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High-mobility organic single-crystalline transistors
with anisotropic transport based on high
symmetrical ‘‘H’’-shaped heteroarene derivatives†
Hanghong Fan,a Sufen Zou,ab Jianhua Gao, *a Ru Chen,a Qingfang Ma,a
Wangjing Ma,c Huarong Zhang,a Guangjin Chen,a Xinwei Huo,a Zheyuan Liu,d
Yanfeng Dang d and Wenping Hu *bd
To reveal the influence of synergistic eﬀect of non-covalent forces on the FET performance, two highly
symmetrical ‘‘H’’-shaped heteroarene derivatives anthra[2,1-b:3,4-b 0 :6,5-b00 :7,8-b00 0 ]tetra(benzothiophene)
(ATBT) and anthra[2,1-b:3,4-b 0 :6,5-b00 :7,8-b00 0 ]tetra(benzofuran) (ATBF) as novel two-dimensional (2D)
organic semiconductor materials were synthesized. The thermal, optical and electrochemical properties
of ATBT and ATBF were investigated and high stability was confirmed. Single crystal XRD of ATBT
confirmed the close p–p stacking due to the ‘‘wider’’ p-conjugation framework and four S atoms sited on
both sides of each molecule could produce eight S  S contacts with neighbouring molecules. Mobility of
up to 15.6 cm2 V1 s1 could be achieved for the single-crystalline field effect transistor, which was
fabricated by the ‘two-dimensional organic-ribbon mask’ technique based on the individual ATBT
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microribbon. The strong anisotropy along different crystal axes is consistent with the molecular
arrangement, which was evidenced by XRD, TEM and corresponding selected-area electron diffraction

DOI: 10.1039/d0tc01390k

pattern. Moreover, the analogue ATBF shows lower FET performance due to lack of S  S contacts in
comparison to that of ATBT, which reflects that the synergistic effect of non-covalent forces has an
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important influence on the molecular aggregation and electrical properties.

