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ABSTRACT

An efficient synthetic approach to a series of aceno[2,1,3]thiadiazole derivatives is described. 2-TIPS and 2-TES molecules exhibited different
crystal packings, and 2-TIPS show good device performances with hole mobility up to 0.4 cm2 V�1 s�1 and an averagemobility of 0.15 cm2 V�1 s�1

as the active material for organic field-effect transistors. All of the results demonstrate these aceno[2,1,3]thiadiazole derivatives as promising
materials for optoelectronic devices.

Oligoacenes are among the most important families
of organic semiconductors because of their interesting
electronic properties for organic field-effect transistors
(OFETs) and organic photovoltaics (OPVs).1 Recently,
considerable investigationsof the synthesis, functionalization,

and device performances of oligoacenes show their abun-

dance of structure diversity and fascinating electronic

properties.1�3 Figure 1 shows five typical pentacene deri-

vatives, electron-rich tetraceno[2,3-b]thiophene (Thio) and

electron-deficient tetraceno[2,3-c][1,2,5]thiadiazole (Thia),

1,2,3,4-tetrachloropentacene (Chlo), and 1,2,3,4-tetra-

fluoropentacene (Fluo). The syntheses and device perfor-

mances ofThio,Chlo, andFluowerewidely investigated by

Bao and Anthony et al.1,2 However, the synthetic ap-

proach to aceno[2,1,3]thiadiazoles (Thia) and their OFET

performances have not yet been reported because of the

complexity of the synthesis and the characterization.4
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To understand the electronic properties of the aceno-
[2,1,3]thiadiazoles, the investigation of density functional
theory (DFT) calculations for these five model oligoacene
derivatives is summarized inTable S1 (Supporting Informa-
tion). The calculations showed that compound Thia exhib-
ited the lowestLUMOlevels and the smallest bandgapamong
these five compounds,whichmightbeattributed to itsquinone
form of electronic structure. Interestingly, aceno2,1,3]thia-
diazole derivatives also had the lowest positive charge trans-
port reorganization energy. Therefore, it is believed that
aceno[2,1,3]thiadiazole derivativesmight showverypromis-
ing charge transport properties as organic semiconducting
materials.
Herein, we present a facile synthetic route and charac-

terization of four aceno[2,1,3]thiadiazole derivatives for
OFETs. The investigations demonstrate that these mole-
cules easily self-assemble into single crystal nano/micro-
wires (NWs/MWs) through π�π stacking. The crystal
structures of 2-TIPS and 2-TES show different crystal
packing compared to the reported pentacene counterparts.
Finally, these MWs are employed as the active materials
to directly fabricate OFET devices by solution process.
The good performance with a hole mobility up to
0.4 cm2 V�1 s�1 is achieved from 2-TIPS, which is quite
high among the donor�acceptor pentacene derivatives.2

Scheme 1 presents two synthetic approaches to aceno-
[2,1,3]thiadiazole derivatives. Route 1 is ineffective for the
construction of the aceno[2,1,3]thiadiazole skeleton fused
with five or more rings becaue of the synthetic difficulty of
some synthons.4 Herein, we adopted a Mukaiyama aldol
reaction to synthesize larger acenes as shown in route 2.
Synthon 1 was synthesized from commercial available 1,
4-dimethoxybenzene in ten gram scaleswith very high yields
as illustrated in Scheme 1. The Mukaiyama aldol reaction
between 1 and thiophene-2,3-dicarbaldehyde were em-
ployed to afford quinone 3, which was directly used in
the next step after filtration and washing. An alkynylation
reaction of 3 with a mixture of n-BuLi and TIPSCCH or
TESCCH following by a reduction with NaH2PO2 af-
forded the desired 1-TIPS or 1-TES. Following the same
procedure, we also obtained 2-TIPS and 2-TES in good
yields. We introduced triisopropylsilyl (TIPS) or triethyl-
silyl (TES) substituted acetylene units to enhance the solu-
bility of the molecules and further ensure their good crystal
packing.1Suchasyntheticapproach toaceno[2,1,3]thiadiazole

