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ABSTRACT: A new organic semiconductor (BT-TTF) based on molecular moieties of
benzothiadiazole and tetrathiafulvalene was designed and synthesized, and its structure,
molecular packing and charge-transporting properties were determined. Thermal properties,
electrochemical behaviors, and optical absorption of this molecule were studied by using
differential scanning calorimetry/thermal gravimetric analysis, cyclic voltammetry, and
ultraviolet−visible spectroscopy, respectively. Its bulk and nanowire single crystals were
prepared and characterized by X-ray crystallography, scanning electron microscopy,
transmission electron microscopy, and field-effect transistors. It is found that short
intermolecular S···S (3.41 Å), S···C (3.49 Å), and S···N (3.05 Å) contacts define the solid-
state structure of BT-TTF single crystals which π-stack along the [100] with interplanar
distances of 3.49 Å. Solvent-cast single-crystal nanowire transistors showed mobilities as
large as 0.36 cm2/(V s) with current on/off ratios of 1 × 106. This study further illustrates
the impact of molecular design and a demonstration of high-performance single-crystal
nanowire transistors from the resulting semiconductor.

KEYWORDS: organic semiconductor, single crystal, nanowire, field-effect transistor

1. INTRODUCTION

The development of organic molecules as active components of
electronic and optoelectronic devices has seen unprecedented
progress in the past decade.1−3 This attention is primarily due
to the potential impact on large-area and low-cost fabrication of
devices, integrated circuits, flexible displays, and in particular,
organic field-effect transistors (OFETs).4−6 One frequently
used method of characterizing organic semiconductors is
through a single-crystal OFET.7 High charge-carrier mobilities
have been demonstrated in single-crystal devices7 as the organic
crystal is free of grain boundaries and possesses a high degree of
molecular order. However, single-crystal transistors are difficult
to fabricate and device throughput is low.7a,8

Solution deposition of one-dimensional (1D) organic single-
crystals has emerged as a promising approach to realizing high-
performance transistors, integrated circuits, structure−property
studies, and for facile device fabrication.9,10 Organic semi-
conductors that pack face-to-face in the solid state are of
particular interest for this technique since they are known to
self-assemble into 1D nanostructures due to strong π−π
interactions.9,10 This packing mode has also been correlated
with high performance in OFETs.11a,bA review concerning the
performance status of organic nanowire devices has been
recently published to summarize assembly, properties, and
applications of one-dimensional nanostructures of π-conjugated
molecular systems.11c

Engineering linear/planar molecules to pack face-to-face is
challenging because the interacting forces between organic

molecules are relatively weak.1 To induce face-to-face packing,
we sought to introduce a variety of noncovalent interactions.
Inspired by S···S interactions found in tetrathiafulvalene
(TTF)12 and electrostatic interactions found in 1,2,5-
thiadiazole derivatives,13 we created a hybrid of these two
molecules in benzothiadiazole-tetrathiafulvalene (BT-TTF)
(Scheme 1). In addition to increasing π−π interactions, the
electron deficient 1,2,5-thiadiazole moieties on either end of the
TTF core are expected to enhance the air stability by
decreasing the overall electron-donating property of the
molecule.14

2. EXPERIMENTAL SECTION
2.1. Molecular Synthesis. All chemicals were purchased from

Aldrich and used as received unless otherwise specified. Reactions
were performed under an atmosphere of dry nitrogen. 2,1,3-
Benzothiadiazole-5,6-bis(thiocyanate) was prepared according to the
literature procedure.15a Melting points are uncorrected. Infrared
spectra (KBr disc) were collected using a Perkin-Elmer 1720 FTIR
spectrometer. 1H and 13C NMR spectra were recorded on a Bruker
AV-500 FT NMR (500 MHz) spectrometer. High resolution
electrospray ionization (ESI) mass spectra was obtained on a Bruker
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APEX Qe 47e: Fourier transform (Ion Cyclotron Resonance) mass
spectrometer [FT(ICR)]MS by the UW Mass Spectrometry Center.
High-resolution electron impact ionization (EI) mass spectra were
obtained on a JEOL HX-110 by the UW Chemistry Mass
Spectrometry Lab. Elemental analysis was determined at QTI
(Whitehouse, NJ).
[1,2,5]Thiadiazolo[3,4-f][1,3]benzodithiole-2-thione (2). 2,1,3-

