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ABSTRACT

A series of heterocyclic acene diimides were synthesized effectively based on the condensation of o-phenylenediamine, 1,2-benzenedithiol, and
2-aminothiophenol with 2,3,6,7-tetrabromo-1,4,5,8-naphthalene tetracarboxylic diimide. The diimides exhibit interesting optical and electrical
properties with one of them showing a hole mobility up to 0.02 cm2 V�1 s�1.

In recent years, naphthalene tetracarboxylic diimides
(NDIs, 1, Figure 1) and their core-expanded derivatives
have attracted a great deal of attention due to their
interesting electro-optical properties and potential appli-
cations as organic semiconductors in organic electronics.1

The π-skeleton of NDIs could be expanded along two
directions: the peri position (1, 4, 5, 8) and the lateral
position (2, 3, 6, 7). The expansion of the π-system along
the peri position has been studied for many decades
because it induces impressive bathochromic shifts and

has been applied as high-performance solution-deposited
ambipolar organic transistors.2 In contrast, the expansion
of theπ-system along the lateral position ofNDIs has been
demonstratedonly recently due to the synthetic difficulties.
Recently, the synthesis of tetracene tetracarboxylic
diimides based on two methods of direct double ring
extension of electron-deficient NDIs involving metal-
lacyclopentadienes and bismuth-triflate-mediated double-
cyclization reaction of acid chlorides and isocyanates has
been reported, which displays dramatic bathochromic
shifts, smaller energy band gaps, and is a promising can-
didate for n-type semiconductors.3

Compared with lateral-extended NDIs based on a hy-
drocarbon aromatic core, great attention has recently been
drawn to heterocyclic acene diimides, due to the benefit of
unique optical and electrical properties caused by het-
eroatoms and contained electron-withdrawing or elec-
tron-donating groups. For example, lateral-extended
NDIs fused with sulfur heterocycles and end-capped with
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electron-withdrawing groups usually exhibit excellent am-
bient stability and high electron mobilities,4 whereas the
lateral expansion on both sides of the NDI core by fusion
with highly electron-rich carbazole rings leads to ambipo-
lar semiconductors.5 When NDIs were laterally extended
with imidazole rings, they provide colored and highly
fluorescent materials, and the pyrrole-like annulated
NDI compound derived from NDI and 1,8-diazabicyclo-
[5.4.0]undec-7-ene (DBU) is a novel pH-controlled fluor-
escence switch.6 Until now, naphthalene diimides fused
with five-membered heterocycles have gained great pro-
gress in the synthesis and application as organic semicon-
ductors; however, NDIs coupled with six-membered
heterocycles are less explored. Recently, the self-assembly
of six-membered one-sided heterocyclic acene diimides
prepared by reacting the tetrabromo-NDI with ortho-
amines was reported.7 The tautomerism of dihydro- and
tetrahydrotetraazaacene diimides containing six or seven
laterally fused six-membered rings was also explored.8

However, the electro-optical properties and potential ap-
plications as organic semiconductors of six-membered
heterocyclic acene diimides linked or annulated by the
mixture of sulfur, nitrogen, and hydronitrogen bridges
are rarely reported.

We are particularly interested in the design and synthesis
of heterocyclic rylene dyes which have unique optoelec-
tronic properties and supramolecular self-assembly beha-
vior. In previous work, we reported the facile synthesis of
a novel perylene diimide that is S-heterocyclic annulated
in two bay regions, which easily converts an extremely

twisted precursor molecule to a planar product.9 Mean-
while, we also reported the synthesis of S- and N-hetero-
cyclic annulated di(perylene diimide) by Stille-type and
Buchwald�Hartwig reactions, respectively, both of which
have extraordinary doubly bowl-shaped structures.10

Recently, we successfully introduced S-, Se-, and N-atoms
to the bay region of perylenes and found that the integra-
tion of S- and Se-heteroatom induced an extraordinary
solid-state packing arrangementwith high holemobilities,11

whereas the introduction of the N-heteroatom provided
active sites in the peri position of perylenes to build higher
homologues.12

Inspired by the previous work, herein, we designed and
synthesized a series of six-membered heterocyclic acene
diimides linked or annulated by the mixture of S-, N-, and
NH-atoms (2, Figure 1) through the condensation of
o-phenylenediamine, 1,2-benzenedithiol, and 2-aminothio-
phenol with tetrabromo-NDI. The introduction of heteroa-
toms to the lateral position of NDIs made the optical

