermolecular interactions.

Although we were unable to grow suitable single
crystals of DADA and DADP for X-ray single-crystal
diffraction, it can be expected from the single-crystal
structures of DADF and DADK that DADA and DADP
have similarly a planar backbone. However, it is likely
that these BIDAs have larger intermolecular distances
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n-Stacking Direction

Figure 1. Single-crystal X-ray structure of DADF (A) Thermal ellipsoid
plot with ellipsoids drawn at 50% probability level. (B) Face-to-face
st-stacking of two DADF molecules with shortest intermolecular distance
of 3.63 A. (C) Molecular packing of DADF illustrating s-stacking
direction, view down the c-axis.

than those in DADK and DADF. The highly planar
backbone of the BIDAs clearly results in shorter inter-
molecular distances and thus better s-orbital overlap
between adjacent molecules compared to previously re-
ported tricyclic anthrazolines.?**

3.3. Photophysics. Figure 3A shows the normalized
absorption spectra of the four bisindenoanthrazolines in
dilute tetrahydrofuran (THF) solutions. The spectra
show two bands, a lower-intensity band in the range of
340—410 nm and a higher-intensity band in the 280—
310 nm range. These absorption bands in DADA,
DADP, and DADF spectra are associated with m—*
transitions. However, the lowest-energy absorption band
in DADK is due to n—s* transition, whereas the higher
energy band is from w—s* transition. All the solution
absorption spectra show clear vibronic structures, indi-
cative of well-defined rigid chromophores. All the BIDA
molecules except DADF show an absorption maximum
that corresponds to the 0— 1 optical transition (the highest
oscillator strength). The absorption maximum of DADF
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n-Stacking Direction

Figure 2. Single-crystal X-ray structure of DADK (A) Thermal ellipsoid
plot with ellipsoids drawn at 50% probability level. (B) Face-to-face
mt-stacking of two DADK molecules with shortest intermolecular distance
of 3.39 A. (C) Molecular packing of DADK illustrating s-stacking
direction, view down the c-axis.

corresponds to the 0—2 transition. The absorption max-
ima (Amax) of DADA, DADP and DADF are 398, 404,
397 nm, respectively; whereas that of DADK (340 nm) is
blue-shifted by 58 nm compared to DADA (Table 2).
Figure 3B shows the normalized PL emission spectra
of the four BIDAs in dilute THF solution (1 x 107¢ M).
The four PL emission spectra have structured bands.
DADA and DADP have almost identical blue emission
spectra with PL maximum of 438 and 434 nm, respec-
tively, implying that the benzyl groups in DADP have no
influence on the transition energies. However, a bath-
ochromic shift of 40 and 56 nm are observed in the PL
spectra of DADF and DADK compared to DADA and
DADP. The PL emission of DADF and DADK are green
and orange with PL maxima of 478 and 494 nm, respec-
tively. When the 0—0 transition in the emission is com-
pared with the 0—0 transition of the corresponding
absorption bands, the Stokes shift is small for all the
molecules except for DADK. In the case of DADK, there
is a large Stokes shift of 114 nm, indicating an intramo-
lecular energy transfer due to carbonyl moieties.''®1%
The PL quantum yields of the BIDAs in dilute toluene
solution are summarized in Table 2. The PL quantum
yields of DADA, DADP, and DADF are 52,47, and 33%,
respectively. However, a significantly lower quantum yield
for DADK (3%) was observed, evidence of fluorescence
quenching due to the carbonyl moieties.''®!** Figure 3C
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Figure 3. (A) Optical absorption and (B) PL spectra of bisindenoanthra-
zolines in THF solutions. (C) Photograph of bisindenoanthrazolines in
toluene solution under UV irradiation.