Introduction
In recent years, organic field-eﬀect transistors (OFETs) have
gained significant progress, especially in the exploration of
functional organic semiconductor materials.1–3 A number of
organic molecules and polymeric semiconductors have surpassed
the benchmark mobility of 10 cm2 V1 s1,4–13 and even up to
B40 cm2 V1 s1 for thin-film and single-crystal OFET devices,
respectively.14,15 However, it is still an intriguing challenge to
develop new organic semiconductor materials with excellent
comprehensive properties for meeting the commercialization
requirements of OFETs. As the most important parameter for
gaging the performance of transistors, in particular, the chargea
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carrier mobility of organic semiconductors is intrinsically
inferior to that of inorganic semiconductors. Different from
the inorganic molecules, which are connected by strong and
short primary bonds (e.g., ionic and/or covalent bonds), the
organic molecules are held together by weak secondary bonds
(namely non-covalent interactions, such as hydrogen bonding,
p–p stacking, electrostatic interactions, van der Waals forces
etc.), which have much larger intermolecular distances. This
increased intermolecular distance usually results in disordered
regions with electronic traps, significantly impeding the charge
transport of organic semiconductors.16–19 However, the weak
non-covalent interactions could be tuned by designing molecules,
which thus improves the molecular aggregation tremendously
due to the great cumulative energies based on the enormous
numbers of small non-covalent forces.20 When several noncovalent forces exist simultaneously, the different intermolecular
interactions are usually competitive and only one kind of the
interaction force dominates the intermolecular packing mode.21
Nevertheless, it is worthwhile to try to optimize the intermolecular packing mode by utilizing the synergistic effect
between the different interaction forces.
The two-dimensional (2D) planar molecules could aggregate
by p–p stacking due to the ‘‘wider’’ scope of p-electron delocalization,
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which is favorable for intermolecular charge-transport in the
solid state.22–24 In fact, 2D p-conjugated organic semiconductor
materials have attracted more and more interest and some
molecules exhibit very high OFET performance.25–29 Thienoacene
derivatives, as well known, possess high stability and mobility
due to their rigid, coplanar and p-conjugated framework structure
and the S  S interactions.30 In earlier work, we proposed an ‘‘H’’
configuration 2D organic semiconductor molecule containing the
thieno[3,2-b]thiophene segments,29 which exhibited excellent performance with the average mobility of 5.57 cm2 V1 s1 for the
thirty fabricated single-crystalline transistors and on/off ratios
over 107. By constructing ‘‘H’’-shaped molecules with the
thienoacene as building blocks, the desired synergistic effect
could be achieved due to the existence of both p–p stacking and
S  S contact simultaneously.
To clarify the influence of synergistic eﬀect on the FET
performance, herein, we report the design and synthesis of
two ‘‘H’’-shaped heteroarene derivatives anthra[2,1-b:3,4-b 0 :6,5b00 :7,8-b00 0 ]tetra[1]benzothiophene (ATBT) and anthra[2,1-b:3,4b 0 :6,5-b00 :7,8-b00 0 ]tetra[1]benzofuran (ATBF), which contain two
five-member fused-rings and with benzene as a bridging part.
The existence of the benzene core provides high structure symmetry with central and axial symmetry simultaneously. The large
extension of the conjugation units would produce the strong
intermolecular interactions by p–p stacking, which is important
for improving the charge migration. Single-crystalline X-ray
diffraction (XRD) analysis confirmed these close p–p contacts
within the slipped stack caused by the ‘‘wider’’ conjugation
framework of ATBT, although the molecules were packed in a
herringbone geometry in the crystals. The four S atoms sited on
both sides of each molecule could produce eight S  S contacts
with neighbouring molecules, which are also favourable for
enhancing the intermolecular interaction. Spectroscopies, and
electrochemical and thermostability were investigated and both
compounds exhibited high stability. Furthermore, to deeply
explore the relationship between structure and property, so as
to elucidate the important factors which affect the molecular
aggregation and charge transfer, single-crystalline OFET devices
were fabricated using the ‘two-dimensional organic-ribbon
mask’ technique based on the individual ATBT microribbon,
and the anisotropy transport of transistors was also examined.
The highest mobility reached up to 15.6 cm2 V1 s1 and an
on/off ratio over 105 for ATBT. However, the FET performance of
ATBF is far inferior to that of ATBT, although the ATBF has the
same molecular configuration as the ATBT, which also verifies
the important influence of the synergistic effect of the noncovalent forces.
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Scheme 1

Synthesis of ATBT and ATBF.

respectively, and then reacted with 2-isopropoxy-4,4,5,5-tetramethyl1,3,2-dioxaborolane to give 2 according to the known literature.32
The precursor 3 of cyclization was prepared by the Suzuki
coupling reaction between 1,2,4,5-tetrabromobenzene and
quadruple 2. After oxidative cyclization with ferric chloride in dry
dichloromethane,33,34 the 2D ‘‘H’’-shaped fused ring compound
ATBT was obtained, and with benzene as a bridging part which
was constructed via thienyl–thienyl carbon–carbon bond formation. ATBF was synthesized similarly to that of ATBT with the
commercial benzofuran-3-ylboronic acid as the starting material.
Both the crude products were purified easily by vacuum sublimation to give pure yellow powders with high yield.
Thermal, optical and electrochemical properties
The thermal stability of ATBT and ATBF was investigated using
thermal gravimetric analysis (TGA, see Fig. 1). Both compounds
exhibit high thermal stability and the thermal decomposition
temperatures are over 530 1C, which indicates that the

Results and discussion
Synthesis
The synthetic routes of ATBT and ATBF are presented in
Scheme 1. ATBT was synthesized through four steps from
commercially available benzo[b]thiophene as the starting material.
Benzo[b]thiophene was brominated31 and lithiated at the b-position,
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Fig. 1

TGA results of ATBT and ATBF.
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Fig. 2 UV-vis absorption spectra of ATBT and ATBF dilute solutions in
CH2Cl2 and thin films.

