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ABSTRACT: 6,8,15,17-Tetraaza-1.18,4.5,9.10,13.14-tetraben-
zoheptacene (TTH, 1) has been prepared and characterized by
single-crystal X-ray structure analysis. A phototransistor device
based on TTH single crystal demonstrated that TTH showed a
good performance in signal amplification under the photo-
conductive effect as well as photocontrolled switches.
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■ INTRODUCTION
Recently, N-substituted polycyclic aromatic hydrocarbons
(PAHs) have been receiving an increasing research interest
because of their potential application in n-type devices.1−7

Theoretical calculation results show that this family of
molecules not only possesses high electron affinities (3−4
eV), but also has smaller reorganization energies, which might
be the benefit in the molecules rearrangement.1 In addition, the
strong intermolecular CH−N interactions in solid state are
expected to enhance the electron mobility through tuning the
intermolecular stacking and improve the stability of n-channel
devices at air conditions.8 These predictions strongly encourage
us to introduce nitrogen atoms into our previously reported
PAH backbones9 and study their novel physical properties.
Pyrene-fused heptecenes not only show high stability but also

have great performance in light-emitting devices.10 These
interesting factors have led to the successful synthesis of
tetraazaheptacene, which is isostructural and isoelectronic to
pyrene-fused heptecenes.11 The basic physical studies have
already shown that 6,8,15,17-tetraaza-1.18,4.5,9.10,13.14-tetra-
benzoheptacene has a red-shift UV−vis spectrum (560 nm)
comparing to those (450 nm) of pyrene-fused 6,8,15,17-
tetraphenyl-1.18,4.5,9.10,13.14-tetrabenzoheptecene and
1.18,4.5,9.10,13.14-tetrabenzoheptacene (yellow color)9d,12

due to the N-atoms replacement. In addition, the investigation
by cyclic voltammetry (CV)11 has already indicated that TTH
had a smaller bandgap and lower band position. The narrower
bandgap and high-electronic affinity together with the unknown
spacious arrangement of tetraazaheptacene molecules in solid
state initiates us to reinvestigate this material and find its
devices’ application in phototransistors. Phototransistors are a
typical device, which could convert light into either current or

voltage. Phototransistors could have wide applications in
compact disk players, sensors, and remote control devices.

■ RESULTS AND DISCUSSION
TTH (1) was synthesized through the condensation reaction
between pyrene-dione 2 and the commercially available
tetraaminobenzene tetrahydrochloride 3 in a dry pyridine
solution at refluxing temperature under N2 atmosphere
according to the previously reported method (Scheme 1).11

The as-prepared product was purified though physical vapor
deposition method (the detailed purification process has been
provided in the Supporting Information) to give needlelike
crystals (Figure 1a). The structure of TTH was determined
from single-crystal X-ray diffraction data collected at room
temperature on an APEX II CCD diffractometer. Compound
TTH adopts a monoclinic unit cell (a = 24.2945(12) Å, b =
3.8517(2) Å, c = 25.4884(15) Å, β = 99.407(3)o,) and space
group P2(1)/n. Panels b and c in Figure 1 present the crystal
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Scheme 1. Synthetic Route of Compound 1
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structure of TTH in front view and the molecules’ stacking in
side view, respectively. Different from the isostructural
compounds such as 1.18,4.5,9.10,13.14-tetrabenzoheptacene,12

6,8,15,17-tetraphenyl-1.18,4.5,9.10,13.14-tetrabenzoheptac-
ene,9d and other twistacene13 that have a torsion angle to make
the whole molecule out of plane, TTH is flat and all carbon and
nitrogen atoms are in one plane. Such geometries might benefit
for electrons or holes transport. TTH molecules adopt the face-
to-face stacking along the c axis. The distance between adjacent
molecules is 3.39 Å, which is shorter than van der Waals forces,
indicating that there is strong π···π interactions between
intermolecules. Interestingly, there are two types of N···H−C
bonds in the structure (see Figure S1 in the Supporting
Information): intramolecular and intermolecular bonds. The
intramolecular N...H−C bonds, which are shown red dash line
(see Figure S1 in the Supporting Information), fall in the
ranges of 2.49−2.55 Å. Meanwhile, the intermolecular N···H−
C bonds, which are shown green dash line, vary from 2.97 to
3.71 Å. It is clearly shown that the intramolecular N···H−C
bond energy is stronger than the intermolecular N···H−C bond
energy. The thermal gravimetric analysis measured under
nitrogen atmosphere shows that the onset of weight loss begins
at 450 °C, which suggests that TTH has a high stability (see
Figure S2 in the Supporting Information). The high stability,
low bandgap (∼ 2.30 eV),11 and strong π···π interactions
together with N···H−C bonds make TTH a promising
candidate for phototransistors.
Phototransistors which could be utilized to amplify signals

