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Oligoacenes are of interest as organic p-type semiconductors
for use in electronic devices, but their use as n-type semi-
conductors is limited. N-Heteroacenes have been investigated as
oligoacene-based n-type semiconductors due to their enhanced
electron affinity. Herein, we report the synthesis, X-ray crystal
structures, electrochemical, and field-effect transistor properties
of TANC and BTANC.

Oligoacenes, a class of organic molecules consisting of
linearly fused aromatic ring systems, have attracted attention
because of their potential as effective carrier-transporting
materials in electronic devices.1 Many p-type organic semi-
conductors based on oligoacene frameworks such as tetracene,2

pentacene,3 and their analogs4 have been prepared and studied
for their conductive properties. For example, p-type oligoacene-
based semiconductors have been investigated as organic hole-
transporting layers in organic field-effect transistors (FETs),5 as
spin-casted films in photovoltaic cells,6 and as vacuum-depos-
ited films in a light-emitting diodes.4b In contrast, the number of
n-type organic semiconductors based on oligoacene frameworks
is still limited, with the exception of perfluorinated oligoacene.7

N-Heteroacenes are a type of hetero-oligoacene in which
some C atoms have been replaced by N atoms. The introduction
of N-imino groups to the oligoacene framework makes N-
heteroacenes good candidates for electron-transporting materials
as electron acceptors because N-imino groups have a high
electron affinity. Molecules possessing the N-heteroacene frame-
work are more susceptive to reduction than heteroacenes
containing O or S atoms.8 Winkler and co-workers have
investigated the theoretical properties of N-heteroacenes to
elucidate their ability to act as n-channel semiconducting or
electron-accepting materials.9 However, the solubility of N-
heteroacenes decreases in organic solvent as the number of fused
benzene rings in the molecule increases. Therefore, Bunz and
co-workers have synthesized highly soluble N-heteroacene
derivatives by attaching bulky triisopropylsilyl (TIPS) groups
to N-heteroacene frameworks.10a The N-heteroacene derivatives
showed high FET behavior owing to rapid electron transport
achieved by tuning the molecular arrangements in a thin film,
which was achieved despite the presence of bulky substituents.10

However, unsubstituted N-heteroacenes, which have low sol-
ubility, are expected to have higher FET activity because high-
density stacking between molecules is possible. Moreover, the
electron-accepting properties of nonsubstituted N-heteroacenes
can be tuned by introducing appropriate groups into the N-
heteroacene frameworks.

Here, we focus on two nonsubstituted, electrochemically
stable N-heteroacenes with fundamental frameworks. The N-
heteroacenes TANC (5,6,11,12-tetraazatetracene) and BTANC

(5,6,13,14-tetraazapentacene) are tetraazaacene analogs of tetra-
cene and pentacene, respectively (Scheme 1). These oligoacenes
can be purified by sublimation at reduced pressure and they
electrochemically generate stable anionic radicals by accepting
one electron. TANC and BTANC are expected to function as
good semiconductors since their structures are similar to those of
tetracene and pentacene, which have remarkable semiconducting
properties. In this report, the syntheses, structures, and physical
properties of TANC and BTANC, and their FET activities as
noble n-type semiconductors are discussed.

BTANC was prepared for this study according to a synthetic
procedure similar to that previously reported for TANC.11

BTANC was synthesized by a thermal condensation between
2,3-diaminonaphthalene and 2,3-dichloroquinoxaline in ethyl-
ene glycol, followed by oxidation with PbO2 in CHCl3. After
recrystallization from CHCl3/hexane, BTANC was obtained as a
blackish-green solid in 90% yield. TANC and BTANC were
identified by 1HNMR, 13CNMR, and IR spectroscopy, fast atom
bombardment (FAB) mass spectrometry, X-ray crystallography,
and elemental analysis.

Single crystals of TANC and BTANC were grown from
CH3CN and CHCl3/hexane (1:2, v/v), respectively.12 Their
molecular structures were revealed by the crystallographic
analysis to be approximately planar (Figures 1a and 1c). The
crystal structure of TANC is similar to that of tetracene,13 with
a type of herringbone array of molecules with face-to-edge
packing (Figure S119). The shortest stacking distance between
TANC molecules is C(6)£C(7)* (3.4310(19)¡) along the a axis
(*: ¹x ¹ 1, ¹y + 1, ¹z + 2), in which the average distance
of face-to-face stacking is 3.3771(7)¡. The crystal array is
reinforced along the c axis by complementary, weak, and
dual CH£N hydrogen bonds (Figure 1b). The distance of
C(2)£N(1)* contact is 3.4824(19)¡ (*: ¹x, ¹y + 1, ¹z + 3).
The BTANC crystal is constructed from one-dimensional
columnar structures with slipped stacking along the b axis.
The closest N£N distance between BTANC molecules is
N(1)£N(2)* = 3.592(3)¡ (*: x, y + 1, z), BTANC molecules
in neighboring columns connect to each other through four
C­H£N hydrogen bonds, C(15)£N(1)* = 3.519(4)¡ and
C(17)£N(4)* = 3.517(4)¡ (*: ¹x + 1, ¹y ¹ 1, ¹z + 1)
(Figure 1d). The closest C£C distance for an intermolec-
ular ³-stacking interaction between BTANC molecules is
C(2)£C(14)* = 3.258(4)¡ (*: ¹x + 1, ¹y, ¹z + 1), in which

Scheme 1. Molecular structures of TANC and BTANC.
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the average distance of the face-to-face stacking is 3.298(3)¡,
which is less than the sum of the van der Waals radii (3.40¡) of
two C atoms.