‘‘H’’-shaped 2D fused ring system has particularly high thermal
stability.
The UV-vis spectra of ATBT and ATBF were measured in
dilute dichloromethane solutions and solid thin films vacuumdeposited on quartz (Fig. 2). The maximum absorption peak of
ATBT in the solution is located at 460 nm, which corresponds
to the p–p* transition band of the ‘‘H’’-shaped conjugated
compound. This value is higher than those of most of the 1D
thienoacenes, which confirms that the 2D molecules possess a
more extensive p-conjugated delocalization range. Compared
with the absorption in the solution, the p–p* transition absorption
peak in the thin film is blue-shifted by about 27 nm, which
indicates that a face-to-face packing (H-aggregate) was formed
in the state of aggregation due to the strong p–p stacking
between the 2D molecules.35 The existence of such strong p–p
interactions between adjacent molecules is potentially favorable
for intermolecular charge transfer. The maximum absorption
peak of ATBF in solution is not obvious due to the very low
solubility. Compared to the ATBT, the film of ATBF showed a
slight blue-shift. The optical energy bandgaps of ATBT and
ATBF estimated from the maximal absorption edges in the film
phase are 2.58 eV and 2.63 eV, respectively.
The cyclic voltammetry of ATBT and ATBF was investigated
in dichloromethane solution. Indium tin oxide (ITO)-coated
glass was used as the working electrode and Ag/AgCl as the
reference electrode. The ATBT and ATBF were deposited onto
the ITO electrode by evaporation under vacuum before
measurement. The oxidation peaks are 1.57 V and 1.20 V and
their onset positions are located at 1.21 V and 0.97 V versus Ag/AgCl
for ATBT and ATBF, respectively (Fig. 3). The corresponding
HOMO energy levels were estimated to be 5.61 and 5.37 eV,
using the equation EHOMO = (4.40 + Eonset) eV according to
the literature.36,37 The low-lying HOMO level confirms the high
stability against oxygen under ambient conditions. Furthermore, the molecular-orbital (MO) calculations of the HOMO
and LUMO levels were performed using density functional
theory (DFT) method (B3LYP, 6-31G(d,p)) to confirm the ‘‘wider’’
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Fig. 3 Cyclic voltammograms and the LUMO and HOMO orbitals of ATBT
and ATBF.

2D p-conjugated coplanar character of the electronic structures of
ATBT and ATBF.
Single-crystal structure
Crystals of ATBT and ATBF suitable for single-crystal XRD
analysis are obtained by the physical vapor transport (PVT)
method in a horizontal tube furnace, with ultrapure N2 as the
carrier gas, and characterized using X-ray crystallography. Fig. 4
shows the molecular structures and relative orientation of
ATBT and ATBF with views of the diﬀerent axes of the crystals.
Single-crystalline XRD patterns of the large crystals demonstrated that the crystals of ATBT belong to the monoclinic P21/c
space group with a = 13.6749(19) Å, b = 15.241(2) Å, c = 6.3557(9) Å,
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Single-crystal nanostructure
Small crystals with micrometer- or nanometer-size for the
fabrication of devices were obtained using an identical PVT
method by controlling the sublimation time and sample amount.
The microribbons of ATBT were grown onto an octadecyltrichlorosilane (OTS) treated SiO2/Si substrate. And then the source
and drain electrodes were processed using the ‘two-dimensional
organic-ribbon mask’ technique.38 A scanning electron microscopy
(SEM) image of an exemplified individual ATBT microribbon and
the single-crystalline OFET device, which bearing four crossed
electrodes is illustrated in Fig. 5a. An XRD pattern of the microribbons is shown in Fig. 5b. The sharp primary diﬀraction peak
corresponds to the (100) lattice plane according to the XRD results
of ATBT single crystals, which indicates that the (100) lattice plane,
namely bc plane was prolongated parallel to the substrate by a
layer-by-layer growth mechanism. The fragment of ATBT microribbon was transferred to the copper grid and the image of bright
field transmission electron microscopic (TEM) observation was
revealed in Fig. 5c. The corresponding selected-area electron
diﬀraction (SAED) pattern (Fig. 5d) shows sharp and well-defined

Fig. 4 Crystal structures of ATBT and ATBF: (a) molecular structure of
ATBT, and the molecular arrangements when viewed along the (b) c axis,
(c) b axis, and (d) a axis; (e) molecular structure of ATBF, and the molecular
arrangements when viewed along the (f) c axis, (g) b axis, and (h) a axis.