derivatives is widely applicable because many 1,2-dicarbal-
dehyde compounds are available to replace thiophene-2,
3-dicarbaldehyde. These four molecules showed good solu-
bility in common solvents, so it provided us convenience
to purify and characterize their structures through 1H and
13C NMR and MS. The thermal decomposition tempera-
ture of 350 �C under nitrogen atmosphere revealed a good
thermal stability of these four oligoacene derivatives.
The photophysical and the electrochemical properties of

these four aceno[2,1,3]thiadiazoles were investigated in
detail and summarized in Table S2 (Supporting Informa-
tion). The absorption features of 1-TIPS and 1-TES

peaked at 611 nm with an onset at 650 nm; however,
2-TIPS and 2-TESdisplayed absorptionmaximum λmax at
730 nm with an onset at 810 nm, which showed obvious
red-shift relative to 1-TIPS and 1-TES due to the increase
of theeffectiveconjugation length.Thecyclovoltammetry (CV)
measurement showed that 1-TIPS and 1-TES had
HOMO/LUMO levels at�5.67/�3.65 eV with a bandgap
of 2.02 eV, and 2-TIPS and 2-TES had HOMO/LUMO

Figure 1. Five typical pentacenederivatives compared indiscussion.

Scheme 1. Synthesis of Aceno[2,1,3]thiadiazole Derivatives
Using a Mukaiyama Aldol Reaction
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levels at �5.42/�3.78 eV with a bandgap of 1.64 eV.
Compared to Chlo (HOMO/LUMO: �5.38/�3.45 eV)2b

and Fluo (HOMO/LUMO: �5.39/�3.35 eV)2c counter-
parts, the absorption bands of these molecules were much
more red-shifted, which can be attributed to the much
lowered LUMO levels induced by the [2,1,3]thiadiazole
unit. Computational results indicated that the HOMO
levels of these aceno[2,1,3]thiadiazoles were located on
sulfur atom of the thiophene ring and their LUMO levels
are located on the sulfur atom of the thiadiazole unit.
Therefore, these molecules are typical donor�acceptor
systems Figure S3 (Supporting Information).

The obtained single crystals of 1-TIPS, 2-TIPS, and
2-TES exhibited unconventional crystal packing com-
pared with other pentacene derivatives. TIPS-PEN and
its derivatives always had well-ordered two-dimensional
crystal packing (Figure 2a).1,2 Iso-TIPS-PEN, whose 5,14
positions were substituted with TIPS-acetylenyls, showed
a two-pair herringbone packing (Figure 2b).5 However,
2-TIPS and 2-TES did not follow such packing models,
which formed unconventional one-dimensional column
packing (Figure 2c and Figure S6, Supporting Informa-
tion). For 2-TIPS and 2-TES, in one column, the mole-
cules were packed head-to-tail to form a long column, and
the columns were packed together to form the crystals.
Inside the column, both 2-TIPS and 2-TES exhibited good
π�π stacking with a distance about 3.42 and 3.37 Å,
respectively, both of which were smaller than that of
TIPS-PEN (3.47 Å).5 The reduced packing distancemight
be caused by the strong donor�acceptor interactions.
However, as shown in Figure 2d, the crystal structure of
1-TIPS was very similar to that of iso-TIPS-PEN; such
two-pair herringbone packing makes the molecule

unsuitable for charge transport because of the lack of a
long-distance charge-transporting channel.6

Organic single crystal nano/microwires (NWs/MWs) have
shown promising applications in the fabrication of high
performance OFETs.7,8 Recently, the large-area alignment
of solution processed nanowires is realized by Bao and co-
workers through filtration and transfer method.9 Single crys-
tal MWs of 2-TIPS and 2-TES were grown by a phase
transfer procedure of injecting methanol into their CH2Cl2
(DCM) solution, andMWs of 2-TIPS and 2-TESwere both
formed as suspensions. As shown in Figure 3a, 2-TIPS
formed “microbelts” (Figure S7, Supporting Information)
hundreds of micrometers long; in contrast, 2-TES formed
“microwires”with a relatively high regularity inwidth (2.72(
0.72μm) (Figure 3).Tocorrelate theobservednanowireswith
the molecular single crystal structure, selected-area elec-
tron diffraction (SAED) and crystallographic packing
calculation were performed. The diffraction patterns were

Figure 2. Single-crystal structure and packing of (a)TIPS-PEN,
(b) iso-TIPS-PEN, (c) 1-TIPS, and (d) 2-TIPS.

