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ABSTRACT: A new organic small-molecule family comprising tetracyanoquinodi-
methane-substituted quinoidal dithioalky(SR)terthiophenes (DSTQs) (DSTQ-6
(1); SR = SC6H13, DSTQ-10 (2); SR = SC10H21, DSTQ-14 (3); SR = SC10H21)
was synthesized and contrasted with a nonthioalkylated analogue (DRTQ-14 (4); R
= C14H29). The physical, electrochemical, and electrical properties of these new
compounds are thoroughly investigated. Optimized geometries obtained from
density functional theory calculations and single-crystal X-ray diffraction reveal the
planarity of the SR-containing DSTQ core. DSTQs pack in a slipped π−π stacked
two-dimensional arrangement, with a short intermolecular stacking distance of 3.55
Å and short intermolecular S···N contacts of 3.56 Å. Thin-film morphological
analysis by grazing incident X-ray diffraction reveals that all DSTQ molecules are
packed in an edge-on fashion on the substrate. The favorable molecular packing, the
high core planarity, and very low lowest unoccupied molecular orbital (LUMO)
energy level (−4.2 eV) suggest that DSTQs could be electron-transporting semiconductors. Organic field-effect transistors based on
solution-sheared DSTQ-14 exhibit the highest electron mobility of 0.77 cm2 V−1 s−1 with good ambient stability, which is the highest
value reported to date for such a solution process terthiophene-based small molecular semiconductor. These results demonstrate that
the device performance of solution-sheared DSTQs can be improved by side chain engineering.
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1. INTRODUCTION

Solution processable π-conjugated organic small molecules
have attracted much attention for their potential applications
in, among others, organic field-effect transistors (OFETs),
which can be used to fabricate memory devices, smart cards,
radio frequency identification tags, electronic papers, flexible
displays, and sensors.1−11 Most of these devices require two
charge carrying-type OFETs, one which transports holes (p-
channel) and one which transports electrons (n-channel). The
design of these solution-processed small molecules are
composed of a planar conjugated building blocks with suitable
solubilizing alkyl side chains. The inter/intramolecular
interactions, molecular packing, and device performances can
be significantly affected by the modifications of these alkyl side
chains.12−15 The development of solution-processable n-
channel OFETs based on small molecular organic semi-
conductors has made substantial progress during the past
decade.16−19 The most prominent examples consist of

electron-poor building blocks such as tetraazapentacenes,
diketopyrrolopyrrole (DPP),20,21 naphthalenediimides
(NDIs),22−24 perylenecarboxydiimide (PDI),25 and other
oligo/fused thiophene26−28 based cores optionally function-
alized with electron-withdrawing functionalities such as
perfluorophenyls,29 cyano,30 and alkyl cyanoacetates.17

Among several examples of conjugated n-channel small
molecules, tetracyanoquinodimethane (TQ)-containing mole-
cules (see examples in Figure 1)31−35 have shown good
electron transport in ambient, thanks to their low lowest
unoccupied molecular orbital (LUMO) energy and strong
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electron affinity. Besides the low-lying LUMO (<−3.9 eV), the
tetracyanoquinodimethane unit can also be linked synthetically
to most known conjugated building blocks to convert them to
a potential n-type semiconductor.36−44 Despite these promises,
TQs have not outperformed other high-performance n-channel
organic semiconductor families, which is probably due to the
very limited extension of the π-core and molecular disorder as
the result of the different diastereoisomers in TQ oligothio-
phenes.17,27 Among the best examples, vacuum-deposited
DCMT (I) exhibited the highest electron mobility of ∼0.2
cm2 V−1 s−135 and solution-deposited films of II were reported
with an electron mobility of 0.16 cm2 V−1 s−1.34

The introduction of sidechains into π-conjugated molecular/
polymeric backbones not only enables their thin-film
processing from solution but also plays an important role in
tuning their solid-state optical and electronic properties. Over
the past few years, a few polymers have been functionalized
with thioalkyl chains to improve their photovoltaic perform-
ances.45−47 In addition, we have recently developed soluble
dithioalkyl-substituted bithiophene-based semiconductors, in
which the sulfur atoms in the thioalkyl chains provide
intramolecular locks with the other sulfur atoms in the
thiophene (S···S), which enhances the molecular planarity and
hole mobility.48−51 Thus, an interesting question is whether
this approach could promote more structurally ordered TQs
and promote intermolecular forces and electron mobility.
In this report, using the above strategy, we used different

thioalkyl side chains to synthesize tetracyanoquinodimethane-
substituted quinoidal dithioalkylterthiophene (DSTQs) result-
ing in new compounds DSTQ-6 (1; SR = SC6H13), DSTQ-10
(2; SR = SC10H21), DSTQ-14 (3; SR = SC14H29). A
nonthioalkylated derivative, DRTQ-14 (4; R = C14H29), was
also synthesized for comparison. We systematically inves-
tigated the effect of the (thio)alkyl side chain substitution on
the terthiophene core on molecular and thin-film properties as
well as charge transport in OFET devices. Semiconductor film
deposition optimization was carried out by semiconductor
processing using solution-shearing methods versus conven-
tional spin-coating. Thus, OFETs’ performance and thin-film
morphology were investigated as a function of processing