Scheme 1. Synthesis of Heterocyclic Acene Diimides

Figure 1. Naphthalene diimides (1) and heterocyclic acene dii-
mides (2).
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and electrical properties change greatly and turned NDIs
from potential n-type materials to promising p-type semi-
conductors.
The synthesis of heterocyclic acene diimides is shown in

Scheme 1. The starting material 2,3,6,7-tetrabromo-1,4,5,
8-naphthalene tetracarboxylic diimide 3 (4Br-NDI) was
prepared according to a known procedure.13 When 1,2-
benzenedithiol was added to N,N-dimethylformamide
(DMF) solution containing 4Br-NDI in the presence of
K2CO3 and reacted at 100 �C for 1 h, compound 5 was
obtained in high yield. Analogously, compound 6 was
prepared by reacting 2-aminothiophenol with 4Br-NDI.
It should be noted that regioisomerically pure compound 6
could be obtained in high yield at 50 �Cas evidenced by 1H
NMR, the chemical structure of which could be confirmed
by reported references.14 However, when o-phenylenedia-
mine was reacted with 4Br-NDI in DMF, one-sided con-
centrated product 4 instead of the two-side one was ob-
tained in 90% yield and even prolonged the reaction time
from1 h to 2 dayswithmore o-phenylenediamine. The two
remaining bromine atoms of compound 4 are very impor-
tant to the construction of unsymmetrical heterocyclic
acene diimides. When compound 4 was reacted with 1,2-
benzenedithiol and 2-aminothiophenol, respectively, com-
pounds 7 and 8 were obtained in high yield. To study the
difference between heteroatoms linked and annulated
NDIs, compounds 6, 7, and 8 were further oxidated
with PbO2. It was found that compound 6was very hard
to oxidize even in CHCl3 and reflux for 1 day, whereas
oxidation of compound 7 was accomplished smoothly
at room temperature in CH2Cl2, and product 9 had a
very good stability even when exposed to silica gel
during column chromatography. What is interesting
is that the two NH-atoms in the same lateral position
of compound 8 were fully oxidized while the other
NH-atom remained, and compound 10 still had good
stability in air.

All of the heterocyclic acene diimides have good solubi-
lity in common organic solvents such as dichloromethane,
chloroform, and toluene. Room temperature absorp-
tion spectra of compounds 5�10 in CH2Cl2 are shown in
Figure 2. The absorption spectra of heterocyclic acene
diimides 5�10, especially compounds 6 and 8, display
significant bathochromic shifts compared to that of parent
NDI (N,N0-di-n-octylnaphthalene-1,4,5,8-tetracarboxylic
acid diimide), suggesting the possible application as NIR
dyes.15 Compounds 5 and 9 exhibit broad absorption with
low absorptivity (εmax is about 20 000 M�1 cm�1) over
much of the visible region, whereas others having one or
more NH bridges show relatively well-defined vibronic
structures of the absorption bands with high absorptivity.
Compound 7 shows three major bands in the 500�700 nm
range with low-energy maxima at 618 nm. Compound
10 shows four major bands in the 500�700 nm range with
low-energy maxima at 674 nm, which has the highest
absorptivity (εmax is about 90 000M

�1 cm�1). Compounds
6 and 8 have the largest bathochromic shifts of about 360
nm relative to that of NDI with low-energy maxima at
about 740 nm. Fluorescence spectra of compounds 5�10

are also exhibited in Figure S1 (Supporting Information).
Compounds 5 and 7 show high fluorescence in dichloro-
methane solutionwithmaxima at 698 nm for 5 and 680 nm
for 7. However, compound 9 produced by oxidative de-
hydrogenation of 7 has no fluorescence, maybe caused by

Figure 2. UV/vis absorption spectra of heterocyclic acene dii-
mides 5 (red), 6 (magenta), 7 (black), 8 (olive), 9 (dark cyan), and
10 (blue) in CH2Cl2 (1 � 10�5 M) at room temperature.

Table 1. Summary of Electrochemical Properties of Hetero-
cyclic Acene Diimides

E1r
a E1o LUMOb HOMOc Eg

d

NDIe �0.63 �3.90 �7.02f 3.12g

5 �0.54 �3.95 �5.72f 1.77g

6 �0.93 0.63 �3.56 �4.98 1.42

7 �1.00 0.88 �3.52 �5.23 1.71

8 �1.12 0.40 �3.39 �4.74 1.35

9 �0.12 �4.38 �6.04f 1.66g

aHalf-wave reductive potentials (in V vs Ag/AgCl) measured in
CH2Cl2 at a scan rate of 0.1 V/s with ferrocene as an external potential
marker. bEstimated from the onset potential of the first reduction wave
(eV). cEstimated from the onset potential of the first oxidation wave
(eV). dEstimated from LUMO and HOMO levels (eV). eNDI: N,N0-di-
n-octylnaphthalene-1,4,5,8-tetracarboxylic acid diimide. fEstimated
from LUMO levels and Eg (eV). gObtained from the edge of the
absorption spectra (eV).
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the intramolecular electron-donating and electron-with-
drawing groups. Compounds 6, 8, and 10 have relatively
weak fluorescencewithmaximaat 780nm for 6, 792 nmfor
8, and 708 nm for 10.
The electrochemical properties of these heterocyclic