shows a photograph of the bisindenoanthrazolines in
toluene solutions under UV irradiation. Emission span-
ning blue to yellow is seen in the solutions corresponding to
various substituents in bisindenoanthrazoline backbone.
Figure 4A shows the thin film optical absorption
spectra of the four BIDAs. The structured absorption
bands and the two absorption peaks observed in dilute
solution are also seen in evaporated thin films, except for
DADK thin film, which has only one broad absorption
peak. The thin film absorption bands of DADA, DADP,
and DADF are almost identical to those in dilute solution
whereas that of DADK has a red shift of 20 nm. The
optical band gaps were determined from the onset thin
film absorption and are shown in Table 2. The optical
band gaps are 2.43 eV for DADF, 2.67 ¢V for DADA,
2.76 ¢V for DADP, and 2.99 eV in the case of DADK.
The PL emission spectra of the thin films of BIDAs are
shown in Figure 4B. The emission spectra are signifi-
cantly red-shifted compared to the solution emission
spectra by 60—130 nm. In addition, the thin film emission
spectra have broad, featureless characteristics. This sug-
gests that the thin film luminescence is from “static”
excimer states formed as a result of the s-stacking of
the molecules in the solid state.*> The PL maxima of
DADA, DADP, and DADF are summarized in Table 2.
DADA and DADP have similar green-yellow emission
spectra with PL maxima of 545 and 531 nm, respectively.

(35) (a) Jenekhe, S. A.; Osaheni, J. A. Science 1994, 265, 765. (b)
Osaheni, J. A.; Jenekhe, S. A. Macromoleclues 1994, 27, 739.
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Table 2. Photophysical and Electrochemical Properties of Bisindenoanthrazolines
}-maxahs Amaxuhs Alﬂi\xen1 )'maxem
compd Tp (°C)  (soln) (nm)  (film) (nm) ES (V) (soln) (nm)  (film) (nm) ¢ (soln) Eed®™ (V) EA (eV) IP (eV)
DADA 420 398 405 2.67 438 545 0.52 —0.73 3.67 5.73
DADP 418 404 406 2.76 434 531 0.47 —0.75 3.65 5.88
DADF 498 397 403 243 478 608 0.33 —0.68 3.72 6.15
DADK 490 340 321 2.99 494 553 0.03 —0.70 3.70 6.69
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Figure 4. (A) Optical absorption and (B) PL spectra of bisindenoanthra- 150
zolines thin films. -
L100
Orange emission spectra with PL maximum of 608 nm $ 50
and green emission spectra with P maximum of 553 nm 3
were observed for DADF and DADK, respectively. 0
3.4. Electrochemical Properties. Cyclic voltammetry 50|
was performed in millimolar solutions of the BIDAs in 100

1,2-dichlorobenzene/acetonitrile (10:3 v/v) at 100 °C. The
electrochemical data are collected in Table 2. The reduc-
tion cyclic voltammograms (CVs) of the four molecules
in solution are shown in Figure 5. DADA and DADP
show two reduction waves which are quasi-reversible.
One reversible reduction wave was observed in the CVs
of DADF and DADK. The onset reduction potential of
the BIDAs are —0.73, —0.75, —0.68, and —0.70 V (vs
SCE) for DADA, DADP, DADF, and DADK, respec-
tively. We note that the reduction potentials of all the four
molecules are comparable with a difference of only 0.1 V.
Itis evident that the heptacyclic bisindenoanthrazolines can
be more easily reduced than the tricyclic anthrazolines,
which show reversible reduction with onset reduction
potential of —1.30 V (vs SCE).>® Irreversible oxidation
potentials were observed for DADA and DADP with onset
oxidation potential of 1.33 and 1.48 V (vs SCE), respec-
tively. However, oxidation potentials were not observed for
DADF and DADK. The electron affinity (EA) or LUMO
level and ionization potential (IP) or HOMO level were
estimated from the onset of either the reduction waves or
the oxidation waves in CVs, respectively by using an SCE
energy level of —4.4 eV vs vacuum (EA = E, ™" +
44eV;IP = E,°™ 4+ 4.4¢eV).*% The electron affinity was
in the range of 3.65—3.72 ¢V for the series of BIDAs. The
ionization potentials (IP) or the HOMO levels for DADA
and DADP are 5.73 and 5.88 eV, respectively. We esti-
mated an IP of 6.15 and 6.69 eV for DADF and DADK,
respectively, from optical band gap, IP = EA + E,°™.
The observed electron affinity of ~3.7 eV in the series
of BIDA molecules is important and it clearly suggests
a good potential for electron transport in these n-type
materials. Although the EA and IP values derived from