demonstrating the superiority of shearing to enhance
molecular order and carrier mobility. In particular, quinoidal
DSTQ-14, which has a dithiotetradecyl side chain, exhibits the
highest OFET electron mobility of 0.77 cm2 V−1 s−1 of the
series. Morphological and structural analyses revealed that the
improved mobility is due to high crystallinity caused by the
high degree of interchain ordering and π−π stacking
propensity. Our data suggested that this new DST-heteroarene
molecular design, enabling pseudo-fused pentathienoacene
structures (Figure 1b), affords highly soluble, yet considerably
planarized, molecular semiconductors for optoelectronics.

2. RESULTS AND DISCUSSION
2.1. Synthesis. The synthetic route to quinoids 1−4 is

shown in Scheme 1. The central dithioallylated thiophene (7)

unit was prepared starting from 3,4-dibromothiophene (5),
which was first dilithiated using n-BuLi, followed by the
reaction with sulfur, and was then dialkylated with the
corresponding alkyl bromide to afford 7. However, the
dialkylated thiophene analog (7) was prepared via a Kumada
coupling of 5 with the corresponding alkyl Grignard reagent
catalyzed by the Nickel complex.52 After dibromination of
molecules 7 with n-bromosuccinimide (NBS) to give the
corresponding 8, it was then coupled with 2-(tributylstannyl)-
thiophene in the presence of a palladium catalyst to give
dithiophenylthiophenes 9. Again, upon treatment of the latter
with NBS, the dibrominated terthiophenes 10 were prepared.
Via Takahashi coupling of the latter with malononitrile in the
presence of tetrakis(triphenylphosphine)palladium, followed
by oxidation using a saturated solution of bromine in water,
quinoids DSTQ (1−3) and DRTQ (4) were achieved. Most of
the newly developed quionoids are well soluble in common
organic solvents and suitable for thin-film solution-processing.
All compound chemical structures were characterized by 1H
and 13C NMR, mass spectrometry. Furthermore, single-crystal
X-ray analyses of DSTQ-14 (3) and DRTQ-14 (4) were
obtained for comparison. Synthetic procedure details and
characterization data are provided in the Supporting
Information.

2.2. Physical Characterization. Thermal analyses of the
new organic semiconductors were performed using differential
scanning calorimetry (DSC: Figure S1) and thermogravimetric
analysis (TGA; Figure S2), and the corresponding thermal
data are summarized in Table 1. As revealed by the DSC scans,
all compounds possess high melting points with sharp
endotherms above 195 °C. From the TGA measurements, it
can be seen that all four molecules exhibited high thermal
stability with 5% weight loss at temperatures up to 260 °C

Figure 1. (a) Chemical structures of the reported oligothiophene-
based quinoidal dicyanomethylene substituted n-type small molecules.
The symbols (v) and (s) denote semiconductor films of vacuum and
solution processes. (b) Pseudo-pentathienoacene-like structure of
DSTQ.

Scheme 1. Synthetic Route to Quinoidal Semiconductors
1−4
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(under nitrogen). DRTQ-14 exhibited the highest thermal
stability up to 393 °C. It is interesting to note that the thermal
decomposition of all four molecules (1−4) is the result of two
alkyl chains cleavage, as confirmed by the TGA weight loss
profile.
The optical properties of 1−4 were measured by UV−vis

spectroscopy both in chlorobenzene solution and as thin films
prepared by solution-shearing (vide inf ra). As shown in Figure
2a, the solution absorption spectra of DSTQ-6 (1), DSTQ-10
(2), and DSTQ-14 (3) are identical with maximum absorption
band at 695 nm, indicating that the variation of thioalkyl side
chain length does not lead to fundamental changes in the
intrinsic electronic structure of the π-conjugated dithioterthio-
phene (DST) backbone. On the other hand, by comparing the
absorption of DRTQ-14 (4; λmax (soln) at 680 nm), the
introduction of the sulfur atom into the alkyl side moiety leads
to significant bathochromic shift of ∼15 nm. The thin-film
spectra of DSTQ-6, DSTQ-10, DSTQ-14, and DRTQ-14 are
broad and contain a combination of blue-shifted and red-
shifted features versus the solution spectra (Figure 2b), which
can be explained by the thin-film H-type and J-type
aggregation intermolecular aggregation, respectively. Appa-
rently, the thioalkyl side chain length of DSTQ compounds do
not influence the band gap too much. However, all DSTQ-
based compounds exhibit a shoulder peak at ∼720 nm, which

is attributed to J-type aggregation. The extent of aggregation,
and thus the intensity of this band, is known to depend on
several factors including (small) variations in packing motifs,
intermolecular distances, intermolecular geometries, crystallite
size, extent of crystalline versus amorphous aggregates to cite
just a few of them.53−55 Furthermore, the typical Davydov
splitting indicated by both high-energy and low-energy
transition can be easily observed in the optical properties of
thiophene-based oligomers and quinoidal molecules with
dicyanomethylene groups attached in conjugated back-
bone.27,31,56,57

