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ABSTRACT: Using an efficient synthetic strategy, a novel class of 1,2-diazine-
embedded perylenes, namely 1,2,7,8-tetraazaperylene derivatives, have been
successfully synthesized. These molecules were fully characterized by X-ray diffraction
analysis, optical spectroscopy, and electrochemistry. The low-lying lowest unoccupied
molecular orbital (LUMO) level of these molecules suggests their potential as good
electronic acceptors.

Because of their excellent optoelectronic properties,
polycyclic aromatic hydrocarbons (PAHs) have gained

increasing interest concerning their synthetic protocols and
potential applications in optoelectronic devices, such as organic
field transistors (OFETs), organic solar cells (OPVs), and
organic light-emitting devices (OLEDs).1 The conjugated
backbone of PAHs consists of multifused aromatic rings and
possesses different edge structures that determine their intrinsic
chemical and physical properties.2 Incorporation of heteroatoms
into the aromatic frameworks of PAHs has proven to be an
efficient strategy for tuning the molecular energy level and
intermolecular interactions. Thanks to the matched atom
radiometer and electronegativity, the nitrogen atom is an
amazing element for building up various functional PAHs, e.g.,
N-heteroacences. As a consequence, an improved resistance to
degradation (oxidation or dimerization) for heteroacences, as
compared with their full-carbon based analogues, enables them
to serve as stable n-type semiconducting materials.3

Perylene (I) is a typical rylene-type PAH, structurally featured
with armchair and zigzag edges or peri and bay regions (Figure
1). It exhibits a rigid planar structure, good chemical stability, and
rich optical properties.4 The bay regions can be chemically

modified by incorporating additional heteroatoms, leading to an
extended π-conjugated backbone, e.g., 1,2,7,8-tetraazacoronene
(II) via the Diels−Alder reaction,5 and dithioperylene (III) by
fusing two sulfur atoms.6 Another example of rylene derivatives,
i.e., 7,8,15,16-tetraazaterrylene (IV) can be readily prepared, and
it exhibits electron-deficient character as well as one-dimensional
columnar stacking in bulk.7 Despite the remarkable achieve-
ments in the synthesis of various functional perylene derivatives,
the preparation of aza-perylene by replacing carbon atoms with
heteroatoms in the conjugated framework has been rarely
reported.
Herein, we present an efficient approach toward unprece-

dented electron-deficient 1,2,7,8-tetraazaperylene derivatives by
incorporating two diazine moieties into the perylene backbone.
The geometric and electronic structures of the resulting
molecules were fully characterized by optical spectroscopy,
cyclic voltammetry, and X-ray single-crystal analysis.
Scheme 1 illustrates the synthetic strategy toward the target

compounds. The attachment of alkyl chains to the tetraazaper-
ylene backbone was performed by a concise protocol. As an
example, the reaction of anthracene with hexanoyl chloride using
AlCl3 as catalyst yielded mixed isomers of 1, 5-dihexanoylan-
thracene 2a and 1,8-dihexanoylanthracene in a ratio of nearly 1:1.
Further purification by recrystallization and flash chromatog-
raphy afforded pure 2a in 36% yield.8 Afterward, the intermediate
compound 2awas subjected to oxidation by CrO3, giving the key
intermediate 3a in a nearly quantitative yield. Finally, upon
treatment of 3a with hydrazine hydrate, the target compound 4a
was achieved in 95% yield. Applying the similar synthetic
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Figure 1. Typical examples of perylene derivatives.
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procedure, compound 4b substituted with branched side alkyl
chain was synthesized in an overall yield of 32.9%.
Next, we attempted to introduce aryl groups on 1,2,7,8-

tetraazaperylene core with the aim to achieve the extended
conjugation. Unfortunately, the treatment of aroyl chloride with
anthracene did not yield the expected aryrylanthracene
intermediates. Thus, it is difficult to synthesize aryl substituted
tetraazaperylene based on the route described above. Hence, we
turned to an alternative synthetic protocol based on the key
compound 6 (1,5-anthracenedicarboxylic acid),9 which was
obtained from anthracence in two steps (Scheme 1B).
Compound 6 was readily converted into 7 (1,5-anthracenedi-
carbonyl dichloride) after treatment with SOCl2. Since
compound 7 could not be directly converted into 9 by reacting
with an aryl Grignard reagent, a good leaving group, the S-
pyridinyl substituent, was introduced to replace the chloride
group by the treatment of 7 with 2-mercaptopyridine, using
triethylamine (TEA) as a catalyst, affording compound 8 as a
pale-yellow solid in 68% yield. After further reaction with
arylmagnesium bromide in THF at 0 °C and stirring overnight,
compounds 9a and 9b with 4-hexylphenyl and 4-hexylthienyl
substitutions were obtained in 65% and 60% yield, respectively.
Upon oxidation with CrO3, compounds 10a and 10b were
obtained in nearly quantitative yields and then readily converted
to target molecules 11a and 11b in very high yields (more than
95%), respectively, after treatment with hydrazine hydrate. All
new compounds were fully characterized by 1H and 13C NMR
spectroscopy and high-resolution mass spectroscopy, verifying
the chemical identity of the compounds (Supporting Informa-
tion). Specifically, in 1H NMR spectra, one set of proton signals
can be observed for all target molecules, indicating their highly
symmetric structures. It is worth mentioning that some pivotal
intermediates achieved here, such as 1,5-diacyl-substituted
anthraquinone derivatives (3a,b and 10a,b) might be suitable
for constructing other expanded polyaromatic systems with
complex structures.10

