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Introduction

Flexible optoelectronic devices based on organic semicon-
ductors have been increasingly acknowledged in recent de-
cades because these p-conjugated molecules can be easily
decorated with different substituents that present interesting

properties. They can be employed in artificial light-harvest-
ing systems, organic field-effect transistors (OFETs), light-
emitting diodes (LEDs), lasers, photovoltaic cells, photores-
ponse materials, and biological fluorescence probes.[1–22]

Thus there are currently many scientific research groups in
continuous pursuit of delicate molecular design and rational
preparation of organic semiconductors with high optoelec-
tronic performance.

Acene is a type of carbon material with a linear structure
of fused benzene rings that was first introduced by Clar[23]

and represents a fascinating class of organic conjugated mol-
ecules. These one-dimensional molecules were considered to
not only have similar properties to graphene and conducting
polymers, but also provide more information about struc-
ture–property relationships. The physical properties have at-
tracted much attention from both theorists and synthetic re-
searchers. For example, Kivelson and Chapman speculated
that large acenes might show superconductivity at high tem-
perature based on theoretical calculations.[24] Moreover,
studies by Houk et al.[25] and Bendikov et al.[26,27] showed
that the large acene has a biradical state. In addition, tetra-
cene, pentacene, hexacene, and their derivatives have been
employed in organic electronics that exhibits high electrolu-
minescence effect and charge-carrier ability.[28–30] To date,
some larger acenes, such as heptacenes and nonacenes, have
been isolated but studies of their performance are scarce
due to difficulties with scale-up, purification, easy oxidation
in air, and photosensitivity. In particular, this type of com-
pound usually has a higher HOMO level, which leads to
high electronegativity, that is, poor stability in air. For exam-

Abstract: Six 5,9,14,18-tetrathiahepta-
cene derivatives (1 a–1 f) were synthe-
sized by using a simple ether–ether ex-
change reaction and fully character-
ized. In contrast to the planar confor-
mation usually observed in thiophene-
fused benzene systems, single-crystal
analysis indicates that 7,16-dipropyl-
5,9,14,18-tetrathiaheptacene (1 a), 7,16-
diphenyl-5,9,14,18-tetrathiaheptacene
(1 b), and 7,16-di(4’-chlorophenyl)-
5,9,14,18-tetrathiaheptacene (1 c) adopt
chair conformations. The as-formed di-
hedral angle between anthracene and

the terminal benzene units are 137.258,
137.855, and 134.9128 for 1 a, 1 b, and
1 c, respectively, which is close to the
theoretical optimization results (1288
for 1 b). Interestingly, the oxidized
product of 7,16-di(trifluoromethylphen-
yl)-5,9,14,18-tetrathiaheptacene (1 e)
has a saddle shape, which results in the
formation of column-shaped units in

the single crystal. The substituents on
the side phenyl group have less effect
on their UV/Vis absorption spectra,
but a distinct redshift that accounts for
the intramolecular charge transfer can
be observed in the emission spectra.
The electrochemical measurements
show that all compounds present two
oxidation waves. The photoswitching
behavior based on 1 a–1 f was further
measured and the experimental results
suggest that these heteroacene deriva-
tives are promising semiconductor ma-
terials for organic electronics.
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ple, Wudl and co-workers synthesized a stable triisopropylsi-
lylethynyl-decorated heptacene with a nonzero band gap.[31]

The groups of Miller, Zhang, and Anthony reported a series
of stable arylthio-, phenyl- and fluorine-functionalized nona-
cenes, the absorption spectra of which were localized in the
near-infrared region.[32–34]

To overcome the poor stability in air, the modification of
heteroatoms inserted into the building blocks was consid-
ered.[35–44] In this way, the isolation and structural characteri-
zation of the as-prepared heteroacenes could be carried out
easily and the optoelectronic properties also could be opti-
mized through rational molecular design. Moreover, the in-
termolecular arrangement and stacking in the solid state
might be tuned to improve the thermal and chemical stabili-
ty. At present, the heteroatoms mainly refer to boron, nitro-
gen, phosphorus, and chalcogen atoms. As with organic sem-
iconductors, the selection of heteroatoms plays an important
role in the modification of acene properties. Previously, sev-
eral heteroatom-modified organic conjugated molecules
have been synthesized and opened a path to fascinating ap-
plications in organic electronic materials.[45–51] In the case of
sulfur atoms incorporated in acenes, Anthony and Takimiya
et al. , respectively, successively reported the synthesis of
a series of thiophene–benzene fused systems, and one of
them could exhibit high field-effect mobility of 5 cm2 V�1 s�1

in thin-film devices.[28,52] Note that thiophene and benzene
rings in these systems are usually in one plane. However,
the nonplanar 1,4-dithiine-fused acene derivatives with six-
membered rings in the main backbone have been scarcely
investigated. Although Lin and Radhakrishnan[53] reported
the synthesis of an isomeric mixture of 7,16-diphenyl-
5,9,14,18-tetrathiaheptacene, herein we are particularly in-
terested in nonplanar acene, especially the detailed crystal
spatial structure, optoelectrical properties, and applications
as photocurrent materials.