Differential pulse voltammetry (DPV) was employed to
examine the electrochemical properties of 1−4 in o-
dichlorobenzene with a 0.1 M Bu4NPF6 solution at 25 °C.
The DPV curves and the corresponding highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energy levels are presented in
Figure 3 and the data are listed in Table 1. The LUMO
energies of all three DSTQs are below −4.2 eV, which are
sufficiently deep enough for efficient electron injection and
ambient stable electron transport, thus enabling the potential
application as ambient-stable n-type organic semiconductors. It
is found that modifying the length of the alkyl side chain does
not influence the electrochemical properties of DSTQs. In
contrast, the HOMO/LUMO energy levels are obviously

Table 1. Thermal, Optical, and Electrochemical Properties of all Four Compounds

Compound Td
a [°C] Tm

b [°C] λmax (soln)
c [nm] λmax (film)d [nm] Eox

e [V] HOMOf [eV] Ered
e [V] LUMOf [eV] ΔEg

g [eV]

1 267 208 695 675/720 1.43 −5.63 0.08 −4.28 1.35
2 296 212 695 677/725 1.43 −5.63 0.08 −4.27 1.36
3 310 202 695 675/720 1.42 −5.62 0.08 −4.28 1.34
4 393 195 680 655/705 1.41 −5.61 −0.02 −4.18 1.43

aDecomposition temperatures were determined from TGA. bMelting temperatures were determined from DSC. cAbsorption spectra were
measured in o-C6H4Cl2.

dThin films were solution-sheared onto a quartz glass. eBy DPV in o-C6H4Cl2 at 25 °C. All potentials are reported with
reference to an Fc+/Fc internal standard (at +0.6 V). fUsing HOMO/LUMO = −(4.2 + Eox/Ered).

gThe energy gap was calculated from the
difference between HOMO and LUMO measured by DPV.58

Figure 2. (a) Absorption spectra of all four compounds in diluted o-dichlorobenzene solution; (b) normalized absorption of solution-sheared film.

Figure 3. (a) DPV of DSTQs in o-dichlorobenzene. (b) DPV-derived HOMO and LUMO energy levels.
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affected by introducing the sulfur atom into the alkyl side chain
moieties, which provides deeper LUMO (−4.28/−4.27 eV for
DSTQs vs −4.18 eV for DRTQ-14) and HOMO (−5.63/−
5.62 eV for DSTQs vs −5.61 eV for DRTQ-14) energies. This
result indicates that the DSTQ framework with sulfur
introduced in the alkyl side chains could stabilize electron
transport compared to their conventional alkylated analog.
Furthermore, it is worth noting that the LUMO energy level of
DSTQs closely approaches the work function of silver
electrodes (−4.26 eV), which may facilitate charge injection
and thereby enhance electron mobility. Besides that, the
electrochemically derived HOMO−LUMO energy gaps of all
DSTQs are ∼1.35 eV. This small band gap (Eg) suggests that
DSTQs are favorable as a new type of semiconducting
material.
To gain further insight into the effect of side chain

engineering on the electronic structure and molecular
geometry of four quinoidal compounds, density functional
theory (DFT) calculations were performed at the B3LYP/6-
31G* level of the Gaussian 03W program. All of the calculated
compounds show similar electron density distribution for
HOMO and LUMO along the entire quinoidal backbone
(Figure S3). This electron density distribution demonstrated a
significant delocalization of the quinoidal structure. Further-
more, a down-shifted tendency is also observed in the
calculated HOMO and LUMO energy levels of DSTQ-6,
DSTQ-10, and DSTQ-14 compared to DRTQ-14, indicating
that the introduction of sulfur atoms in the alkyl side moiety
plays a role in affecting the electronic structures of the DSTQ
conjugated core and is consistent with the DPV experimental
results. Specifically, the calculated LUMO of all DSTQs

compounds is ∼−4.30 eV, indicating that the selection of
suitable thioalkyl side chain leads to the possibility for the
potential environmentally stable OFETs. The optimized
geometries obtained from DFT calculations (Figure S4)
suggest that the DSTQ conjugated cores are highly planar,
which would promote an efficient delocalization of the π-
electrons and facilitate π−π overlap and intermolecular
interactions; therefore, it could be beneficial for charge
transport. In particular, the inter-ring torsion angle between
thiophene units of DSTQ-6, DSTQ-10, and DSTQ-14 (2.71−
2.89°) is about one-half the value of DRTQ-14 (5.17°),
indicating that thioalkyl introduction could favor planarity of
the conjugated core, which allows to better charge transport
efficiency.