The structure of compound 4awas further confirmed by X-ray
crystallographic analysis (Figure 2). The single crystals of 4a

suitable for X-ray single-crystal analysis were obtained by slowly
diffusing hexane into dichloromethane solution at room
temperature. The backbone of 4a shows a small dihedral angle
of 1.2° between the central benzene ring and the outer aromatic
ring. Each of the terminal butyl groups is oriented away from the
rigid backbone, with a dihedral angle of around 99°. The bond
length of 1.37 Å between two nitrogen atoms, and bond lengths
of about 1.32 Å for C−N bonds, are obviously shorter than the
corresponding C−C bond length of perylene (∼1.39 Å),11 which
can be attributed to the electronegativity of nitrogen atom and
the higher polarity of the C−N bonds. In addition, the C−C
bond lengths in 4a are very close to those in perylene. The
packing diagram of 4a reveals a herringbone packing motif,
consisting of slipped π-stacked columns, which are strongly
interdigitated with each other through side alkyl chains. As
expected, the exposed N atoms of the diazine unit in 4a facilitate
the formation of intermolecular hydrogen bonds between the
two parallel adjacent columns, with the bond lengths of H···N:
2.69 and 2.76 Å. Moreover, within each π-stacked column, the
shortest distance of 3.40 Å between the neighboring molecules
manifests a significant π−π stacking interaction. Therefore, a
close-packed structure in the solid state can be concluded for 4a.
Obviously, incorporation of nitrogen atoms into PAHs
dramatically changes the molecular polarity, enriches the
intermolecular interactions, and thus plays an important role in
the crystal engineering of organic semiconductors.
UV−vis absorption spectra of 4a,b, 11a,b, and perylene were

measured in CHCl3 (Figure 3a). For 4a and 4b with alkyl

substitutions, a set of well-resolved absorption bands appear
around 372, 390, and 410 nm, and a small shoulder peak at
around 350 nm is observed. The ultraviolet regions typically
originate from the π−π* transitions of the aromatic skeletons in a
conjugated system, which show remarkable blue shifts in
comparison to perylene with four main peaks located at 370,

Scheme 1. Synthesis of 1,2,7,8-Tetraazaperylene Derivatives

Figure 2. Crystal structures and packing diagrams for 4a.

Figure 3. UV−vis absorption spectra (a) and emission spectra (b) of
4a,b, 11a,b, and perylene (5 × 10−5 M) in CHCl3.
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390, 411, and 439 nm. Remarkably, apart from the high energy
bands (<350 nm) in the near-ultraviolet regions which can be
assigned to the π−π* transitions of the aromatic structures, 11a
and 11b exhibit the broad featureless absorption bands with
maximum peaks at 416 and 460 nm, respectively. Compared to
11a, the maximum absorption peak of 11b is red-shifted by 44
nm, manifesting its pronounced π-conjugated system. This red
shift can be ascribed to the substitution of electron-rich
thiophene groups and the increased planarity of the molecules
by comparison with that of phenyl substitution in 11a. Notably,
the absorption spectra of all compounds exhibit an almost
solvent-independent effect, revealing their nonpolar characters in
the ground state (Figures S1−4, Supporting Information).
Compound 4b with branched alkyl side chains exhibits much
better film-forming capability than the other three compounds.
Red shifts and peak broadening of the absorption spectra can be
observed for 4a,b and 11a,b in thin films compared with their
absorption in solution, revealing increased electronic interaction
between molecules in solid state (Figure S5, Supporting
Information).12 The UV−vis absorption spectra of these
compounds were further calculated at TD-DFT level (Figures
S12−16, Supporting Information), which are in good agreement
with the experimental results, indicating that the main absorption
bands in the low-energy spectral domain are dominated by
electronic transitions between HOMO and LUMO orbitals. In
addition, all four tetraazaperylene molecules show very weak
fluorescence emissions in CHCl3, in stark contrast to perylene
with high luminescence efficiency (Figure 3b). The poor
emissions of these molecules, similar to other nitrogen-
embedded acenes, are probably caused by a strong trapping
effect13 or intersystem crossing effect from electron-withdrawing
nitrogen-containing moieties.14 These four molecules have
nearly the same fluorescence lifetime (τ ∼ 1.6 ns), which is
much smaller than the τ = 4.9 ns for perylene (Table S1 and
Figure S7−11, Supporting Information).15