Figure 3. (a) SEM image, (b) TEM image, (c) electron diffrac-
tion pattern of 2-TES, and (d) the theoretically predicted crystal
habit using BFDH method.
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indexed according to the single crystal data. For 2-TES,
the strong diffraction of (100), (020), and (040) was
determined according to the single crystal data, which
indicated that the single crystal nanowire were grown
along the (100) direction. These results are in agreement
with the Wulff plot of the crystal shape (Figure 3d) that
was calculated using the Bravais-Fredel-Donnay-Harker
(BFDH) method.10 Similar results were also obtained for
2-TIPS and shown inFigure S7 (Supporting Information).
As shown by the Wulff plots, the growing direction of the
two nanowires is consistent with the column direction,
which is the π�π stacking direction.

We also employed these MWs to fabricate the OFET
devices. Single organic microwire transistors were fabricated
by directly spin-coating the suspensions of the microwires
onto the n-octadecyltrimethoxylsilane (OTS)-treated SiO2/
nþþ-Si substrate. The OTS self-assembled monolayer
(SAM) was modified according to the method reported by
Bao and co-workers.11 The polyethylene (PE) fibers with 20
μm diameter as a shadow mask were mounted on the wafer,
and a gold layerwith a thickness of 80 nmwas deposited onto
the substrate by thermal evaporation with the rate of 0.05 Å
s�1. Devices fabricated using 1-TIPS and 1-TES as the active
materials did not show obvious field-effect properties; this
mightbeattributed to theirunsuitablecrystalpacking.Both2-
TIPS and 2-TES molecules owned identical optical and
electrochemical properties and even had similar crystal pack-
ing;however, they showedverydifferentdeviceperformances.
The transferandoutputcurvesofbothmoleculesare shownin
Figure 4. Both 2-TIPS and 2-TES showed typical p-type
charge-transport characteristics. 2-TIPS exhibited a hole
mobility up to 0.4 cm2V�1 s�1 (average 0.15 cm2V�1 s�1 from

20 devices), but 2-TES only had a hole mobility
of 0.05 cm2 V�1 s�1 (average 0.028 cm2 V�1 s�1 from
20 devices), which was an order of magnitude lower.

A first-principle calculation based on the hoppingmodel
was employed to estimate the hole and electronmobility of
1-TIPS and 1-TES (Supporting Information).6,12 The
computational results show that the main transporting
channels of hole or electron were along the column. The hole
mobilitywas estimated to be 1.23 cm2V�1 s�1 for 2-TIPS and
0.02 cm2 V�1 s�1 for 2-TES, which is consistent with our
experimental results. This large difference of the hole mobility
can be attributed to the different intracolumn packings. As
shown in Figure 5, 2-TIPS has two types of intermolecular
distancesandoverlaps,and2-TEShasonlyone intermolecular
distance and overlap in the column. In addition, the electron
mobilitiesof2-TIPSand2-TESwerealso calculatedandup to
0.65 and 1.28 cm2 V�1 s�1, respectively. However, we did not
observe the electron transport in the nanowires, whichmay be
attributed to oxygen trapping or injection barrier.13

In summary, we have developed a series of [2,1,3]thia-
diazole-based oligoacenes 1-TES, 1-TIPS, 2-TES, and 2-

TIPS through facile and convergent preparations. Such an
approach provides a convenient route to develop various
thiadiazole-fused oligoacene derivatives. These molecules
exhibit unique crystal packing, largely different from other
pentacene derivatives. The good performance with a hole
mobility up to 0.4 cm2 V�1 s�1 is achieved from 2-TIPS,
which is quite high among the donor�acceptor pentacene
derivatives. Theoretical prediction and OFET perfor-
mances demonstrate that [2,1,3]thiadiazole-basedoligoacenes
are very promising for organic semiconducting materials.
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Figure 4. (a, c) Transfer and (b, d) output curves of the FET
devices fabricated from (a, b) 2-TIPSand (c, d) 2-TESmicrowires.

Figure 5. Intracolumnpackingof (a) 2-TIPSand (b) 2-TES crystals.
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