2.3. Single-Crystal Structure. Single crystals of DSTQ-14
and DRTQ-14 were grown in a mixture of hexanes and
dichloromethane by slow solvent evaporation in order to gain
further insight into their molecular packing pattern and charge-
transport properties. Their molecular structure and the
complete crystal data derived from X-ray crystallographic
analysis are shown in Figures 4 and 5. Both the DSTQ-14 and
DRTQ-14 crystallized in the triclinic space group of P1 (for
crystal data Tables S1 and S2) and adopted face-to-face slipped
π−π stacking arrangement with a stacking distance of 3.55,
3.51 Å and layer slipping angle of 21.61, 22°, respectively. This
face-to-face stacking of the π-stacking structure is believed to
be more efficient for charge transport. The shortest
intermolecular distances between S(thiophene)···N and S···S
(between thiophenes) are 3.56 and 3.93 Å for DSTQ-14, 3.63
and 3.75 Å for DRTQ-14. In particular, the shortest
intermolecular N···H distances among the face-to face layers

Figure 4. Single-crystal structure of DSTQ-14 (3) in stick models (a−c) and space filling packing models (d−f). (a) Top view of 3 with
intramolecular S−S distance of 3.09 Å and the molecular length of 15.9 Å. (b) Front view of two stacking DSTQ molecules. The interplanar
distance is ∼3.55 Å. (c) Side view of 3. (d−f) Molecular packing arrangement of DSTQ with a face-to-face layer stacking distance of 3.55 Å and
exhibition of the slipping angles of 21.61 and 63.2°. The red (and light red), blue (and light blue), and gray (and light gray) colored balls indicate
sulfur, nitrogen, and carbon atoms, respectively. Alkyl side chains are partially omitted for clarity.

Figure 5. Single-crystal structure of DRTQ-14 (4) in stick models (a−c) and space filling packing models (d−f). (a) Top view of 4. (b) Front view
of two stacking DRTQ molecules. The interplanar distance is ∼3.51 Å. (c) Side view of 4. (d−f) Molecular packing arrangement of DRTQ with a
face-to-face layer stacking distance of 3.51 Å and exhibition of the slipping angles of 22 and 86.5°. The red (and light red), blue (and light blue),
and gray (and light gray) colored balls indicate sulfur, nitrogen, and carbon atoms, respectively. Alkyl side chains are partially omitted for clarity.
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of DSTQ-14 molecules are 2.51−2.53 Å (Figure S5), which
are much shorter than those in DRTQ-14 (2.66−2.71 Å,
Figure S6). These intermolecular interactions in both DSTQ-
14 and DRTQ-14, along with π−π interactions, formed two-
dimensional networks in the crystals, which facilitate charge
transport. Both quinoids are quite planar with small distor-
tional angles and thus are expected to be good candidates for
OTFTs. It is worth noting that an intramolecular nonbonded
contact between the sulfur atom in the central thiophene ring
and sulfur atom in alkyl side moieties exists in DSTQ-14 (3.09
Å), which is shorter than twice the van der Waals radius of the
S atom (3.70 Å).51

2.4. Charge-Transport Measurements. To investigate
the effects by sulfur atom introduction and different alkyl
substituent lengths in the side chain of DSTQs on OFET
performance, bottom-gate top-contact devices were fabricated
by solution-shearing and, in control devices, by spin-coating
methods.59−64 Solution-shearing was preferred to achieve
aligned crystalline semiconductor domains having favorable
charge-transport characteristics by controlling the semi-
conductor film morphology. Film optimization can be carried
out by varying solution-shearing process parameters such as
shearing speed, substrate temperature, as well as semi-
conductor concentration. All the devices, which were
fabricated and measured under ambient conditions, exhibit
n-type charge-transport characteristics, probably as a result of
the deep LUMO energy levels. Particular devices were stored
in the air for further ambient stability measurements. Silver was
used for the electrodes mainly because of the close value
between Ag work function (−4.26 eV) and the LUMO value
of DSTQs, leading to good charge carrier injection. Figure 6

depicts the representative OFET transfer and output curves.
The transfer characteristics (Id−Vg: drain current−gate
voltage) in Figure 6a clearly show only n-type field-effect
behavior as the result of the low-lying LUMO energy level. As
shown in Figure 6b−e, their output characteristic (Id−Vd:
drain current−drain voltage) ranging from 0 to 80 V presents a
well-fitted linear and saturation regime for good OFETs’
performance. The electron mobilities (μ) and threshold
voltage (Vth) were extracted from the slope and intercept of
Id versus Vg in the saturation regime.
The device performance, including maximum mobility

(μmax), average mobility (μavg), Vth, and current ON/OFF
ratios (ION/IOFF) are summarized in Table 2. The results show
that there is a mobility dependence on the thioalkyl side chain
length. OFETs based on DSTQ-6 and DSTQ-10 displayed
electron mobilities of 0.031 ± 0.014 cm2 V−1 s−1; 0.053 ±
0.008 cm2 V−1 s−1 (μavg) and 0.045 cm