Herein, we present our fundamental research of the syn-
thesis and characterization of six tetrathiaheptacene deriva-
tives (1 a–1 f) that have chair conformation observed by
using single-crystal X-ray analysis (Scheme 1). Additionally,
the substituent effect on the optoelectronic properties was

also studied in detail. In addition, to investigate photo-
switching behavior, photocurrent devices based on com-
pounds 1 a–1 f were fabricated and tested.

Results and Discussion

The synthetic routes of compounds 1 a–1 f depicted in
Scheme 1 and the detailed experimental procedure is pre-
sented in the Supporting Information. Alkyl- and aryl-sub-
stituted anthracene intermediates 3 a–3 f were obtained
through condensation of 1,2-dimethoxylbenzene with n-
butyl aldehyde or aromatic aldehyde catalyzed by sulfuric
acid as described earlier.[54] The as-formed intermediates
(3 a–3 f) were further treated with 1,2-benzenedithiol (2) in
the presence of triflic acid in dry toluene through an ether–
ether exchange reaction to afford target compounds 1 a–
1 f.[53] It should be noted that the ether–ether exchange pro-
cess must be completed in dry solvent, otherwise more by-
products were obtained due to the competitive reaction be-
tween water and 1,2-benzenedithiol. Moreover, as-prepared
compounds 1 a–1 f are stable in the solid state under ambi-
ent conditions. Note that we could not obtain the 13C NMR
spectrum for the 9,10-bis(2-chlorophenyl)-2,3,6,7-tetrame-
thoxyanthracene precursor (3 d) owing to the instability in
CDCl3 solution. In addition, the 13C NMR spectra of com-
pounds 1 c–1 f were not obtained because of their poor solu-
bility.

Single-crystal analysis was carried out to evaluate the spa-
tial arrangement. After slow diffusion of methanol into a so-
lution of these derivatives in methylene chloride or chloro-
form at room temperature, crystals suitable for X-ray analy-
sis of compounds 1 a–1 c were obtained. Their topology
structures and three-dimensional packing model are shown
in Figure 1 and the corresponding crystallographic data are
compiled in Table S1 in the Supporting Information. Com-
pounds 1 a and 1 c were observed to have monoclinic crystal
systems whereas 1 b has a triclinic unit cell. The unit cell pa-
rameters are a=12.2585(10), b=10.7338(8), c=

10.5914(8) �; a =90, b=108.302(10), g=908 for 1 a ; a=

10.518(3), b= 11.339(3), c=13.665(3) �; a =79.850(4), b=

68.853(4), g=78.721(4)8 for 1 b ; and a=14.363(2), b=

23.342(4), c=10.5722(16) �; b= 95.878 for 1 c. The four
sulfur atoms and the anthracene unit are nearly planar,
whereas one terminal phenyl moiety is oriented above the
central anthracene plane and the other is bent below this
plane. Note that the as-formed dihedral angle between an-
thracene and the terminal benzene are 137.258, 137.855, and
134.9128 for 1 a, 1 b, and 1 c, respectively. The findings sug-
gest that not only can the as-prepared molecules form chair
conformations, but also that the para-chlorine atoms in the
phenyl unit might cause an increase in coplanarity for heter-
oacene derivatives to a lesser extent. In addition, the pend-
ant phenyl and 4-chlorophenyl units in compounds 1 b and
1 c are nearly orthogonal to anthracene part (80.3418 for 1 b,
86.9378 for 1 c). In the packing model, the mismatched struc-
tures of compounds 1 a–1 c displace between the neighboringScheme 1. Synthesis of heteroacene derivatives 1 a–1 f.
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molecules, which might result from a steric encumbrance
hindrance. Additionally, the neighboring molecules have
a long vertical distance, which implies no p–p intermolecu-
lar stacking in the crystalline state. Clearly, the as-formed
structures could not be beneficial for charge transfer.[55]

