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Recently, many planar organic conjugated materials
have been developed for next-generation electronic devices,
such as field-effect transistors (FET).! Among them, oli-
goarenes fused with thiophene units were demonstrated to
possess remarkable performance and high stability in
FET.? In our previous contributions, several new types of
semiconductors based on the benzothiophene unit were
synthesized and exhibited good FET performance with
high stability in air.’ Devices from a fused arene with an
anthracene core showed mobility up to 0.01 cm? V~'s~'*
To develop new soluble and stable organic materials for
FET devices via a simple solution process and to further
investigate the relationship between molecular structures
and device performance, in this contribution, we design a
new skeleton with a chrysene core for active materials in
FET. Such an extension not only enlarges the conjugated
plane but also changes the overall symmetry of the mole-
cule, which might have properties different from that of
much explored linear acenes.” Top-contact FET devices
using la and 1b as the active materials show high hole
mobility up to 0.4 cm? V' s,

Figure 1 shows the molecular structure of our newly designed
materials, which shares a chrysene-based, thiophene-containing
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heteroarene core. We first carried out geometry optimiza-
tion on their core structure with DFT(B3LYP) method on
6-31G(d) level.® From the side view of the optimized core
structure, a significant twist (with a dihedral angle of about
15°) in the central part of the conjugated system was
observed, caused by the repulsion between the sulfur atom
and the hydrogen atom on the naphthalene skeleton.

Scheme 1 illustrates the synthetic approach to 1a and 1b.
Bromination of a commercially available material 2 with
NBS followed by demethylation with BBr; in CH,Cl,
afforded 4 in nearly quantitative yield.” Compound 4
reacted with trifluoromethanesulfonic anhydride to afford
compound 5 in 56% yield. A Negishi cross-coupling reac-
tion between 5 and 5-alkyl-2-thienylzinc chloride, which
was prepared in situ from lithiation of 2-alkylthiophene
with n-BuLi followed by addition of anhydrous zinc chlor-
ide, produced 6a and 6b in about 90% yield. Finally,
oxidative cyclization of 6a and 6b using ferric chloride in
CH,(l, gave target molecules 1a and 1b in around 80%
yield, respectively. 1a and 1b dissolved well in common
organic solvents, such as CHCI; and toluene. The struc-
tures and purity of both 1a and 1b were confirmed by 'H
and "*C NMR spectroscopy, EI-MS, and elemental analy-
sis (see the Supporting Information). The thermal decom-
position temperature of la and 1b under a nitrogen
atmosphere was around 400 °C, indicating their good
thermal stability. The HOMO energy levels in thin film
were calculated from the onset of oxidation waves in the
cyclic voltammetry to be —5.35 ¢V for both 1a and 1b. The
relatively low HOMO levels and large band gap, compared
with tetracene derivatives,® were caused by the phenan-
threne-like connectivity of the central chrysene core.

To test whether these molecules could be used as active
materials in FET, top-contact FET devices were fabri-
cated. A thin film of 1a with a thickness of 40 nm as the
active layer was deposited on an OTS (octadecyltrichlor-
osilane)-treated SiO, (300 nm)/Si substrate at 4 x 10~ Pa.
Gold was then deposited by thermal evaporation at 4 x
10~* Pa as the electrode. Thin film transistor characteristics
of 1a were measured under an ambient atmosphere on 15
devices, all of which performed as p-channel transistors
with hole mobility ranging between 0.1 and 0.4 cm>V~'s™!
and an on/off ratio of about 1 x 10*. Figure 2 illustrates
transfer and output characteristics of 1a in OFET. We also
varied the substrate temperature during vacuum deposi-
tion, and the best results were obtained by keeping the
substrate at room temperature. All devices showed good
stability: the device performances did not drop significantly
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Figure 1. (a) Molecular structure of la and 1b. (b) Optimized core
structure.

Scheme 1. Synthetic Approach to 1a and 1b
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for at least one month storage under ambient condition
with 70% humidity. Such a high performance was unex-
pected, considering the moderate mobility of their smaller
planar analogues with one less benzene ring.’