2 V−1 s−1; 0.064 cm2 V−1

s−1 (μmax), respectively, which thus slightly increases when the
thioalkyl side chain length increases from thio-hexyl to thio-
decyl. The slightly higher ION/IOFF of these two molecules
showed a similar tendency behavior correlated with the
mobility and the side chain length. However, the μmax of
DSTQ-14-based OFET devices improves dramatically to the
highest value of 0.77 cm2 V−1 s−1 (μavg of 0.56 ± 0.07 cm2 V−1

s−1), thus for the longest thio-tetradecyl chain. DSTQ-14 not
only displayed an improved mobility but also a respectable
ION/IOFF of up to ∼104, indicating good current modulation
characteristics. One notable characteristic is that the DRTQ-14
gives a lower mobility (μmax = 0.14 cm2 V−1 s−1; μavg = 0.09 ±
0.02 cm2 V−1 s−1) than that with the DSTQ-14 analogue.
These results suggest that the length of thioalkyl side chain

Figure 6. Representative transfer characteristics of solution-sheared OFETs based on (a) all four thin films (under a constant Vd of 80 V). Output
characteristics of solution-sheared OFETs based on (b) DSTQ-6, (c) DSTQ-10, (d) DSTQ-14, and (e) DRTQ-14 thin films. All the OFETs were
measured in air at room temperature.

Table 2. Summary of OFET Parameters Based on Solution-Sheared and Spin-Coated DSTQ Thin Films, as Measured in Air at
Room Temperature

solution-sheared film spin-coated film

Compound μmax
a [cm2 V−1 s−1] μavg

b [cm2 V−1 s−1] Vth
b [V] ION/IOFF [−] μmax

a [cm2 V−1 s−1] μavg
b [cm2 V−1 s−1] Vth

b [V] ION/IOFF [−]
1 0.045 0.031 ± 0.014 32 ± 2.4 102 to 103 0.0002 0.00010 ± 0.00007 5.2 ± 0.7 101 to 102

2 0.064 0.053 ± 0.008 20 ± 3.6 103 to 104 0.04 0.037 ± 0.001 10 ± 1.7 102 to 103

3 0.77 0.56 ± 0.07 36 ± 2.3 103 to 104 0.064 0.055 ± 0.009 5 ± 2.6 102 to 103

4 0.14 0.09 ± 0.02 12 ± 6.7 103 to 104 0.042 0.04 ± 0.01 15 ± 2.7 102 to 103

aMaximum mobility. bThe average TFT characteristics were obtained from more than 10 devices originating from 3 to 4 semiconductor
depositions.
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substituents and introduction of the sulfur atom into side
moieties have a crucial influence on the charge transport of
quinoidal-based n-type organic semiconductors. OFETs based
on DSTQ derivatives fabricated by conventional spin-coating
were also studied in order to compare their charge-transport
properties because of the different organic semiconductor
deposition techniques. As shown in Figure S7 and summarized
in Table 2, the highest mobility extracted from spin-coating
(0.064 cm2 V−1 s−1 for DSTQ-14) is 1 order of magnitude
lower than their solution-sheared counterparts. Furthermore,
in all cases the mobilities achieved by film spin-coating are
always lower than those achieved by solution-shearing, a result
correlated to the resulting semiconductor film morphologies as
discussed later.
Note, the Vth of the solution-shared films are quite large

(12−36 V) and larger than those of the spin-coated films (5−
15 V). This result is likely due to the large film thickness of the
former films (50−80 nm), thus in a top-contact OFET
architecture meaning that there is a quite large depletion
region which the injected charges have to penetrate before
approaching the channel.65,66 Additional contribution to Vth
may be due to the crystalline morphology with large grains
separated by large grain boundaries. Finally, the high current in
the OFF state, thus unoptimal ION/IOFFs, is again the
consequence of the relatively thick semiconducting films in
combination with OFET processing in an ambient rather than
an N2-filled glove box.
2.5. Thin-Film Microstructural Characterization and

Correlation to Charge Transport. To understand the effect
of the side chain engineering of the quinoidal compounds on
OFETs’ performance, thin-film morphologies and molecular
packing structures were investigated by polarized optical
microscopy (POM, Figure 7), atomic force microscopy

