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Higher acenes with five or more fused aromatic rings are of both
fundamental and practical interest. In the field of organic electron-
ics,' which holds the promise of low-cost, large-area processing,
acenes are exploited for their high thin film transistor charge carrier
mobility. >

Pentacene is the largest member of the unsubstituted linearly
fused carbocyclic series that has been isolated and purified, with a
thin film transistor mobility on par with amorphous silicon.*® Great
effort has gone toward synthesizing hexacene,”” ' but this molecule
has proven to be unstable for reasons similar to those for pentacene,
where it is thought that the electron-rich central ring is susceptible
to a Diels—Alder reaction with molecular oxygen."' Wudl'? and
Anthony'? have circumvented this by functionalizing hexacene and
heptacene with bulky groups, for example tris(trimethylsilyl)silyl
acetylene, obtaining solution grown single crystals. Neckers and
co-workers managed to photogenerate hexacene'* and heptacene'?
in a polymer matrix, allowing the spectroscopic signatures of these
elusive molecules to be recorded. To retain the linear fused
architecture of hexacene, higher thienoacenes containing five to
seven fused units have been synthesized.'”'® However, these
thienoacenes are not as conjugated as their carbocyclic analogues,
and with the exception of dibenzothieno bisbenzothiophene'® (which
was synthesized as a mixture of three isomers), no thin film
transistor (TFT) has been reported.

In this communication, we present a hexacene-like molecule
containing six linearly fused rings, as well as its TFT properties.
To our knowledge, this is the most conjugated acene-based molecule
that so far has been used for TFT purposes. Expanding on our
previous work,?° we wondered if pentaceno[2,3-b]thiophene, 1,
which is pentacene fused with a terminal thiophene ring could be
made. The synthesis is shown in Scheme 1. The precursor quinone,

Scheme 1. Synthesis of Pentaceno[2, 3-b]thiophene 14
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“ (i) 1,4-Naphthacenequinone, tetrabutylammonium fluoride (TBAF),
DMF, 100 °C; (ii) Al, CBr4, HgCl,, CyOH, reflux; (iii) DDQ, dioxane,
reflux.

2, was made by a Diels—Alder reaction with 1,4-naphthacene-
quinone.21 However, reduction of this quinone, 2, with the standard
aluminum-cyclohexanol complex gave a brown mixture of the target
compound, 1, and the over-reduced byproduct, 3, as indicated by

" Department of Chemistry.
¥ Department of Chemical Engineering.

882 m J. AM. CHEM. SOC. 2009, 737, 882-883

mass spectrometry (MS). The structure of 3 is assigned based on
MS data, the lower absorption in the long wavelength region, and
the fact that the central rings should be most reactive.'' Molecules
1, 2, and 3 are too insoluble for proton NMR or other standard
characterization techniques. However, they have different colors
and markedly different UV —vis spectra (see Supporting Informa-
tion, SI, Figure S1). We then used 2,3-dichloro-5,6-dicyanoben-
zoquinone (DDQ) to oxidize the mixture back to the target
compound (see SI). This gave 1, which was sublimed once in a
three-zone furnace at high vacuum (10 °Torr) to give the target
compound, a purple-black powder. This molecule is fully character-
ized by mass spectroscopy and elemental analysis.

To obtain the highest occupied molecular orbital (HOMO) level
of 1, we performed cyclic voltammetry under argon gas in 0.1 M
tetrabutylammonium hexafluorophosphate in o-dichlorobenzene (o-
DCB) at 100 °C. We measured the HOMO of 1 to be —4.87 eV
(see SI), which is close to P3HT. From the long wavelength
absorption edge in UV—vis in 0-DCB (inset of Figure 1), we find
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Figure 1. UV —vis absorption spectrum of 45nm thin films of anthra[2,3-
b]thiophene, tetraceno[2,3-b]thiophene, and pentaceno[2,3-b]thiophene, 1,
evaporated on quartz under device conditions. Inset: The UV —vis of these
molecules in 0-DCB at RT.

the HOMO—LUMO gap is 1.75 eV, and the LUMO to be —3.15
eV. Figure 1 plots the UV —visible absorption spectrum of 45nm
thin films evaporated under device conditions of anthra[2,3-b]-
thiophene, tetraceno[2,3-b]thiophene and pentaceno[2,3-b]thio-
phene, while the inset plots the UV—vis of these molecules in
0-DCB. As can be seen, the A, of the three molecules in 0-DCB
increases by ~100nm as an additional benzene ring is added, from
438nm to 536nm, and 640nm respectively. This trend holds in the
45nm thin films. From this, we calculate the optical bandgap of 1
in thin film to be 1.58 eV, compared to 1.96 eV for tetraceno[2,3-
b]thiophene and 2.51 eV anthra[2,3-b]thiophene.