a = g = 90.001, and b = 95.798(3)1. From the crystal-structure
analysis, the molecule is nearly planar with a 6.21 dihedral angle
between the thienoacene and the central benzene bridge. The
molecules of ATBT were packed in herringbone geometry in the
crystals. However, the ‘‘wider’’ conjugation framework of ATBT still
provides for close p–p stacking (3.48 Å) within the slipped stack.
Furthermore, the intermolecular interaction between the p-stacked
arrays is also reinforced by close intermolecular S  S contacts
(3.78 Å and 3.88 Å). The four S atoms located on both sides of each
molecule could produce eight S  S contacts with the neighbouring molecules. The crystals of ATBF also belong to the
monoclinic P21/c space group with a = 8.724(6) Å, b = 5.213(4) Å,
c = 25.957(17) Å, a = g = 90.001, and b = 90.885(14)1, and the
molecule is also nearly planar with a 3.191 dihedral angle
between the benzofuran and the central benzene bridge.
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Fig. 5 (a) SEM micrograph of an ATBT microribbon and the electrodes
formed using the ‘two-dimensional organic-ribbon mask’ technique,
(b) XRD patterns of an ATBT microribbon on OTS-modified SiO2, (c) TEM
image of a fragment of the single-crystalline ATBT microribbon, and (d) the
corresponding electron diﬀraction pattern of ATBT. (e) A XRD pattern of an
ATBF microribbon and a SEM micrograph of the single-crystalline devices
(inset). (f) Selected-area electron diﬀraction (SAED) pattern of ATBF.
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reflection spots, which is indexed with lattice constants obtained
from the single-crystalline XRD diﬀraction data. The ATBF cannot
be fabricated with crossed electrodes due to the narrower width of
the microribbons. Fig. 5e demonstrates the XRD patterns of ATBF
microribbon and the SEM micrograph of single-crystalline
devices which were fabricated by using the ‘organic-ribbon mask’
technique with gold as both the source and drain electrodes. The
XRD and SAED patterns (see Fig. 5f) all confirm the single
crystallinity of the microribbons of ATBF.
OFET device performance
The FET performances of single-crystalline devices were characterized in air and Fig. 6 shows typical transfer and output
characteristics. All of the devices exhibited p-type transistor
behavior. For the ATBT, mobility along the b axis was probed to
be 6.5–15.6 cm2 V1 s1 with the highest mobility reaching up
to 15.6 cm2 V1 s1, and the average mobility is as high as
9.4 cm2 V1 s1 for the thirteen fabricated transistors. Compared to the mobility along the b axis, the transistors exhibited
a much lower mobility along the c axis with the highest mobility
of only 3.7 cm2 V1 s1. Moreover, all the transistors exhibited
high on/off ratios, which were typically greater than 105 and
with low threshold voltages under 10 V. The higher mobility
along the b direction than that along the c direction demonstrates that the intermolecular interaction was greatly enhanced
by the rich S  S contacts, which was evidenced by XRD crystallography. Furthermore, the longer microribbon length along the b
direction than that along the c axis also reflects that the b axis is
the fastest crystal-growth direction with the strongest intermolecular interactions, which is similar to that of rubrene
and pentacene, namely, the direction of the maximum mobility
coincides with the fastest crystal-growth direction.39 Our experimental results also revealed that the mobility anisotropy along
the different crystal axes and planes was dominated by the
intermolecular interactions.

Paper
The FET performance of ATBF was also measured along the
fastest crystal-growth direction similar to that of the b axis of
ATBT. However, the highest mobility is only 0.78 cm2 V1 s1
with an on/oﬀ ratio of 105, which is far inferior to that of ATBT.
According to X-ray crystallography, the aggregation of ATBT is
reinforced by p–p stacking and S  S contacts simultaneously,
and this synergistic effect could enhance the charge transport
significantly. On the contrary, although both compounds have
the same molecular configuration with the ‘‘wider’’ conjugation
framework, the aggregation of only ATBF presents p–p stacking.
The lower FET performance of ATBF also reflects that the
synergistic effect of non-covalent forces could produce important influences on the electrical properties.
To further clarify the FET performance diﬀerence and
anisotropy of ATBT and ATBF, the hole transfer integrals were
calculated by using the DFT method at the B3LYP, 6-31G(d,p)
level (see Fig. 7). The highest transfer integral of ATBT is
43.87 meV, which is higher than that of ATBF. The higher
transfer integral of ATBT than that of ATBF is coincident with
the OFET performance diﬀerence.