(AFM, Figure 8), grazing incident X-ray diffraction (GIXRD,
Figure 9), and transmission electron microscopy (TEM, Figure
S8), using thin films fabricated under the same conditions for
OFET active layer fabrication. The POM images of the
solution-sheared DSTQ films under the cross-polarized light
(Figure 7) demonstrate that all films exhibit a crystalline
morphology with strong birefringence properties originating
from the elongated crystals aligned along the shearing
direction. For the solution-sheared DSTQ-6 films, contiguous
millimeter-wide crystalline domains with a length of up to a
centimeter are observed, again with crystal plates oriented
parallel to the shearing direction. As the thioalkyl side chain
length increases from 6 to 10 carbon atoms (thiodecyl), the
DSTQ-10 film shows a different film morphology charac-
terized by spherulitic features with a Maltese cross structure.
This morphology features the radial growth of the crystal

domains originating from the nucleation sites, which has been
observed for small molecules crystallized in a concentration
gradient.67 Note, a concentration gradient between the bulk
solution and the evaporation front also forms during solution-
shearing. A different morphology is also observed in DSTQ-14,
which exhibits a sheet-like morphology with quasi-one-
directional continuous crystals. Finally, the DSTQ-14 films
are also textured but visibly more smooth and having fiber-like
flakes growing from the larger features when compared to the
other DSTQs. These results indicate that the morphology of
solution-sheared DSTQ films can be significantly influenced by
varying the alkyl side chain length.
AFM topographic images of the solution-sheared DSTQ-6,

DSTQ-10, and DSTQ-14 thin films that possess terrace-like
morphologies, whereas DRTQ-14 exhibits fibrotic features, in
agreement with the optical image results. According to the
height profile and root-mean-square (rms) roughness (Rrms)
measurements, by increasing the thioalkyl side chain length the
crystal domain size of the DSTQ films increases and they
become more interconnected. As shown in Figure 8, the film of
DSTQ-14 possesses the largest domain size (∼hundreds of
micrometer) and is the smoothest (Rrms = 1.9 nm) compared
to the other DSTQ films. The increased domain size suggests
improved thin-film crystallinity, if the domains are well
connected as shown for DSTQ-14, and it should enhance
the charge-carrier mobility. These data are corroborated by the
OFET transport parameters shown in Table 2. Interestingly,
the DSTQ-10 film exhibits different correlations between the
μmax achieved (0.064 cm

2 V−1 s−1) and its Rrms value (5.84 nm)
with those of the DSTQ-6 film (μmax: 0.045 cm

2 V−1 s−1; Rrms:
3.94 nm). This is probably the result of a balance between the
crystal size (larger for DSTQ-10), domain connectivity by
number of grain boundaries (poorer for DSTQ-6), and extent
of grain boundaries (poorer for DSTQ-10). It should be noted
that the grain boundaries could create an energy barrier and
limit the charge-carrier mobility in organic films. Because of
highly ordered layered structures, step heights of 24, 27, 30,
and 29 Å can be measured by AFM for DSTQ-6, DSTQ-10,
DSTQ-14, and DRTQ-14 thin films, respectively, along the
terrace or fiber topographies. The layered structure heights are
in good agreement with the values obtained from 2D GIXRD
out-of-plane diffraction patterns, indicating that the film
growth packed in a lamellar and out-of-plane fashion (vide
inf ra). In addition, the mobility variation between the solution-
sheared and spin-coated OFETs is in agreement with the
morphologies of the corresponding DSTQ films. Thus, spin-

Figure 7. POM image of solution-sheared (a) DSTQ-6, (b) DSTQ-
10, (c) DSTQ-14, and (d) DRTQ-14 thin films.

Figure 8. AFM image of solution-sheared (a) DSTQ-6, (b) DSTQ-
10, (c) DSTQ-14, and (d) DRTQ-14 thin films.
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coated DSTQ films prepared on the same substrates form
much smaller crystals (see POM and AFM images in Figures
S9 and S10 of the Supporting Information, respectively),
originating from the fast crystal growth process, resulting in a
lower field-effect mobility.
2D GIXRD measurements were employed to study the

molecular packing and orientation of all solution-sheared films
(Figure 9). All of the DSTQ films exhibit intense reflections,
indicating the presence of crystalline domains. Two kinds of
reflection families are observed, the (00l) reflections because of
the lamellar layer structure stacking along the qz direction (out-
of-plane) and (hk0) reflections because of the intermolecular
packing along the qxy direction (in-plane). By increasing the
side chain length, the reflections oriented along the qz direction
become stronger and shift to lower values, thus correlating to
the thioalkyl chain length and the molecules packing edge-on
with respect to the substrate surface. DSTQ-14 containing the
thiotetradecyl side chain has the largest lamellar spacing (d001)
value of 32.19 Å, whereas those for DSTQ-6 and DSTQ-10
are 23.85 and 27.50 Å, respectively, in agreement with the
shorter chain lengths. DRTQ-14 exhibits a d001-spacing value
of 31.58 Å, which is slightly lower than that of DSTQ-14, as a
result of the missing sulfur atom in the chain substituent.
These results are consistent with the c-axis geometries from X-
ray single-crystal diffraction data (Figures 4 and 5) and the
alkyl side length value from DFT-optimized geometry
calculations (Figure S4). These 2D GIXRD results are also
consistent with the AFM height profiles that clearly reflect the
layered structure stacked in the lamella stacking. As can be
seen in Figure 9, the molecular packing of DSTQ-14 possesses
the sharpest and the highest number of diffraction peaks when
compared to DSTQ-6, DSTQ-10, and DRTQ-14, indicating
that DSTQ-14 has the most ordered molecular packing among
the solution-sheared DSTQ derivatives. The proposed
molecular packing of DSTQ-14 is shown in Figure S11. The