and detect light are sensitive to light and can convert light into
electrical signals.14−17 Currently, organic phototransistors
attract a lot of attention because of their low cost, flexibility,
and light weight.18−20 Thus, a phototransistor device based on a
single crystal of TTH was fabricated. Needlelike single crystal
was first transferred onto a cleaned glass substrate, which was
obtained after sonicating with pure water, isopropanol, and
acetone, each time for 10 min. Figure 2 presents the schematic
illustration of the as-fabricated phototransistor device. Silver
paste was used as the two electrodes and the light source was a
normal xenon lamp.
According to photogenerated charge carriers, a photo-

transistor can be operated in two modes: a photoconductive
mode and a photovoltaic mode.13,14,19 In photoconductive
mode, the gate voltage (VG) is zero or smaller than the
threshold voltage and the device only can be activated mainly
under light illumination. If the gate voltage is larger than the
threshold voltage, the device itself is in on-state and light can
amplify the drain-source current (IDS). In this situation, the

device is in photovoltaic mode. In our research, the device is
thus in photoconductive mode because no gate voltage was
applied.19

Figure 3a shows the current (IDS) as a function of voltages
under different light intensities. Phototransistors have a
nonzero collector current known as dark current when the
device is in absolute darkness, thus a pulsating light is more
easily detected since a changing collector current can be
differentiated from a static background. The current will
increase with the increasing of light intensity and the charge
carriers will be generated when the photon energy of light is
equal to or higher than the band gap energy of the TTH single
crystal. It is clearly observed that the IDS is linearly with light
intensity in range of 40−130 mW/cm2 without any gate voltage
as shown as in Figure 3b. These experimental results suggest
that the TTH single-crystal-based organic phototransistor
works under the photoconductive effect.
Figure 3c exhibits the dependence of IDS at specific drain-

source voltage on light intensity. When the light intensity
increases, the current will rise accordingly. Note that the output
current increases sharply when the light is applied. During the
testing time, the current was stable. The concentration of
charge carriers increases as the enhancement of light power.
Figure 3d shows the dynamic photoresponse behavior of TTH
crystals, which clearly indicates that the TTH-crystal-based
device can act as a switch and the ON/OFF ratio is about 1 ×
102. Furthermore, stability test was performed under voltage of
30 V and light intensity of 40 mW/cm2, the results are shown
in Figure 3e. The device can keep stable under the illumination

Figure 1. (a) Picture of as-prepared tetraazaheptacene needle crystals. (b) Single-crystal structure of tetraazaheptacene. (c) Molecular stacking of
tetraazaheptacene. Carbon and nitrogen atoms are colored in gray and blue, respectively.

Figure 2. Schematic representation of the typical organic photo-
transistor fabricated by tetraazaheptacene single crystal.

ACS Applied Materials & Interfaces Letter

dx.doi.org/10.1021/am3003389 | ACS Appl. Mater. Interfaces 2012, 4, 1883−18861884



of more than 15 min. All results suggest that TTH single crystal
can be used as active elements in phototransistors for
photodetection or photocontrolled switch.
In conclusion, we have successfully synthesized 6,8,15,17-

Tetraaza-1.18,4.5,9.10,13.14-tetrabenzoheptacene, which struc-
ture has been characterized by single-crystal X-ray diffraction
analysis. The strong π···π interaction together with high
electron affinities caused by N-atoms encourages us to
investigate its devices’ application. In this report, we have
already fabricated TTH-single-crystal-based phototransistors
and found that these transistors displayed very good perform-
ance in signal amplification under the photoconductive effect.
In addition, these devices can be functionalized as a
photocontrolled switch. Note that all performances on TTH
single-crystal-based phototransistors are reversible and repro-
ducible. We do believe that these properties should be able to
find some applications in industry. The other devices’
applications based on TTH crystals are under investigation.
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