Benzothiadiazole-5,6-bis(thiocyanate) 1 (0.55 g, 2.22 mmol) was
added to a solution of sodium sulfide nonahydrate (1.8 g, 7.32 mmol)
in degassed water (20 mL). The solution was heated to 70 °C for 30
min to produce a clear orange solution. The solution was cooled to 50
°C and carbon disulfide (2 mL) was added. The reaction stirred for 2 h
during which time a solid precipitated from the solution. Upon
cooling, the solid was filtered, washed with water, and air-dried to give
of 3 (0.40 g, 75%) as a yellow solid. Mp 201−203 °C (from EtOH);
νmax(KBr disk)/cm

−1 1483 (m), 1438 (w), 2345 (w), 1240 (m), 1059
(s), 1018 (s) 889 (w), 860 (s), 840 (m), 818 (m), 700 (w), 649 (w),
530 (w), 510 (m), 448 (w), 423 (w), 409 (w); 1H NMR (500 MHz;
CDCl3) δ (ppm): 8.12 (2 H, s); 13C NMR (125 MHz; CDCl3) δ
(ppm): 211.6, 153.0, 144.3, 112.7; m/z (ESI) 242.9178 (m + H.
C7H2N2S4 requires 241.9101).
[1,2,5]Thiadiazolo[3,4-f][1,3]benzodithiole-2-one (3). 2 (0.34g,

1.40 mmol) and mercury acetate (2eq, 0.89g, 2.80 mmol) were
stirred for 2 h at room temperature in chloroform (15 mL) and acetic
acid (7.0 mL). The reaction was then filtered through Celite and
washed with a saturated sodium bicarbonate solution. The organics
were dried over MgSO4 and evaporated to give 4 (0.26 g, 81%).
Recrystallization from toluene gave off-white needles. mp 193−195 °C
(from toluene); νmax(KBr disk)/cm

−1 1719 (w), 1649 (s), 1482 (w),
1423 (w), 1242 (m), 1075 (m), 1013 (m), 879, (m), 854 (s), 842 (s),
820 (s), 707 (w), 648 (w), 547 (w), 536 (w), 439 (m), 419 (m); 1H
NMR (500 MHz; CDCl3) δ (ppm): 8.18 (2 H, s); 13C NMR (125
MHz; CDCl3) δ (ppm): 188.1, 152.8, 136.7, 114.9; m/z (EI) 225.9328
(calcd for C7H2N2OS3, 225.9329).
6,6′-Bi-([1,3]dithiolo-[4,5-f][2,1,3]benzothiadiazolylidene) (4, BT-

TTF). A mixture of 3 (0.26g, 1.07 mmol) and degassed
triethylphosphite (5 mL) was heated for 2 h at 120 °C. The reaction
was cooled to room temperature and diluted with methanol before
collecting the red solid via filtration. The insoluble solid (0.19 g, 85%)
was washed with methanol, acetone, and dichloromethane before

drying overnight under vacuum. Insoluble in common organic
solvents, compound 4 was recrystallized from 1,2-dichlorobenzene
to form red needles. Mp 464 °C (DSC from 1,2-dichlorobenzene);
elemental anal. Found: C, 39.90; H, 0.87; N, 13.02. C14H4N4S6
requires C, 39.98; H, 0.96; N, 13.32%); νmax(KBr disk)/cm

−1 1483
(w), 1430 (s), 1239 (s), 1072 (s), 852 (s), 818 (s), 778 (s), 699 (w),
670 (w), 642 (s), 529 (m), 405 (m); 1H and 13C NMR could not be
determined due to poor solubility; m/z (EI) 419.8744 (calcd for
C14H4N4S6, 419.8760).