Experimental section
General
All the reagents and chemicals were purchased from commercial
sources and used without further purification. 3-Bromobenzo[b]thiophene31 and 3-(40 ,40 ,50 ,50 -tetramethyl-10 ,30 ,20 -dioxaborolane)benzo[b]thiophene32 were synthesized according to the literature.
1
H-NMR spectra were recorded using a Bruker DRX-400 spectrometer in deuterated chloroform with tetramethylsilane as an internal
reference. Mass spectrometry was performed using TRACE DSQ,
MicroTOF-Q II and Ion Spec 4.7 Tesla FTMS systems. Elemental
analyses were performed by an Elementar Vario III system. The
UV-vis spectra were obtained using a JLSCO V-570 UV/vis
spectrometer. Thermogravimetric analysis (TGA) was carried
out using a PerkinElmer TGA7 system under a nitrogen atmosphere. Cyclic voltammetry (CV) was carried out using a CHI660C
electrochemistry station in dichloromethane solution containing
0.1 M tetrabutylammoniumhexafluorophosphate (TBAPF6) as a
supporting electrolyte at a scan rate of 100 mV s1. In the
measurement of ATBF, ferrocene was used as an internal standard.
X-ray diﬀraction (XRD) measurements were carried out in the
reflection mode using a 2 kW Rigaku X-ray diﬀraction system.
Scanning electron microscopy (SEM) images were obtained using a
Hitachi S-4300 SE (Japan) system, and TEM and SAED measurements were carried out using a JEOL 2010 (Japan) system.
Single crystal transistor device fabrication

Fig. 6 Top: Transfer (a) and output (b) characteristics of OFET devices
based on ATBT single-crystalline microribbins; down: transfer (c) and output
(d) characteristics of OFET devices based on ATBF single-crystalline
microribbins.
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The single-crystalline microribbons were grown by a physical
vapor transport method in a horizontal tube furnace; the ATBT
was placed in the ceramic boat at the high-temperature zone of
the quartz tube and the octadecyl-trichlorosilane (OTS)-treated
SiO2 wafer (as the dielectric layer) was at the low-temperature
zone. The furnace temperature was increased to 320 1C and
then kept at that temperature for 7 h. Then two organic ribbons
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derivative.38 The procedure for single-crystalline transistor
devices of ATBF was similar to that of ATBT, but masked with
one organic ribbon. The characteristics of the OFET were
measured using a Keithley 4200-SCS semiconductor parameter
analyzer under ambient conditions.
Synthesis

Fig. 7 Transfer integrals based on ATBT (top) and ATBF (down) single-crystals.