As mentioned for 1 d and 1 f, the light-green single crystal
is too small to perform X-ray analysis. Interestingly, when
methanol was slowly dispersed into a solution of 1 e in
chloroform, small green single crystals were also formed in
3 d. 1H NMR spectroscopy and MALDI-TOF spectrometry
were used to confirm that the crystals were 1 e. However,
we observed that the as-formed light-green prismatic crys-
tals gradually changed to white crystals within one week.
On the base of 1H NMR spectroscopy and MALDI-TOF re-
sults (Figure S23 in the Supporting Information), we ob-
served that the signals at d=7.94, 7.65, 7.56, 7.44, and
7.23 ppm disappeared and a new mass peak with m/z 775.0

was obtained (Figure S24 in the Supporting Information),
which provides strong evidence that oxidation of compound
1 e took place and oxidized product 1 e-ox was formed as
shown in Scheme 2. The proposed structure of 1 e-ox was
further confirmed by using X-ray diffraction (Figure 2). The
results indicate that compound 1 e-ox adopts a saddle-
shaped molecular structure, in which the oxygen atoms and

Figure 1. X-ray single crystal structures of a) 1a and b) the packing
model, c) 1 b and d) the packing model, e) 1 c and f) the packing model.
Carbon, sulfur and chlorine atoms are shown in gray, yellow, and green,
respectively. Hydrogen atoms are omitted for clarity.

Scheme 2. The oxidation procedure of compound 1e to 1 e-ox.

Figure 2. Crystal structure of compound 1e-ox : a) side view, b) top view,
c) side view of packing model, and d) top view of packing model.
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peripheral 4-trifluoromethylphenyl unit take a planar geom-
etry and orient perpendicular to central phenyl group in the
heteroacene framework (Figure 2a and b). Interestingly, the
crystal analysis reveals a cylindrical unit (Figure 2c and d)
with a diameter of approximately 10.529 �, which is close to
the van der Waals diameter of a C60 molecule (1.1 nm).[56]

CCDC-980773 (1 a), -980774 (1 b), -980775 (1 c), and
-980772 (1 e-ox) contain the supplementary crystallographic
data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

The UV/Vis and fluorescence spectra of compounds 1 a–
1 f were investigated in diluted methylene chloride at room
temperature. The spectra are shown in Figure 3 and the de-

tailed data are presented in Table S2 in the Supporting In-
formation. Compound 1 a features absorption peaks at l=

437, 410, 389, and 329 nm. In comparison, the spectra of aro-
matic-substituted derivatives 1 b–1 f display similar profiles
and somewhat blueshifted peaks at l=430, 406, and 384 nm,
which are indicative of the weak effect of the peripheral
groups. It is interesting to note that the peaks in the range
of l=370 to 460 nm looks like fingers, which is a typical
characteristic of acene and its derivatives.[31,57–59] When excit-
ed at l= 410 nm, propyl-decorated compound 1 a exhibits
a vibrational structure and maximum peak at l=478 nm
with a shoulder band at l=450 nm (Figure 3b). However,
with an increase in electron-withdrawing ability, the emis-
sion spectra of compound 1 b–1 f are correspondingly batho-
chromically shifted to l=486, 491, 496, 497, and 508 nm, re-
spectively, which might be attributed to the formation of
a D-p-A system and consequent intramolecular charge
transfer (ICT). To further confirm the presence of a charge-
transfer state, the absorption and fluorescence spectra of
compound 1 e were also performed in organic solvents with
increasing polarity, as shown in Figure 4. On changing the

solvent from toluene (e= 2.4) to chloroform (e= 4.8), THF
(e= 7.5), or DMF (e=109.5), no significant spectral change
was observed in the UV/Vis spectra of 1 e. In comparison,
the emission spectra are obviously redshifted from l= 491
to 492, 498, or 517 nm. This hints at an ICT process in the
excited state.[20] The quantum yields of compounds 1 a–1 f in
diluted methylene chloride were calculated to be 0.13, 0.14,
0.32, 0.27, 0.32, 0.25, respectively, by using 9,10-diphenylan-
thracene (Ff =0.95 in ethanol) as a standard.[48] Taking the
single-crystal analysis and spectra characterization into con-
sideration, we believe that different substituents are not
only effective in preventing an oxidation reaction but also
affect the optical properties to a great extent.