GIXRD patterns with the incident beam parallel and
perpendicular to the shearing direction are compared in
Figure 9a,b, respectively. DSTQ-6 and DSTQ-10 show very
similar patterns in these two directions, indicating that the film
crystallites are less oriented for the DSTQs with shorter side
chains. In contrast, for DSTQ-14 and DRTQ-14, the patterns
from the two different beam directions can be clearly
distinguished. DSTQ-14 shows strong (0kl) diffraction peaks
in the perpendicular direction but those are absent in the
parallel direction; instead, only the (11l) and (20l) reflections
appear in the pattern, which implies an oriented microstructure
in the film. The highly crystalline, ordered, and oriented
packings under shearing conditions are in agreement with the
high electron mobility of the solution-sheared DSTQ-14 films.
DRTQ-14 shows clear (20l) and (21l) peaks in the
perpendicular direction, whereas these reflections are rather
weak in the parallel direction. Although the solution-sheared
DRTQ-14 film also exhibits orientation under shearing, the
overall lower crystallinity reduces DRTQ-14 carrier mobility
versus that of DSTQ-14. Regarding the spin-coated films,
GIXRD indicates negligible diffraction features (Figure S12),
thus indicating poor texturing and absence of preferential
molecular alignment. These experimental results are in
agreement with the charge transport data.
Furthermore, as shown by the TEM images (Figure S8a,c),

the crystal growth in solution-sheared DSTQ-14 thin films
exhibits a smoother surface than that of DRTQ-14. In
addition, the electron diffraction (Figure S8b,d) patterns
show that the thin film of DSTQ-14 produces sharp and well-
defined diffractions, whereas the thin film of DRTQ-14 gives
less and ill-defined diffraction spots, indicating that DSTQ-14
molecules pack into more ordered domains than DRTQ-14.
This result probably originates from the S(alkyl)···S-
(thiophene) intramolecular lock that greatly planarizes the
core in DSTQ-14, resulting in a low torsion angle (2.71°),

Figure 9. 2D GIXRD patterns of solution-sheared DSTQ-6, DSTQ-10, DSTQ-14, and DRTQ-14 films with an incident beam along the parallel
(∥) and perpendicular (⊥) directions with respect to the shearing direction.
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which promotes intermolecular interactions and crystallization.
On the other hand, when there is no sulfur in the side moiety
as in DRTQ-14, the larger steric demand of the long
hydrocarbon chains results in a larger torsional angle in
DRTQ-14 (5.17°), in agreement with other studies.68−70

Thus, core distortion, molecular packing, and degree of order
in thin films can be effectively altered by the introduction of
the sulfur atom in the alkyl moieties.
2.6. Device Stability Measurements. The long-term

environmental stability of DSTQ OFETs was investigated by
monitoring the electron mobility after device storage for over
30 days in air (controlled relative humidity of 45−55%). As
shown in Figure S13, all the nonencapsulated DSTQ OFETs
based on silver electrodes do not degrade significantly after
storage. Their good air stability indicates that DSTQs have
great potential as low-cost and air-stable n-channel OFETs.
This property was obtained because of the contribution of two
strong electron-withdrawing groups attached to the π-
conjugated DSTQ backbone that lowers the LUMO energy
level down to −4.28 eV and tight molecular packing preventing
diffusion of ambient-containing electron traps. After storage for
over 30 days, the stability of DSTQ-14 OFETs to electrical
stress was further investigated by subjecting them to a
continuous Vg sweeping (−40 V < Vg < 80 V) under a
constant Vd of 80 V (Figure S14). After scans of 100 cycles,
only a slight increase of the channel current was observed,
indicating that DSTQ compounds can sustain charge transport
in ambient without significant trap-induced deterioration upon
bias stress.

3. CONCLUSIONS

In conclusion, we have developed a new π-conjugated
quinoidal DSTQ series for OFETs. Introduction of thioalkyl
substituents with different chain lengths has been investigated
for these compounds in order to establish molecular structure,
morphology, molecular packing and OFET performance
relationships. It was found that longer side chains improve
solubility for efficient thin-film processing using the solution-
shearing method as well as molecular packing and charge-
transport characteristics. In addition, sulfur atom introduction
in between the π-core and the alkyl side chain has also a great
impact on the electronic structure, surface morphology, as well
as solid-state molecular packing, resulting in a narrower band
gap, lower LUMO energy level, as well as more interconnected
semiconductor domains. These properties favorably impact
electron transport and these observations are reinforced by
optical absorption, microscopic images, TEM, and GIXRD
measurements. Among the DSTQ derivatives, solution-sheared
DSTQ-14 possesses the highest mobility of up to 0.77 cm2 V−1

s−1, good ambient and electrical stability, thus making it a
promising new solution-processable and air-stable organic
semiconductor for OFET applications.