2. 2. Characterization Methods. Differential scanning calorim-
etry (DSC) measurements were obtained on a TA Instruments Q20 at
a heating rate of 10 °C/min under nitrogen. Thermal gravimetric
analysis (TGA) was performed on a TA Instruments 2950 at a heating
rate of 10 °C/min under nitrogen. A Perkin-Elmer Lamda 9 UV−vis-
NIR spectrophotometer was used to measure optical absorption.
Cyclic voltammetry (CV) was conducted in an electrolyte solution of
0.1 M tetrabutylammonium hexafluorophosphate in acetonitrile (thin
film) or 1,2-dichlorobenzene (solution). A typical three-electrode cell
was used with a working electrode (ITO glass for thin films and
platinum for solution), a reference electrode (Ag/Ag+, referenced
against ferrocene/ferrocenium (FeCp2

+/0)), and a counter electrode
(Pt gauze) under a nitrogen atmosphere at a sweeping rate of 100
mV/s (CV-50W voltammetric analyzer, BAS). The onset potentials
were determined from the intersection of two tangents drawn at the
rising current and background current of the cyclic voltammogram.
According to the redox onset potentials of the CV measurements, the
HOMO/LUMO energy levels of the materials were estimated based
on the reference energy level of ferrocene (4.8 eV below vacuum):
HOMO/LUMO = −(Eonset − 0.12 V) − 4.8 eV, where the value 0.12
V is for FeCp2

+/0 vs Ag/Ag+.16

2.3. BT-TTF Nanowire Synthesis. To a 50 mL round-bottom
flask was added a mixture of 15 mL toluene and 5 mL chlorobenzene
or other high boiling solvents (e.g., nitrobenzene or ODCB) and
∼0.02 g of BT-TTF powder. The solution was stirred with a magnetic
device and the mixture brought to boiling until all the powder
completely dissolved; the mixture was heated for an additional 5 min.
Reduce the dimensions of the 1D crystals by adding 2−5 mL of
methanol from a dropping funnel. Methanol was not added until the
heat was completely turned off and the heating mantle device was
removed from underneath the flask. Caution: be certain to perform the

Scheme 1. Synthesis of BT-TTFa

a(i) Na2S, H2O, CS2; (ii) Hg(OAc)2, CHCl3; (iii) P(OEt)3, 120°C, 2 h.

Figure 1. (A) TGA and (B) DSC of BT-TTF.
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experiment in a well-ventilated fume hood and utilize a Plexiglas guard
shield for protection as addition of the methanol to the hot organic solvent
can boil over and vigorously splash. Single-crystal nanowires immediately
begin to form and within 30 min they can be collected from the
organic solvent and transferred to methanol or ethanol for use in
solvent-processed devices. Nanowire dimensions range from 100 to
200 μm in length and 1 to 2 μm in width. Addition of methanol (as
mentioned above) reduces the widths (250 to 500 nm) with no
significant change in nanowire lengths.
2.4. Device Fabrication (thin film). BT-TTF was deposited at

0.5 A/s from a resistively heated quartz crucible at 2 × 10−6 Torr, with
the substrates at room temperature, 80, 100, and 120 °C.
Interdigitated source (S) and drain (D) electrodes (W = 9000 μm,
L = 90 μm, W/L = 100) were top-contact defined by evaporating a 50
nm thick gold film at 0.5A/s through a shadow mask (2 × 10−6 Torr).
All OFET characterization was performed in air and completed within
six hours of first exposure using an Agilent 4155B semiconductor
parameter analyzer. The field-effect mobility was calculated in the
saturation regime from the linear fit of (Ids)

1/2 versus Vgs. The
threshold voltage (Vt) was estimated as the x intercept of the linear
section of the plot of (Ids)

1/2 versus Vgs. The subthreshold swing was
calculated by taking the inverse of the slope of Ids versus Vgs in the
region of exponential current increase.
2.5. Atomic Force Microscopy and Transmission Electron

Microscopy. Digital Instruments Multimode Nanoscope IIIa
scanning probe microscope was used in AFM taping mode. Tips
were etched silicon tips with a typical resonant frequency of 300 - 350
kHz. BT-TTF single-crystal nanowires were examined using a Phillips
EM420 electron microscope at an accelerating voltage of 100 kV. The
samples for electron microscopy were prepared by drop-casting
nanowires from a methanol dispersion onto a carbon-coated copper
grid.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of BT-TTF Mole-

cule. BT-TTF was synthesized by phosphite-mediated self-

coupling of [1,2,5]thiadiazolo[3,4-f][1,3]benzodithiole-2-one 3
(Scheme 1). Precursor 3 was prepared starting from the
reductive cleavage of the thiocyanate substituents on 2,1,3-
benzenethiadiazole-5,6-bis(thiocyanate) 115a in aqueous sulfide.
In situ condensation with carbon disulfide afforded [1,2,5]-
thiadiazolo[3,4-f][1,3]benzodithiole-2-thione 2 in 75% yield.
Phosphite-mediated self-coupling of 2 resulted in poor yields
(∼10%) of the target compound, BT-TTF, and for that reason

it was necessary to convert thione 2 into the corresponding
ketone 3 with mercuric acetate. Treatment of 3 with
triethylphosphite15b,c afforded BT-TTF, as a red solid, in 85%
yield.
Strong intermolecular interactions limit the solubility of BT-