were picked up and laminated over the ATBT microribbon in a
crossed pattern, successively. After that, Au electrodes (source
and drain) were vacuum evaporated on the masked structure.
Finally, the mask ribbons were peeled oﬀ by a mechanical
probe and the resulting device with four crossed electrodes on
an individual microribbon was obtained. The masks used here
were micrometer- or sub-micrometer ribbons of an anthracene
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Synthesis of 1,2,4,5-tetra-(3 0 -benzothieno)benzene, 3. To a
solution of 1,2,4,5-tetrabromo-benzene (0.78 g, 2 mmol) in
degassed THF was added Pd(PPh3)4 (400 mg) and aqueous
Na2CO3 (2 M, 40 mL). After degassing again, compound 2
(2.6 g, 10 mmol) was added. The mixture was refluxed for
24 h under an argon atmosphere. The organic solvent was
filtered using a Busher funnel and the residue was purified by
vacuum sublimation to give a white solid as the product 3 (1.0 g,
85%). HRMS: m/z 606.0615 (found), 606.0604 (calcd).
Synthesis of anthra[2,1-b:3,4-b 0 :6,5-b00 :7,8-b00 0 ]tetra[1](benzothiophene), ATBT, 4. In a 1000 mL three-necked flask, compound 3
(303 mg, 0.5 mmol) was dissolved in dry dichloromethane (700 mL)
and bubbled continuously with argon throughout the reaction
process. The iron(III) chloride (1.5 g) solution of nitromethane
(10 mL) was added slowly via a funnel. The mixture was stirred
for 6 h at room temperature and then the reaction was quenched
by methanol. The precipitate was collected by filtration, and
washed with water, methanol and dichloromethane successively.
The crude product was purified by vacuum sublimation to aﬀord a
yellow powder solid as the pure ATBT (260 mg, 87%). HRMS: m/z
602.0285 (found), 602.0291 (calcd). Anal. calcd for C38H18S4: C,
75.71; H, 3.01; S, 21.28. Found: C, 75.48; H, 3.00.
Synthesis of 1,2,4,5-tetra-(3 0 -benzofuranyl)benzene 6. To a
solution of 1,2,4,5-tetrabromo-benzene (0.99 g, 2.5 mmol) in
degassed toluene : dioxane = 1 : 1 (50/50) was added Pd(OAc)2
(57 mg, 0.25 mmol), 2-dicyclohexylphosphino-2 0 ,6 0 -dimethoxybiphenyl (51.5 mg, 0.125 mmol) and aqueous K3PO4 (4.24 g,
20 mmol). After degassing again, compound 5 (8.1 g, 50 mmol)
was added. The mixture was refluxed for 60 h under an argon
atmosphere. After extraction and spin drying the organic phase,
the crude product was purified by silica gel column chromatography to give a white solid as product 6 (0.8 g, 59%). MALDITOF: m/z 542.5 (found), 541.5 (calcd); 1H NMR (400 MHz,
CDCl3) d 7.95 (s, 2H), 7.51 (s, 4H), 7.45 (dd, 8H), 7.29 (d, 4H),
7.13 (d, 4H).
Synthesis of anthra[2,1-b:3,4-b 0 :6,5-b00 :7,8-b00 0 ]tetra[1]benzofuran, ATBF, 7. In a 500 mL three-necked flash, compound 6
(813.8 mg, 1.5 mmol) was dissolved in dry chlorobenzene (40 mL)
and bubbled continuously with argon throughout the reaction
process. The iron(III) chloride (1.9 g) solution of nitromethane
(35 mL) was added slowly via a funnel. The mixture was stirred
for 4.5 h at room temperature and then the reaction was
quenched by methanol. The precipitate was collected by filtration,
and washed with water, methanol and chlorobenzene, successively. The crude product was purified by vacuum sublimation
to aﬀord a yellow powder solid as the pure ATBF (530 mg, 65%).
TOF-MS-EI: m/z 538 (found), 538.1 (calcd). HRMS: m/z 538.1199
(found), 538.1205 (calcd). Anal. calcd for C38H18O4: C, 84.75;
H, 3.34; O, 11.88; found: C, 82.30; H, 3.30.
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Conclusions
In summary, two novel ‘‘H’’-shaped 2D condensed heteroarene
derivatives ATBT and ATBF were synthesized. These materials
possess high stability, which was confirmed by TGA, UV-vis
spectra and cyclic voltammetry. Single-crystalline OFET devices
were fabricated using the ‘two-dimensional organic-ribbon
mask’ and ‘organic-ribbon mask’ techniques based on the
individual ATBT and ATBF microribbons, respectively. The
transistors based on the ATBT microribbons exhibit strong
anisotropy along diﬀerent crystal axes and planes, which is
consistent with the molecular arrangement, which was revealed by
single-crystalline XRD, TEM and corresponding SEAD patterns.
Mobility of up to 15.6 cm2 V1 s1 and 0.78 cm2 V1 s1 could be
achieved for ATBT and ATBF, respectively. Crystallography and
performance diﬀerence indicate that the synergistic eﬀect of
p–p stacking and S  S contacts has important influence on the
molecular aggregation and electrical properties. Overall, our
study demonstrates that it is a viable approach for designing
novel semiconductor materials with high FET performance by
introducing the synergistic effect of non-covalent forces based
on the ‘‘H’’-configuration condensed derivatives, which expand
the scope of conjugation framework in the 2D direction.
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