04 08 1.2
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0 04 08 A2 0
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Figure 5. Cyclic voltammograms of (A) DADA; (B) DADP; (C) DADF;
and (D) DADK (1.5-3 mM) in 1,2-dichlorobenzene/acetonitrile
(10:3 v/v), 0.1 M TBPF6 at 100 °C. Scan rate = 300 mV/s.

cyclic voltammetry can be significantly different from
absolute values measured by photoemission techniques,**®
we believe that our estimates based on an SCE energy level
of —4.4 eV relative to vacuum are conservative. We also
conclude from the estimated IP values of 5.73—6.69 ¢V that
the bisindenoanthrazolines could not transport holes and
indeed would be excellent for blocking holes in OLEDs.

3.5. Self-Assembly of Nanowires. The self-assembly of
1D nanostructures from s-conjugated molecules can be
induced by various methods.**** Here, we explored the
self-assembly of nanowires (NWs) of the BIDA molecules
by the solution-phase route®'*? and focused on DADF
and DADK whose bulk single crystals were previously
discussed. DADF nanowires were prepared by adding a
solution of 5 mg/mL of DADF in THF into a clean 20 mL
vial, followed by 15 mL of methanol. The mixture
was allowed to gently stir at room temperature and the
nanowires were formed within 15 min. In the case of
DADK NWs, they were grown by dissolving 5 mg into
hot 12 mL dichlorobenzene and the solution was heated
to boiling (181 °C). The solution was slowly cooled to
room temperature and left without stirring. DADK NWs
were observed after 5 hours.

The solution-phase assembled DADF and DADK
NWs were characterized by transmission electron micro-
scopy (TEM), scanning electron microscopy (SEM),
and selected area electron diffraction (SAED). The
DADF NWs have widths of 100—150 nm and lengths
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Figure 6. (A, B, D, E) SEM and (C, F) TEM images with corresponding electron diffraction (inset) of (A—C) DADF and (D—F) DADK.

of 10—200 um, as shown in images A and B in Figure 6.
The size of NWs could be varied by adjusting the solution
concentration and assembly period. For example, micro-
wires of DADF with width of 1—2 um were obtained
by slow assembly of the molecules in THF during 48 h
(see Figure S5C, D in the Supporting Information).
Figure 6C shows the TEM image of a single DADF NW
and the inset shows an electron diffraction of the single
NW. The sharp spots in the SAED pattern clearly demon-
strate that the NWs are single-crystalline. DADK NWs
have width of 200—250 nm and lengths of several hundred
micrometers (Figure 6D, E). The high density of the
nanowires as seen in the SEM and TEM images clearly
demonstrates that these nanowires can be processed
over large areas for potential use in device applications.
Figure 6F shows the TEM image of DADK nanowire
and the corresponding electron diffraction (inset), which
indicates that the nanowires are single-crystalline.

3.6. Electron Transport. The mobility of electrons in
films of the bisindenoanthrazolines was evaluated by the
space-charge limited current (SCLC) method in ambient
conditions. Figure 7 shows the current-density/voltage
(J—V') characteristics of SCLC devices which have the
structure Al/BIDA (<190 nm)/Al. The electron mobility
was extracted by fitting the J—V curves in the near quad-
ratic region according to the modified Mott—Gurney
equation®® (eq. 1)

9 »? VvV
J = g EeOl 75 eXp (0.89ﬁ T) (eq. 1)

where J is the current density, V is the applied voltage, L is
the thickness of active layer, u is the mobility, ¢ is the

(36) (a) Murgatroyd, P. N. J. Phys. D 1970, 3, 1488. (b) Mott, N. F.;
Gurney, D. Electronic Processes in Ionic Crystals; Academic Press:
New York, 1970. (c) Campbell, A. J.; Bradley, D. D. C.; Lidzey, D. G.
J. Appl. Phys. 1997, 82, 6326.

relative permittivity of free space, & is the permittivity of
free space, and f is the field-activation factor (Table 3).*°
The solid lines in Figure 7 represent the best fitting curves
in the quadratic SCLC region.