TTF compound in common organic solvents, though bulk
quantities of nanowires could be prepared from hot 1,2-
dichlorobenzene. Purification was carried out via sublimation
and characterization was performed in both the solid state and
in hot 1,2-dichlorobenzene. Thermal gravimetric analysis
(TGA) showed an onset weight loss of 345 °C, however,
there are no apparent transitions in the sealed-pan differential

Figure 2. Normalized UV−vis absorption of BT-TTF as a thin film
and in hot 1,2-dichlorobenzene.

Figure 3. (A) Molecular structure and possible resonance contributors
of BT-TTF; (B) molecular packing of BT-TTF illustrating π-stacking
and intermolecular contacts; (C) an optical photograph of solvent-
dispersed BT-TTF NWs (in MeOH).

Figure 4. SEM images of BT-TTF single-crystal nanowires prepared
by addition of methanol to recrystallization solvent.

Figure 5. (A) TEM image of an individual BT-TTF single-crystal
nanowire with the indicated crystallographic axis, i.e., [100]. The inset
shows the molecular packing of BT-TTF molecules and the π-stacking
along the a-axis; (B) Corresponding electron diffraction pattern. The
diffraction spots were recorded in the [010] orientation, suggesting
that the growth direction of the wire is along the [100] (i.e., the short
unit cell axis a). The molecules exhibit a short stacking distance (3.487
Å).
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scanning calorimetry (DSC) curve until a melting point/
decomposition at 464 °C (Figure 1). We attribute the TGA
anomaly to sublimation as traces of the molecules can be found
on the upper portion of the furnace. Further evidence that BT-
TTF is subliming rather than decomposing is found in the
relative ease of crystal growth by physical vapor transport
sublimation at 340 °C with no obvious color change of the
sample. These high-temperature transitions demonstrate the
good thermal stability of this material.
UV−visible spectroscopy and cyclic voltammetry (CV) were

performed in hot 1,2-dichlorobenzene solutions and on thin
films (Figure 2 and Figure S1 in the Supporting Information).
The reason that thin film absorption spectrum exhibits two
additional maxima is due to increased intermolecular
interactions. The intermolecular interactions give rise to low-
energy bands at 512 and 550 nm. Despite the electron
withdrawing BT-moiety, no reduction was observed in either
the thin film or solution CV. BT-TTF shows an irreversible
oxidation as a thin film and an onset oxidation potential of 0.75
V (FeCp2

+/0). From this we estimated a solid state HOMO
energy level of −5.5 eV.16 We estimated a LUMO energy level
of −3.4 eV, using an optical band gap of 2.1 eV obtained from
the thin film UV−vis absorption onset.
3.2. Bulk and Nanowire Single Crystals of BT-TTF

Molecule. Single crystals of BT-TTF, obtained by physical
vapor transport growth7,8 were examined using X-ray
crystallography to unambiguously determine the structure.
Crystals belong to the triclinic space group P-1 (No.2) with a =
3.9206(4) Å, b = 6.9220(8) Å, c = 14.4072(16) Å, α =
77.661°(5), β = 83.708°(5), γ = 78.028°(6). As expected, BT-
TTF is planar within the limits of error. SN bond lengths
(1.62 and 1.63 Å) are between that of S−N single bond13a