The spectroscopic and electrochemical data of TANC and
BTANC are summarized in Table 1. The UV­vis spectrum of
BTANC in CH2Cl2 has an absorption peak at 452 nm, which is
bathochromically shifted compared to that of TANC at 414 nm
resulting from an expanded aromatic ring system. By expansion
of its ³-conjugated system, BTANC also had a slight increase in
its HOMO energy level (EHOMO) and a decrease in its LUMO
energy level (ELUMO) relative to TANC.14 BTANC also showed a
broad absorption band at 602 nm, which is assigned as a weak
intramolecular-charge-transfer (CT) interaction between the
naphthalene and pyrazinopyradine portions of the molecule.14

Figure 2 shows the results of the cyclic voltammetry (CV)
analyses of TANC and BTANC in CH3CN solutions of n-
Bu4NPF6. BTANC exhibits a reversible two-step and two-
electron-transfer peak. The redox potentials of BTANC observed
at E1

1/2 = ¹0.51V and E2
1/2 = ¹1.09V (vs. Ag/Ag+) are

attributed to the formation of an anionic radical and a dianion,
respectively. The E1

1/2 of BTANC is less negative than that of
TANC (E1

1/2 = ¹0.66V vs. Ag/Ag+) due to the stabilization of
ELUMO. The ELUMO and EHOMO values of TANC and BTANC
were estimated from the redox potential E1

1/2 in the cyclic
voltammograms and from the absorption edges of the UV­vis
spectra. Since ELUMO of TANC (¹4.00 eV) and BTANC
(¹4.14 eV) are lower than those of typical organic electron
acceptors such as C60 fullerene15 and perylene diimides,16 TANC
and BTANC should be functional as electron-transporting
materials. Furthermore, substituted TANC derivatives have been
already reported to be higher electron acceptors rather than
nonsubstituted TANC.17

The organic FET activity of TANC and BTANC was
observed using their vapor-deposited thin films on p-doped Si/
SiO2 substrates prepared by high-vacuum evaporation using top-
contact geometry at room temperature. It is important to note
that the FET activities of TANC and BTANC had to be measured
within 30min of forming the vapor-deposited thin films. Beyond
this period of time, electric current could not flow in the thin
films because of the formation of noncontacted crystal domains.
Analysis of the thin films revealed that both TANC and BTANC
functioned as n-type semiconductors as shown in Figure 3. The
channel current, ID, increases according to an increase in VG,
indicating that the thin films behave as n-type semiconduc-
tors.1a,14 The field-effect mobility of TANC was calculated as
8.9 © 10¹5 cm2V¹1 s¹1 with a threshold voltage of 23V, and an
on/off ratio of 90. The field-effect mobility of BTANC was
calculated as 3.8 © 10¹4 cm2V¹1 s¹1 with a threshold voltage of
27V, and an on/off ratio of 8 © 102.

In conclusion, we have investigated the syntheses and
crystal structures of TANC and BTANC as two nonsubstituted
N-heteroacenes that are structurally similar to tetracene and
pentacene, respectively. The electrochemical properties of
TANC and BTANC were analyzed using CV and their
electron-transporting properties were studied in FET analyses.
The two N-heteroacenes behaved as electron acceptors function-
ing as novel n-type semiconductors with weaker FET activity

Figure 1. ORTEP drawings and single crystal structures of
TANC (a) and (b) and BTANC (c) and (d).

Table 1. Spectroscopic and electrochemical data of TANC and
BTANC

UV­vis absorption
­max/nm

Redox potentiala ELUMO
b

/eV
Eg

c

/eVE1
1/2 E2

1/2

BTANC 274, 306, 452 ¹0.51 ¹1.09 ¹4.14 2.68
TANC 260, 414 ¹0.66 ¹1.20 ¹4.00 2.90
aMeasured by cyclic voltammetry in CH3CN solution of
n-Bu4NPF6 (0.10M). The redox potential of ferrocene as an
internal reference is observed at E1

1/2 = 0.14V. bELUMO is
calculated from first half-wave potential (E1

1/2) with the
assumption that the energy level of ferrocene is ¹4.8 eV below
vacuum level: ELUMO = ¹ Eonset(red) ¹ 4.8 eV. cEstimated from
the onset position of the UV­vis absorption spectrum in
CH2Cl2: Eg

opt = 1240/­onset.

Figure 2. Cyclic voltammograms of TANC (dotted line)
and BTANC (solid line) at 1.0mM in CH3CN solutions of
n-Bu4NPF6 (0.10M). Sweep rate is 100mVs¹1.
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compared to n-type semiconductors which have been previously
investigated.18 Although the FET activities of TANC and
BTANC are lower than those of tetracene and pentacene, the
improvement of their activity is underway by preparing thin
films containing less grain boundary in the crystal domains. In
the future, the semiconducting activity of TANC, BTANC, and
other tetraazaacenes can be improved by introducing electron-
donating or electron-accepting substituents, and changing the
number of aromatic rings and N atoms in the structures.
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