The mobility of electrons was calculated to be 3.84 x
1074,3.07 x 107°,2.29 x 107%,4.33 x 1077 ecm?/(V s) for
DADK, DADA, DADF, and DADP, respectively. The
SCLC electron mobility of DADK was the highest ob-
served among the series of molecules. The electron mo-
bility is an order of magnitude higher than that of DADA
and 2 orders of magnitude higher than that of DADF.
The high mobility of DADK could be explained by the
close intermolecular w—o distance that results in a better
intermolecular orbital overlap than DADF. The SCLC
electron mobility of DADP was 2 orders of magnitude
lower than that of DADA. The charge carrier mobility of
DADA and DADK is about one to two orders of magnitude
higher than those of conventional electron transport
materials such as Alq3,37a oxadiazole derivatives,’’® and
diphenylphenanthroline (BPhen).>’® The low carrier mo-
bility in DADP could be due to the poor intermolecular
interactions as a result of the benzyl groups. Based on the
previously discussed EA and IP values for the 4 BIDA
molecules the small energy barrier for electron injection
from Al (@ = 4.3 eV)? is small and comparable in all
4 molecules. Thus, the observed 3 orders of magnitude
variation in the SCLC electron mobility of the series of
BIDAs must be due to variation in the solid-state mor-
phology of the materials. Nevertheless, the fact that a
simple substitution in the structure of the bisindenoan-
thrazolines can translate into a huge variation in charge
transport properties is instructive in the design of organic
semiconductors.”® The observed low carrier mobility

(37) (a) Choudhury, K. R.; Yoon, J.-H.; So, F. Adv. Mater. 2008, 20,
1456. (b) Chu, T.-Y.; Song, O.-K. Appl. Phys. Lett. 2007, 90,
203512. (¢) Khan, M. A.; Xu, W.; Haq, K.-U.; Bai, Y.; Jiang,
X.Y.;Zhang,Z. L.; Zhu, W. Q.; Zhang, Z. L.; Zhu, W. Q. J. Appl.
Phys. 2008, 103, 014509.
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Figure 7. Current density, J vs J of Al/bisindenoanthrazoline/Al devices
in ambient conditions. The solid lines represent SCLC model with field-
dependent mobility.

Table 3. SCLC Characteristics of Bisindenoanthrazolines

compd L (nm) B (em/V)'?  Epa (V/iem) e (E = 0) (cm*/V s)
DADA 182 8.9x107° 8.0 x 10* 3.1x107°
DADP 179 1.1 x 1072 8.6 x 10* 43 %1077
DADF 144 7.9% 1073 1.1x10° 23x107°
DADK 161 49 %1073 8.4 x 10* 3.8x107%

measured by SCLC could be due to the fact that the
mobility is not measured along the z-stacking direction,
which is the optimum direction for charge transport. This
is because the direction of charge transport measured
by SCLC method is perpendicular to the substrate,
whereas the s-stacking direction is generally parallel to
the substrate.

Initial attempts to measure the electron mobility of
single-crystalline self-assembled nanowires of DADK
using the field effect transistor geometry>>*¢ were unsuc-
cessful. This lack of n-channel field effect charge trans-
port may be due to the high injection barrier between
the gold source/drain electrodes (® = —5.1 eV) and the
LUMO level of DADK (—3.7 eV). In addition, n-channel
transport is highly unstable in ambient conditions, espe-
cially in bottom contact and bottom gate devices used in
our study.