(1.73 Å) and SN double bond13a lengths (1.53 Å), whereas
CN double bonds are similar to those found in
heterocycles.17a Although we can depict the intermediacy of

all bond lengths (CC double bond lengths range from 1.36
to 1.45 Å) with three resonance contributors, BT-TTF, BT-
TTFa, and BT-TTFb (Figure 3A), the molecule shows
alternations between single and double bond character,
suggesting a dominance of the resonance form BT-TTF. The
packing diagram of BT-TTF is shown in Figure 3B. BT-TTF
forms 1D π-stacks with multiple interactions between
neighboring sulfur, nitrogen, and carbon atoms. We observed
short intermolecular S...S distances of 3.41 Å, S···C distances of
3.49 Å, and S···N contact distances of 3.05 Å. These values are
shorter than the sum of the van der Waals radii.17b The
thiadiazole moiety plays a key role in the solid state structure of
the molecule and contributes to the high degree of order. A
previous comparison of known literature values8a had shown an
inverse correlation between the bond length and contact
distance. Our data support these observations that attribute
short thiadiazole contacts with electrostatic dipolar interactions
between neighboring -NSN- linkages, as represented by BT-
TTFb.
Scanning electron microscopy (SEM) images of BT-TTF

single-crystal nanowires prepared by addition of methanol to
recrystallization solvent are shown in Figure 4. Solvent-borne
crystals dispersed in methanol (Figure 3C) were drop-cast onto
copper grids and analyzed via transmission electron microscopy
(TEM) and electron diffraction to determine the molecular
packing of BT-TTF in 1D crystals. Figure 5A shows a TEM
image of a BT-TTF nanowire and Figure 5B shows the
corresponding electron diffraction. By indexing the reciprocal
electron diffraction spots, we verified the real space packing of
BT-TTF molecules within the nanowire. Molecules stack face-
to-face along the [100] direction with intermolecular distances
of 3.49 Å.

3.3. Nanowire and Thin-Film Transistors of BT-TTF
Molecule. Single-crystal nanowire transistors were fabricated
by drop-casting dispersions of BT-TTF nanowires from
methanol directly onto bottom-contact gold source-drain
electrodes. Gold electrodes and SiO2 (300 nm) were modified
with nitrobenzenethiol and OTS, respectively, in order to
improve charge-injection and device characteristics.18 Figure 6A
shows a BT-TTF single-crystal transistor, whereas panels B and
C show the electrical characteristics. A hole mobility, threshold
voltage, and current on/off ratio of 0.36 cm2/(V s), −3.6 V, and
∼1 × 106 were measured, respectively. Individual nanowire
transistors showed average mobilities of 0.22 cm2/(V s) based
on 20 measured devices. As a comparison, we also fabricated
thin film transistors via thermal evaporation in a top-contact
configuration and found the mobility to be dependent on the

Figure 6. (A) Optical micrograph of individual BT-TTF single-crystal transistors; (B) transfer, and (C) output characteristicis. The output and
transfer curves correspond to the optical micrograph shown in A.

Table 1. OTFT Data (average of six individual devices) of
BT-TTF Fabricated at Various Substrate Deposition
Temperaturesa

T (°C) μsat (cm
2/V s) Vt (V) S (V/dec) Ion/Ioff

25 2.01 × 10−4 −10 2.0 1 × 103

80 1.91 × 10−3 −8 1.6 1 × 105

100 4.57 × 10−4 −11 1.8 1 × 104

120 4.68 × 10−4 −12 1.8 1 × 104

aChannel width, W = 9000 μm; channel length, L = 90 μm; W/L =
100. μsat, saturation field-effect mobility; Vt, threshold voltage; S, sub-
threshold slope; and Ion/Ioff, on/off current ratio.
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substrate deposition temperatures. Mobilities in the range of
0.0002 to 0.002 cm2/(V s) were measured with the highest
mobility observed at a substrate deposition temperature of 80
°C (Table 1). Thermal evaporation yields a network of poorly
connected crystals (see Figure S2 in the Supporting
Information) which significantly limits the mobility compared
to single-crystal nanowires underscoring the applicability of
solvent-dispersed crystals for high-performance transistor
devices.

4. CONCLUSIONS
We have synthesized a new robust organic semiconductor, BT-
TTF, and determined the structure, molecular packing and
charge-transporting properties. Short intermolecular S···.S,
S···N, and S···C contacts define the solid state structure of
BT-TTF single crystals which π-stack along the [100]. Solvent-
cast single-crystal nanowire transistors showed mobilities as
large as 0.36 cm2/(V s) with excellent device characteristics.
This study further illustrates the impact of molecular design and
a demonstration of high-performance single-crystal nanowire
transistors from the resulting semiconductor.
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