Further insight into the electrochemical behavior of these
compounds was provided by cyclic voltammetry (CV) measure-
ments (Figure 4). In the CV profiles of 4a,b and 11a, a reversible
one-electron reduction was observed, whereas the redox peaks in
the second reduction process were not well-resolved. Compound
11b exhibited two consecutive reversible one-electron reduc-
tions, demonstrating that 1,2,7,8-tetraazaperylene-cored skel-
eton has a fully conjugated system, and thus, the electron can be
effectively delocalized over the whole molecular backbone. We

did not observe any oxidation potential within the electro-
chemical window under the experimental conditions for all four
target compounds. The reason can be attributed to the
tetraazaperylene core with strong electron-deficient character,
which leads to a deep-lying HOMO energy level. The reduction
potentials of the first waves are gradually increase in a sequence of
4b (−1.53 V) < 4a (−1.50 V) < 11a (−1.42 V) < 11b (−1.32 V).
Accordingly, the lowest unoccupied molecular orbitals (LUMO)
energy values in an order of 4b (−3.27 eV) > 4a (−3.30 eV) >
11a (−3.38 eV) > 11b (−3.48 eV) are among those of typical air-
stable n-type organic semiconductors.16 Moreover, the highest
occupied molecular orbitals (HOMO) energy levels are
evaluated on the basis of the LUMO values and the optical
band gaps, resulting in a sequence of 4a (−6.19 eV) < 4b (−6.14
eV) < 11a (−5.99 eV) < 11b (−5.83 eV) (Table 1). Therefore,
the electronic structures of these molecules can be finely tuned
by varying the substitution on the tetraazaperylene core.

To shed light on the geometric and electronic structures of
such compounds, theoretical calculations based on density
functional theory (DFT) (RB3LYP/6-31G (d) level) have been
performed. All of the compounds show nearly flat backbones
(Figure 5 and Figure S18, Supporting Information). As expected,

the LUMOs for all compounds primarily reside on the tetraaza-
perylene core, partly contributed by the benzene and thiophene
rings in 11a and 11b, respectively, suggesting the intrinsic
electron-deficient nature of the tetraaza-perylene. The HOMOs
for all four compounds are fully distributed over the whole
conjugated backbone, revealing that the π-electrons are

Figure 4. Cyclic voltammogram of 4a,b and 11a,bmeasured in CH2Cl2
(0.1 mol/L n-Bu4NPF6) at a scan rate of 100 mV/s. Potentials are given
against ferrocene/ferrocenium ion couple (Fc/Fc+).

Table 1. Electrochemical Properties of Compounds 4a,b and
11a,b

aLUMO = −Ered1 − 4.80 eV, Ered1: the first reduction potential,
evaluated from half potential; bHOMO = LUMO − Eg

opt, Eg
opt: optical

band gap, estimated from UV−vis absorption edge; cObtained by DFT
calculations..

Figure 5. Calculated molecular orbital of 4a and 11b.
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effectively delocalized on the molecular skeleton. The calculated
LUMO andHOMO values are summarized in Table 1, which are
accordance with the experimental results discussed above.
In conclusion, we demonstrated an efficient synthesis of a new

family of electron-deficient 1,2,7,8-tetraazaperylene derivatives.
Our experimental and theoretical investigations revealed that the
introduction of the heteroatoms in the perylene backbone exerts
remarkable influence on the optical properties and electro-
chemical behavior. The electron-deficient tetraazaperylene core
may serve as an appealing building block for preparing
conjugated oligomers and polymers with a donor−acceptor
structure. The applications of these extended conjugated systems
can be foreseen in various electronic devices, such as OFETs and
OSCs. On the other hand, the intrinsic Lewis basicity of the
diazine moiety in 1,2,7,8-tetraazaperylene derivatives may allow
them to sense organic acids by selective capture of protons within
a certain pKa range. The exploration of these applications is
currently ongoing in our laboratory.
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