To probe the redox properties of these compounds, cyclic
voltammograms were measured by using 0.1 m tetrabutylam-
monium hexafluorophosphate (Bu4NPF6) as the supporting
electrolyte according to the reported method.[16] The results
are presented in Figure 5 and the detailed voltammetry data
are compiled in Table S2 in the Supporting Information. In

Figure 3. a) UV/Vis absorption spectra and b) normalized fluorescence
spectra of compounds 1a–1 f. All spectra were measured in CH2Cl2 at
30 mm.

Figure 4. a) UV/Vis absorption spectra and b) normalized fluorescence
spectra of compound 1 e in different solvents: i) toluene, ii) chloroform,
iii) THF, iv) DMF.

Figure 5. Cyclic voltammograms of 1 a–1 f in anhydrous methylene chlo-
ride.
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dry methylene chloride, compound 1 a shows the first rever-
sible oxidative wave at 0.77 V and the second quasi-reversi-
ble oxidative wave at 1.14 V. In comparison, aryl-substituted
compounds 1 b–1 f also present two oxidative waves. Howev-
er, the first oxidative waves were more positive at about 70,
130, 190, 40, and 50 mV, respectively, which indicates the
relatively weaker oxidation ability. In addition, the band
gaps of as-prepared 1 a–1 f were estimated to be 2.76, 2.76,
2.74, 2.75, 2.75, and 2.70 eV on the basis of UV/Vis absorp-
tion data. Accordingly, the LUMO energy levels were calcu-
lated to be �2.41, �2.38, �2.56, �2.61, �2.46, and �2.52 eV.
These cyclic voltammetry (CV) data is comparable to some
sulfur-decorated acene derivatives, including five-membered
rings.[28, 52]

The 3D topology structures based on the crystal data of
compounds 1 a–1 c prompted us to study the inversion be-
havior from boat configuration to planar structure and then
to chair configuration. To investigate the stability of this
conformation, particularly in solution, a theoretical calcula-
tion was performed. Herein, the structure of 1 b, in which
R=phenyl, was selected as the target molecule. The results
reveal that dependent on the initial structure, the geometry
optimization gives two possible results, chair and boat con-
formation, which correspond to the two benzene units bent
to opposite sides or the same side, respectively. Interestingly,
for both the chair and boat conformers, the absolute value
of dihedral angles as indicated in Figure 6 are identical at

528, and the chair conformer has a single-point energy that
is somewhat higher (1.7 kcal mol�1) than that of the boat
structure. Note that the difference in the dihedral value be-
tween the optimization and the crystal data (180–134.9 =

458) should be ascribed to the intermolecular interaction in
condensed phase, in which molecules tend to perform a fur-
ther bending relative to their free state. Furthermore, to get
the potential barrier between the both conformations, a scan
calculation was made by individually altering the two dihe-
dral angles from �70 to + 708 in 108 increments. The results
are depicted as a two-dimensional profile (Figure 6), in
which the x and y axes are assigned to q1 and q2, respective-

ly, and the z axis shows the relative energy of the conformer.
As expected, the maximal potential (28 kcal mol�1) occurs at
the point of q1 =q2 =08, which corresponds to a planar struc-
ture. In addition, we found that when one of the terminal
benzene moiety was kept at a fixed angle of 528 and the
other was rotated, it was possible to reach the minimal bar-
rier (14.3 kcal mol�1) for the conformation transfer. Under
these conditions, the potential energy can be plotted as
a function of the single dihedral angle and additionally ac-
cording to the energy level a Boltzmann distribution at
25 8C can be obtained (see Figure S1 in the Supporting In-
formation).[60] In agreement with the crystal measurements,
80 % of free molecules take the chair conformation at 25 8C,
and in comparison the population of the boat conformer is
less than 5 %. However, there is a possible photoinduced
conformation transfer because the minimal barrier is only
14.3 kcal mol�1, which corresponds to a wavenumber of
5018 cm�1.[61] Note that the geometry optimization and
single-point energy calculation were all conducted at the
B3LYP/6-31G level by using the Gaussian 09 package.[62]

To make a deep insight into the relationship of conforma-
tion and properties, the frontier molecular orbits obtained
from the geometric optimization calculation are given in
Figure 7 and Figure S2 in the Supporting Information. At

first glance, the orbital profiles are mainly distributed across
the central planar skeleton, whereas the bent benzene units
and vertical phenyl moieties make little or no contribution
to the frontier orbital formation. Therefore, the similar spec-
tral properties observed above for all compounds can be ex-
plained by the small effect of peripheral groups on the cen-
tral chromophore. Based on this view, the similarity of the
profile and energy level for the cis and trans conformers is
easily understood because they all arise from the identical
central chromophore. Clearly, the difference between the
HOMO and LUMO is related to the lowest electric transi-
tion, which is in good agreement with the experimentally
observed band in Figure 3 around l= 410 nm (=3.0 eV). It

Figure 7. Comparison of the frontier orbitals of the cis and trans confor-
mations of 1 b.Figure 6. Two-dimension amplitude of the potential barrier as a function

of the bend angles between benzene and the central planar skeleton.