3.7. Electroluminescence. The BIDAs were explored
in electroluminescent (EL) devices both as emissive
materials in OLEDs and as electron transport materials
in phosphorescent OLEDs (PhOLEDs). The following
three different device structures incorporating a BIDA
as the emitter were fabricated and tested: ITO/PEDOT:
PSS/BIDA/LiF/Al (diode 1); ITO/PEDOT:PSS/TAPC/
BIDA/LiF/Al (diode 11); and ITO/PEDOT:PSS/TAPC/
BIDA/TPBI/LiF/Al (diode III). The EL properties of
diodes I—III are summarized in Tables 4 and 5. The EL
spectra of diode III incorporating DADA, DADP, or
DADF as the emissive layer and diode IT using DADK as
the emitter are shown in Figure 8A. The EL spectra of
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DADA, DADP, and DADF are very similar to their
respective PL spectra with EL maximum of 547, 540, and
608 nm, respectively. The EL spectra of these three BIDA
molecules (DADA, DADP, DADF) are very similar
with the PL spectra, which as discussed above, originated
from excimer emission.>* In contrast, the EL spectrum of
DADK has a peak at 685 nm, which is significantly
different from the PL emission maximum at 553 nm.
We propose that EL emission from DADK-based diode
IT results from the recombination of charges at the inter-
face of the hole transport layer (TAPC) and DADK layer
and thus exciplex formation.*® We attempted to directly
confirm this hypothesis by obtaining the PL emission
spectrum of a TAPC/DADK bilayer. However, the PL
emission spectrum from the bilayer was different from
the EL spectrum. The CIE coordinates of the EL emission
of the four compounds are shown in Figure 8B. Greenish-
yellow EL with CIE coordinates of [(0.33, 0.57), (0.32,
0.56)] was observed for DADA and DADP, whereas
orange with CIE coordinates (0.53, 0.46) and red EL with
CIE coordinates of (0.65, 0.35) were observed in DADF
and DADK, respectively.

Figure 9A—D shows the current density—voltage and
luminance—voltage characteristics of diode III based on
DADA, DADP, DADF, or DADK as the emissive layer.
The turn-on voltage of the three diodes was in the range
of 3.8—4.0 V, indicating low charge injection barriers.
Device III gave the best performance for DADA, DADP
and DADF as expected from the incorporation of both a
TAPC hole transport layer (HTL) and a TPBI hole
blocking layer (HBL). Among the bisindenoanthrazo-
lines, DADA gave the best performance as an emissive
material in EL diodes, giving a maximum brightness of
7610 cd/m?, an EQE of 0.66%, and a luminous efficiency
of 2.1 cd/A (Table 5). The maximum luminous efficiency
of diode III containing DADA was 6.6 cd/A with an
EQE of2.0% at a brightness of 936 cd/m? (Table 4). In the
case of DADP, the maximum brightness was 5040 cd/m>
with an EQE of 0.55% and a luminous efficiency of
1.7 ¢d/A (Table 5). The maximum efficiency of diode
IIT containing DADP was 4.8 cd/A at a brightness of
604 cd/m? with an EQE of 1.55% (Table 4). The maximum
brightness of diode III containing DADF was 5110 cd/m?
with an EQE 0f 0.42% and a current efficiency of 1.5 cd/A.
EL performance of diodes I—II containing DADK was
very poor. EL from diode III containing DADK did not
originate from DADK but rather from an exciplex
emission.*>*® An alternative possibility is that the red
EL of DADK originates from electrophosphorescence.
However, additional photophysical studies at low tem-
peratures will be required to confirm such an unprecedent
phenomenon in a molecule without a heavy atom. The
higher brightness and efficiency of DADA compared
to DADP could be explained by its relatively higher
fluorescence quantum yield and higher electron mobility.
Single-layer diode I further confirms that DADA is a

(38) (a) Jenekhe, S. A. Adv. Mater. 1995, 7, 309. (b) Kulkarni, A. P.;
Jenekhe, S. A. J. Phys. Chem. C 2008, 112, 5174.
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Table 4. EL Properties of Bisindenoanthrazolines”

compd diode V"

drive voltage (V)  current density (mA/cm?)

luminance (cd/m?)  luminous efficiency (cd/A) [EQE® %] Amax - (nm)

DADP 1 5.0 6.0 452
I 2.8 7.0 217
5.2 15
11 45 11.1 100
9.1 13
DADA 1 4.0 8.7 410
11 3.0 10.8 215
8.5 31
111 3.8 9.3 91
7.7 14
DADF 1 3.8 7.5 388
11 2.8 8.5 361
5.6 36
111 4.0 10.6 266
9.0 75
DADK 1 4.0 5.6 266
11 3.0 7.9 449
54 66
!