Ultraviolet photoelectron spectroscopy (UPS) in air gave the thin
film an ionization potential of 4.63 eV. The stability of a 20 nm
thin film of 1 was monitored over a period of 4 days in ambient
(laboratory air and fluorescent lights) by UV —vis (Figure S7). The
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decay in the long wavelength peak at 750 nm can be fitted with a
half-life (71,) of 127 min as shown in Figure S6. The second-
order exponential decay is consistent with the diffusion of triplet
oxygen into the film,>* reacting with 1. Comparing this to
pentacene’s Ty of 140 min'' when irradiated by 254 nm UV light,
evidently 1 is less stable than pentacene but more stable than
hexacene'® and heptacene.'” This is consistent with the general
observation that substituting the terminal benzene ring on a linear
acene with a fused thiophene ring makes the molecule more stable
than its carbocyclic counterpart.?° It is interesting to note that all
these linear acenes adopt the herringbone packing in thin film, as
shown by grazing incidence X-ray diffraction (GIXD) in Table S2,
the unit cell differing mainly by the c-axis increasing with each
successive addition of a benzene ring from 12.34 to 15.16* to
17.89 A.

Organic TFTs were made from 1 in the top-contact geometry
by evaporation under high vacuum on bare SiO, and octadecylt-
rimethoxysilane (OTS) treated SiO,, and also at two substrate
temperatures, RT and 60 °C. Some devices were fabricated and
measured entirely in nitrogen, while others were exposed to ambient
for 20 min before gold deposition during the shadow mask
placement. The latter were measured both in nitrogen (to minimize
oxidation) and in air. For every condition, 6—10 devices were
averaged. Devices fabricated and measured entirely in nitrogen
showed the highest on current (0.6 mA), the highest average and
maximum mobility of 0.457 and 0.574 cm?V s, respectively, on
OTS treated surfaces at 60 °C, and the lowest gate leakage current
on Si0O,. For the same conditions, devices measured in nitrogen
but exposed to air prior to gold deposition had an average mobility
of 0.391 cm?/V s. Devices measured in air showed lower mobility
on the same order of magnitude, registering up to a 50% decrease
(see SI) in the average mobilities. The differences between the three
batches of devices are summarized in Figure S8. Figure 2 also plots
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Figure 2. A characteristic OTFT output curve for 1, on OTS treated SiO,,
and the corresponding AFM for SiO, (top) and OTS/SiO, (bottom) on
substrate temperatures of 60 °C(left) and RT (right).

an output curve characteristic of the best performing devices from
Table 1. 1 forms dendritic grains, similar to the characteristic
morphology of pentacene and tetraceno[2,3-b]thiophene, as shown
in Figure 2. As expected, there is an increase in mobility from RT
to 60 °C that corresponds with an increase in grain size in AFM
images (see Figures S3—4) and an increase in crystallinity as
indicated by the out-of-plane X-ray diffraction (XRD) that shows
up to six orders of diffraction (see Figure S5).

Table 1. OTFT Data for 1, with the Mobility, x, On/Off Ratio, and
Threshold Voltage, V4, at Substrate Temperatures RT and 60 °C#

SiO, QOTS/SiO,
RT u (cm?/V s) 0.0677 £ 0.05 0.276 £ 0.09
on/off 2E+03 1E+06
Ve (V) 0 +10
60 °C u (cm?/V s) 0.222 £ 0.06 0.391 £ 0.07
on/off 7E+02 3E+03
Vr (V) +10 +20

“These were top-contact devices, channel length, L = 100 um, W/L
= 20, and Au electrodes, measured in nitrogen, but exposed to air for
20 min for gold deposition.

In conclusion, we have synthesized, isolated, and purified a
hexacene-like molecule containing six linearly fused rings. In the
thin film, its UV —vis absorption extends beautifully into the near-
infrared region. OTFTs were successfully prepared and exhibit high
mobility and thin film growth characteristic of pentacene.
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