acene diimides are also investigated by cyclic voltammetry
in dichloromethane (vs Ag/AgCl) and summarized in
Table 1. The heterocyclic annulated compounds 5 and 9

exhibit two reversible reduction waves, whereas within the
accessible scanning range no oxidation waves could be
detected. The first and second reduction waves for 5 and
9 are observed at �0.54, �0.87 V, and �0.12, �0.49 V vs
Ag/AgCl, respectively, which implies a stronger electron-
accepting ability. On the contrary, compounds 6, 7, and
8 show not only two reversible reduction waves
(�0.93, �1.15 V for 6, �1.00, �1.32 V for 7, and �1.12,
�1.38 V for 8) but also reversible oxidation waves (0.63,
0.77, 1.23 V for 6, 0.88, 1.17 V for 7, and 0.40, 0.62, 1.02 V
for 8), indicating that the introduction of NH bridges into
the lateral position of NDIs makes them potential elec-
tron-donor materials. The CVs of compound 10 did not
provide well-defined reversible or quasi-reversible reduc-
tion and oxidation peaks. From the energy levels, we can
also see that the heterocyclic acene diimides have a much
smaller band gap (Eg) than that of NDI, and the HOMO
levels go up to�4.7 to�6.0 eV, implying that it is easier for
the hole to be injected and transported.
To explore the viability of our concept, the semiconduct-

ing properties of the heterocyclic acene diimides in thin-
film transistors (TFTs) are further investigated. Thin films
of compound 6 with a thickness of 40�60 nm were spin-
coated from chloroform/n-hexane (2:1) solution onto
octadecyltrichlorosilane-treated SiO2/Si substrates. Gold
electrodes with width/length of 1 mm/0.05 mm were
applied on the organic thin films through a shadow mask
as the source/drain electrodes. Then a bottom-gate top-
contact device configuration was afforded, and all devices
were tested under ambient conditions. The unannealed
thin-film devices showed a low hole mobility of 0.004 cm2

V�1 s�1. The highest hole mobility (0.02 cm2 V�1 s�1) was
achieved after annealing at 140 �Cwith a threshold voltage
of �3 V and an on/off ratio of 105 (Figure 3). The
morphology of the thin film under different tempera-
tures was also investigated by AFM, which is a useful
tool to determine the degree of crystallinity of thin-film
surfaces. From Figure S3, we can see that the morphology
shows larger crystallites after annealing at 140 �C than at
25 and 80 �C. However, it has very poor connectivity, and
the crystallites are not large enough, which indicates that
there is a lot of room for film morphology improvement.
In summary, we report the facile and effective synthesis

of a series of six-membered heterocyclic acene diimides
conducted by the condensation of o-phenylenediamine,
1,2-benzenedithiol, and 2-aminothiophenol with 4Br-
NDI. The introduction of different heteroatoms to the

lateral position of NDIs has great influence on the optical
and electrical properties, which makes heterocyclic acene
diimides exhibit drastic bathochromic-shifted absorption
and remarkable energy increase of the occupied orbitals,
and turnsNDIs frompotential n-typematerials to promis-
ing p-type semiconductors. Further studies of the hetero-
cyclic acene diimides bearing different substituents applied
in electronic devices and NIR dyes are the focus of our
upcoming research work.

Acknowledgment. For financial support of this re-
search,we thank theNationalNatural ScienceFoundation
of China (21204091, 21225209, 91027043, and 21190032),
the 973 Program (2011CB932301 and 2012CB932903),
NSFC-DFG joint project TRR61, and the Chinese Acad-
emy of Sciences.

Supporting Information Available. Experimental de-
tails and characterization of new compounds. This ma-
terial is available free of charge via the Internet at http://
pubs.acs.org.

Figure 3. Output (a) and transfer (b) characteristics of thin-film
OFETs of compound 6 after annealing at 140 �C.

The authors declare no competing financial interest.