Chem. Asian J. 2014, 00, 0 – 0 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5 &&

These are not the final page numbers! ��

www.chemasianj.org Jinchong Xiao, Xuefei Wang, Jianwen Zhao et al.



is worth noting that the central planar skeleton consists of
a basic structure of anthracene, which has been widely ap-
plied in highly efficient blue-light-emitting organic materials
in energy-upconversion systems.[63,64] However, the crystal
analysis reveals that these molecules prefer the chair confor-
mation, which results in a more stable stack model than the
boat conformation does; see, for example, the tube structure
in 1 e-ox. Moreover, the properties of the frontier orbitals
for all compounds investigated have been calculated and, as
expected, no significant discrepancy has been observed for
these molecules.

With these compounds in hand, the photoswitching be-
havior was measured to examine the photoinduced electron-
transfer processes of heteroacenes 1 a–1 f (donors), which
were dropped onto a semiconducting single-walled carbon
nanotube (sc-SWCNT, acceptor) thin film. As shown in Fig-
ure 8i (dashed line), a decreased photocurrent was produced

when the SWCNT film was irradiated by using a halogen
lamp with an excitation level of 14.4 mW cm�2, which might
be ascribed to the photodesorption of oxygen in the devices.
In contrast, under the same light irradiation at 2 V bias,
a photocurrent response of 0.31 mAcm�2 for 1 e–SWCNT
was produced (Figure 8ii, solid line). Additionally, the fall
(turn on) and rise times (turn off) were found to be about 8
and 180 s, respectively. When 1 a, 1 c, 1 d, and 1 f were dis-
persed on SWCNT, obvious photocurrents were also ob-
served as shown in Figure S3 in the Supporting Information.
These results indicate that these heteroacenes could bond
tightly to the SWCNT surfaces, which is beneficial for elec-
tron transfer. However, no photocurrent was generated for
1 b–SWCNT under the same conditions. Clearly, one can
note that the response to the off cycle is hysteretic com-
pared with the on cycle, which implies a typical trap-releas-
ing current that is observed in some photocurrent-response
devices.[54–56] In addition, the relative photocurrent change
and the response speed of the donor–acceptor system
showed negligible changes within the monitor time, which
confirms that the as-prepared devices show good photosen-
sitivity and stability.

Conclusion

A family of tetrathiaheptacene derivatives (1 a–1 f) was suc-
cessfully synthesized and characterized. X-ray crystallogra-
phy structure analysis showed that the as-prepared single
crystals of 1 a–1 c featured chair conformation, instead of
planar or boat conformations, with dihedral angles between
the anthracene unit and the terminal phenyl moieties of
137.2588 for 1 a, 137.8558 for 1 b, and 134.9128, which are
close to the theoretical calculation results (�1288). Based
on the spectral analysis, one can note that the different sub-
stituents have a small effect on the UV/Vis spectra, but a sig-
nificant effect on their emission wavelength owing to the
ICT. Moreover, the HOMO–LUMO gaps of compounds
1 a–1 f estimated from UV/Vis absorption and CV experi-
ments correlated well with those obtained from DFT results.
Compounds 1 a–1 f were employed as the active layer in
photoswitching devices that exhibited obvious photocurrent
responses. Our systematic study may open new avenues for
heteroacene molecular functionalization and further device
preparation.
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Heteroacenes

Tiejun Ren, Jinchong Xiao,*
Wenying Wang, Wenya Xu,
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Synthesis, Crystal Structures, Optical
Properties, and Photocurrent
Response of Heteroacene Derivatives

Pull up a chair! Six 5,9,14,18-tetrathia-
heptacene derivatives (1 a–1 f) were
synthesized and characterized (see
figure). Derivatives 1 a, 1 b, and 1 c
adopt a chair conformation and the
dihedral angle between anthracene
and the terminal benzene units were

137.258, 137.855, and 134.9128, respec-
tively. Moreover, the photoswitching
behavior with 1 a–1 f as donors and
SWCNT as an acceptor indicated that
these heteroacenes are promising
organic semiconductor materials.
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