2 0.05 [0.0002] 539
1850 0.851[0.32] 540
335 2.200.71)

2410 2.410.79] 540
604 4.8[1.55]

584 0.14 [0.045] 545
2140 1.00 [0.30] 547
604 2.01[0.60]

3840 4.21[1.29] 547
936 6.6 [2.03]

189 0.05 [0.022] 599
912 0.25[0.11] 601
102 0.2910.13]

3400 1.310.58] 601
1330 1.8[0.81]

1 0.0005 [-] 683

37 0.008 [-] 685

9 0.01[]

“Values in italics correspond to those for maximum device efficiencies at a practical brightness of at least 100 cd/m? except values in DADK case.
Turn-on voltage (at which EL is visible to the eye). ‘EQE = External quantum efficiency.?’™ ¢EL from diode I1I did not originate from DADK.
The structure of device II1 is ITO/PEDOT(50 nm)/TAPC (20 nm)/BIDA (20 nm)/TPBI (20 nm)/LiF (2 nm)/Al.

Table 5. Device III Characteristics with Maximum Brightness “

compd Von (V) drive voltage (V)  current density (mA/cm?)  luminance (cd/m?)  luminous efficiency (cd/A) [EQE %]  Amax - (nm)
DADP 4.0 9.8 290 5040 1.7[0.55] 540
DADA 3.8 9.1 367 7610 2.1[0.66] 547
DADF 4.0 10.4 349 5110 1.5[0.42] 601

“Device structure is ITO/PEDOT(50 nm)/TAPC (10 nm)/BIDA(20 nm)/TPBI (20 nm)/LiF (2 nm)/Al

1.2 y
-‘? o8 | ESSE: B,
2 ! DDJ; e HE
2 ; = = 203, S ems amaad naass
So08f . i
=1
w . i
3 HH
N 04
N
= 0.4
E
2028 “Ed _

300 400 500 600 700 800 900 ° = = = e e @ ox

Wavelength [nm]

Figure 8. (A) Normalized EL spectra of bisindenoanthrazolines (inset is
a photo of a DADA-based device III). (B) CIE coordinates of the EL
spectra of device III.

superior electron transport material than DADP; a bright-
ness of 584 cd/m? was obtained from DADA compared to
a brightness of 2 cd/m* from DADP. The low luminous
efficiency and brightness in diodes I—III containing
DADF and DADK can be explained by the low fluores-
cence quantum yield in the materials.

3.8. Electron Transport Properties of BIDAs in PhO-
LEDs. We also evaluated the new bisindenoanthrazolines
as electron transport materials (ETMs) in phosphorescent
OLEDs (PhOLEDs). A blend of poly(N-vinylcarbazole)
(PVK) and 1,3-bis(2-(4-tert-butylphenyl)-1,3,4-oxadiazo-
5-yl)benzene (OXD-7) (PVK:0XD-7 = 60:40 wt/wt)
served as the host to which a 1.0 wt % fac-tris(2-phenyl-
pyridine)iridium (Ir(ppy)s) green triplet emitter was
doped, resulting in an emissive polymer layer (EML).
Five sets of devices were investigated, including: ITO/
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Figure 9. (A) Current density—voltage and (B) luminance—voltage char-
acteristics of diode III with device geometry of: ITO/PEDOT(50 nm)/
TAPC (20 nm)/BIDA (20 nm)/TPBI (20 nm)/LiF (2 nm)/Al (C) Current
density—voltage and (D) luminance—voltage characteristics of diode I11
with device geometry of: ITO/PEDOT(50 nm)/ TAPC (10 nm)/BIDA (20 nm)/
TPBI (20 nm)/LiF (2 nm)/Al.

PEDOT:PSS/EML/LiF/Al without an electron-transport
layer (ETL) which served as a reference. Four diodes, each
containing a BIDA molecule as an ETL, were fabricated
with the structure: ITO/PEDOT:PSS/EML/ETL/LiF/AL
The normalized EL emission spectra of the PhnOLEDs are
shown in Figure 10A. At all drive voltages, EL emission
was observed only from the green triplet emitter, which has
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Figure 10. (A)Normalized EL spectra of the Ph\OLEDs at a drive voltage
of 17.6—20.4 V. (B) Luminous efficiency—luminance (LE—L) curves of
PhOLEDs with the structures: ITO/PEDOT:PSS/EML/LiF/Al and ITO/
PEDOT:PSS/EML/BIDA (ETL)/LiF/Al