To understand the origin of the high mobility, we first
attempted to elucidate the structure of 1a in the solid state.
Single crystals suitable for X-ray analysis were grown by
slowly evaporating a dilute solution of 1a in 1,4-dioxane.
The crystal assumed a “layer-by-layer” structure with
alternating alkyl chains and arene cores. In addition,
significant S—S contact was observed in the plane normal
to the stacking direction (as shown in Figure 3b), which
provided another conductive channel inside the layer.'°The
central arene adopted an almost flat configuration in solid
state (with a dihedral angle of ca. 3.2°), which can be clearly
seen from its side view (Figure 3a). This result is in great
contrast to the conformation of the molecule in vacuum.
Calculation on this core conformation shows that itis not a
local minimum; it relaxes into a conformation with a
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Figure 2. Electrical characteristics of the OFET for la: (a) transfer
characteristic, (b) output characteristic.
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Figure 3. Single-crystal structure of 1a (a) viewed along the ¢ axis and (b)
viewed along the a axis. Solvent molecules were included in the crystal.

dihedral angle of 6.7°, which still lies 0.91 kcal mol " higher
than the structure with a larger twist. We supposed that the
strong intermolecular interaction, particularly w—a stack-
ing (the distance between two adjacent arenes is 3.5 A),
forced the molecules to take a much flatter shape than in
gas phase. In other words, favorable intermolecular 7—m
stacking in the flat conformation overcomes the intramo-
lecular repulsion between the lone pair electrons of sulfur
atom and hydrogen. Such planarization provides the ex-
planation for the observed high OFET performance of 1a.
Calculation on the reorganization energy of the optimized
structure and the single-crystal structure shows that the one
in the solid state has slightly lower reorganization energy
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Figure 4. Thin film characterization. (a) X-ray reflection diagram of 1a
thin film deposited on OTS-treated Si/SiO, substrate at room tempera-
ture. (b) Corresponding AFM image (2.5 um x 2.5 um).

(3.75 kcal/mol for the flat configuration and 4.02 kcal/mol
for the twisted configuration), which is an important factor in
determining the charge transporting ability of a material.'"
We then characterized the thin film structure by X-ray
diffraction and atomic force microscopy (AFM). As shown
in Figure 4a, the major peak at d = 1.61 nm in the X-ray
diffraction pattern corresponds to the long axis of the
molecule, which suggests that the molecules oriented nor-
mal to the substrate surface with certain extent of tilt. The
tilt angle in thin film (estimated using the model presented
in the Supporting Information) is significantly smaller than
that in the single crystal. Though the exact molecular
arrangement of the thin film is unclear yet, such a decrease
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in the tilting angle has been proven to be beneficial to
charge transport.'? Higher-order diffraction peaks were
clearly observed, showing good layered structure in the
thin film. As illustrated in Figure 4b, AFM images showed
that 1a formed large, elongated grains. Such a thin film
morphology is generally favorable for charge transport
in FET."

Similar performances were also observed from the FET
devices using 1b as the active material. Comparable hole
mobility up to 0.4 cm? V™' s~ was obtained. This result
shows that the introduction of longer alkyl chains does not
interfere with its OFET performance. Synthesis of mole-
cules with the same core decorated with even longer alkyl
chains is underway, to further investigate the effect of the
side groups on device performance, and to develop solu-
tion-processable small molecule OFETs.

In conclusion, we have successfully realized high mobi-
lity OFET devices from a new thiophene containing het-
eroarenes. Top-contact FET devices were fabricated from
1a and 1b with hole mobility up to 0.4 cm® V™' s~'. These
findings suggest that in addition to the much-explored
linear acenes, molecules with a nonlinearly fused core could
also be used as active materials in high-performance
OFET. We are currently synthesizing heteroarenes with
larger central cores, which might show better orbital over-
lap and device performance. Meanwhile, solution-pro-
cessed devices using this series of molecules are under
investigation and will be reported in due course.
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