4. EXPERIMENTAL SECTION
4.1. Material Synthesis. All the chemical reagents were

purchased from Aldrich, Alfa, and TCI Chemical Co. and used as
received unless otherwise noted. Solvents for reactions (toluene and
THF) were distilled under nitrogen from sodium/benzophenone
ketyl, and halogenated solvents were distilled from CaH2. Silane agent
for the self-assembly monolayer treatment, (2-phenylethyl)-
trichlorosilane or octyltrichlorosilane, was obtained from Gelest, Inc.
4.2. General Procedures for Final Compounds (1−4).

Malononitrile (1.2 mmol) was added to a solution of sodium hydride

(2.4 mmol) in dry dimethoxyethane (30 mL) at 0 °C. After addition,
the reaction mixture was warmed to room temperature and stirred for
20 min. Next, compound (10a−d) (0.3 mmol) and tetrakis(triphenyl-
phosphine)palladium (0.09 mmol) were added to the reaction
mixture. The mixture was refluxed for 6 h, and then it was quenched
with saturated bromine water at 0 °C and stirred for 15 min. The
mixture was extracted with CH2Cl2, washed with brine, dried over
Na2SO4, and evaporated. The residue was purified by column
chromatography using CH2Cl2/hexanes (1:1).

4.2.1. Synthesis of DSTQ-6 (1). The title compound was obtained
as a dark green solid (yield = 38%). mp 194 °C. 1H NMR (500 MHz,
CDCl3): δ 7.59 (d, J = 5.6 Hz, 2 H), 7.41 (d, J = 5.5 Hz, 2 H), 3.07 (t,
J = 7.3 Hz, 4 H), 1.69−1.62 (m, 4 H), 1.46−1.41 (m, 4 H), 1.22−
1.32 (m, 40 H), 0.88 (t, J = 7.0 Hz, 6 H). 13C NMR (125 MHz,
CDCl3): δ 171.88, 150.76, 141.98, 140.01, 135.54, 131.74, 113.83,
113.29, 69.63, 38.27, 31.23, 29.62, 28.43, 22.48, 13.98. HRMS (m/z:
FAB+) calcd for C30H30N4S5, 606.1074; found, 606.1076.

4.2.2. Synthesis of DRTQ-10 (2). The title compound was
obtained as a dark blue solid (yield = 48%). mp 195 °C. 1H NMR
(500 MHz, CDCl3): δ 7.56 (d, J = 5.0 Hz, 2 H), 7.37 (d, J = 5.5 Hz, 2
H), 3.05 (t, J = 7.0 Hz, 4 H), 1.68−1.64 (m, 4 H), 1.44−1.38 (m, 4
H), 1.22−1.29 (m, 24 H), 0.86 (t, J = 7.0 Hz, 6 H). 13C NMR (125
MHz, CDCl3): δ 171.88, 150.75, 142.00, 140.03, 135.53, 131.71,
113.81, 113.29, 69.59, 38.22, 31.88, 29.66, 29.51, 29.46, 29.29, 29.06,
28.75, 22.68, 14.11. HRMS (m/z: FAB+) calcd for C38H46N4S5,
718.2326; found, 718.2330.

4.2.3. Synthesis of DSTQ-14 (3). The title compound was obtained
as a dark green solid (yield = 38%). mp 198 °C. 1H NMR (500 MHz,
CDCl3): δ 7.55 (d, J = 5.5 Hz, 2 H), 7.37 (d, J = 5.5 Hz, 2 H), 3.03 (t,
J = 7.0 Hz, 4 H), 1.65−1.62 (m, 4 H), 1.42−1.38 (m, 4 H), 1.23−
1.28 (m, 40 H), 0.86 (t, J = 7.0 Hz, 6 H). 13C NMR (125 MHz,
CDCl3): δ 171.86, 150.74, 141.97, 139.99, 135.53, 131.72, 113.82,
113.28, 69.64, 38.23, 31.92, 29.67, 29.48, 29.36, 29.08, 28.77, 22.69,
14.12. HRMS (m/z: FAB+) calcd for C46H62N4S5, 830.3578; found,
830.3578.

4.2.4. Synthesis of DRTQ-14 (4). The title compound was
obtained as a dark blue solid (yield = 48%). mp 192 °C. 1H NMR
(500 MHz, CDCl3): δ 7.56 (d, J = 5.5 Hz, 2 H), 7.31 (d, J = 5.0 Hz, 2
H), 2.82−2.75 (b, 4 H), 1.42−1.21 (m, 48 H), 0.88 (t, J = 7.0 Hz, 6
H). 13C NMR (125 MHz, CDCl3): δ 170.83, 151.09, 143.24, 140.85,
136.94, 130.60, 113.82, 113.15, 68.30, 31.92, 30.88, 29.81, 29.66,
29.59, 29.48, 29.35, 29.23, 29.13, 22.68, 14.09. HRMS (m/z: FAB+)
calcd for C46H62N4S3, 766.4137; found, 766.4135.
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