Table 6. PhAOLEDs Performances Using Bisindenoanthrazolines

as ETMs”
current luminous
drive density  luminance efficiency

ETL Voo (V) voltage(V) (mA/em?)  (cd/m?)  (cd/A)[EQE %]

10.8 18.9 290 21300 731[2.3]
17.9 116 10 326 8.9[2.9]
DADA 8.1 16.9 233 62 000 26.6[8.7]
135 118 4270 39.2[12.6]
DADP 82 16.8 215 56 300 26.2[8.5]
136 14.1 4470 31.7[10.2]
DADF 95 17.6 194 25900 13.3[4.3]
156 38.5 6900 17.915.8]
DADK 12,0 20.4 233 630 0.27[0.13]
19.5 136 460 0.3410.16)

“Values in italics correspond to those for maximum device efficiencies.

a maximum emission peak at 512 nm due to the Ir(ppy)s.
EL emission from the BIDA ETMs was not observed. This
clearly means that the BIDA molecules function exclu-
sively as electron-transport materials, efficiently confining
charge carriers and excitons within the EML.*

The luminous efficiency-luminance (LE—V") curves of
the PhOLEDs are shown in Figure 10B and the associated
device performance are collected in Table 6. PNOLEDs
using a DADA ETL showed the highest brightness of 62
000 cd/m? and the highest luminous efficiency (LE) value
of 39.2 cd/A (EQE of 12.6%) at a brightness of 4270 cd/
m?, which is almost 4-fold higher than PhOLEDs without
an ETL. DADP ETL also enhanced the PhOLED per-
formance, showing a LE value of 31.7 cd/A (EQE of
10.2%) at a brightness of 4470 cd/m”. PhOLEDs with a
DADF as ETL also showed improved performance
(Table 6). Unexpectedly, PhNOLEDs using DADK as an
ETL showed a severely quenched EL with a brightness of
only 630 cd/m?, which is 2 orders of magnitude less than
the device without an ETL. This means that whereas
DADA, DADP, and DADF are good ETMs for use in
PhOLEDs, DADK is not an effective ETL material. We
note thatitis better for an electron-transport layer to have

(39) Earmme, T.; Ahmed, E.; Jenekhe, S. A. J. Phys. Chem. C 2009, 113,
18448.
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an amorphous morphology.*’® Aggregation of the mole-
cules of an ETM and crystallization of the ETL can result
in poor charge-injection at the interface. The strong
intermolecular interactions in DADF and DADK were
already evident in their self-assembled nanostructures
discussed above. This could explain the poor perfor-
mance of PNOLEDs based on DADK and DADF ETLs.
Overall, these results demonstrate that DADA and
DADP are very promising electron-transport materials
for applications in PhOLEDs, whereas DADF and DADK
are not as promising apparently because of their tendency
to crystallize readily.

4. Conclusions

A novel z-conjugated heptacylic framework has been
synthesized and found to be a new class of n-type organic
semiconductors. Single-crystal X-ray diffraction showed
that the novel heptacyclic framework is planar and leads
to a slipped face-to-face m-stacking. The high electron
affinity (3.7 eV) and high electron mobility (1 x 10~ to
1 x 10~*em?/(V s)) of the bisindenoanthrazolines makes
them attractive candidates for electron transport in or-
ganic electronics. Two members of this class of ladder
oligomers (DADF and DADK) were shown to assemble
in solution into single-crystal nanowires with widths of
100—250 nm and lengths of 10—200 um. The bisinde-
noanthrazoline emitted electroluminescence with a high
brightness (7610 cd/m?), and high efficiency (6.6 cd/A
with EQE of 2.0% at a brightness of 936 cd/m?). Some of
the BIDAs (DADA and DADP) were excellent electron-
transport materials in realizing high performance phos-
phorescent OLEDs, a brightness of 62 000 cd/m” and
luminous efficiency of 39.2 cd/A at a brightness of 4270
cd/m? was achieved in green PhOLEDs. These results
demonstrate that the bisindenoanthrazolines is a promis-
ing new class of n-type semiconductors for organic elec-
tronics and optoelectronics.
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