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Hexacene is a valuable aromatic compound with special optoelectronic properties. Here, a stable new
precursor of hexacene, 5,6,15,16-tetrahydro-5,16-epoxyhexacene, was synthesized through a three-step
route in a total yield of 31%. Then two methods for the synthesis of hexacene based on this new precursor
were developed. One is realized by dehydration of 5,6,15,16-tetrahydro-5,16-epoxyhexacene by thermal
activation on the Cu(110) surface under ultrahigh vacuum (UHV) conditions. The other is copper powder-
catalyzed dehydrogenation of another precursor 6,15-dihydrohexacene, which provided pure hexacene
by vacuum sublimation in the dark. Organic thin-film transistors (OFETs) were fabricated using hexacene
through a vacuum deposition method. And a comprehensive study of the hole-transfer properties of
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Introduction

Acenes are an important class of polycyclic aromatic hydro-
carbons and have unique properties, including a linear deloca-
lized = system, large conjugation length and extremely narrow
HOMO-LUMO gap." In view of these features, acenes are very
valuable compounds as functional organic materials in opto-
electronic applications.” Pentacene, for example, has been
proven to be an efficient organic material for singlet fission
and has been well employed in organic field-effect transistors
(OFETs), organic photovoltaics (OPVs), and other organic elec-
tronic devices.” Longer acenes possess more attractive pro-
perties, like lower band gaps (AE) and better electronic pro-
perties than pentacene.” Unfortunately, the stability and solu-
bility of acenes decrease notably along with the increase of
length. All these inherent properties make the synthesis and
functionalization of larger acenes a great challenge. Some
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OFETs was performed. The best film mobility of hexacene was observed at 0.123 cm? V™t s
off ratio of 1.16 x 10* and a threshold of 2.65 V.

1571 with an on/

efforts have been made to synthesize and characterize hexa-
cene since its first preparation reported by Clar in 1939.° In
recent years, with great progress in scanning tunneling
microscopy (STM) and other surface analysis techniques, on-
surface synthesis provides a new method for the synthesis of
acenes as well.® Kriiger and co-workers reported on-surface
generated hexacene by deoxygenation of the precursor triepox-
yhexacene on Au(111) using STM in 2017.” The precursor tri-
epoxyhexacene was synthesized in five steps. More recently, it
was similarly generated using the same precursor on a
H-passivated Si(001) surface.® The reported synthetic routes
are depicted in Fig. 1, as a summary of the related literature.
Among them, Watanabe and co-workers successfully obtained
hexacene in a respectable quantity from a monoketone
precursor that was synthesized in five steps.*”

Due to the enormous challenges in the synthesis of hexa-
cene, the study of its electronic properties is inadequate. Only
Watanabe and co-workers have reported its hole-transfer pro-
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Fig. 1 Previously reported synthetic paradigms of hexacene.
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Scheme 1 Generation of hexacene from: (a) precursor 6 by on-surface
dehydration, and (b) dihydrohexacene precursor 7 by copper powder-
catalyzed dehydrogenation.

perties; OFET devices made with single crystals of hexacene
exhibited the highest hole mobility of 4.28 em® V™' s™" and the
OFET devices made with thin films of hexacene exhibited the
highest hole mobility of 7.6 x 107> em® V' s7".* The best hole
mobility of thin-film transistors is far from the best hole mobi-
lity of single-crystal transistors. Therefore, there is still a lot of
research to be done for increasing the hole mobility of thin-
film transistors. Developing an efficient method for the syn-
thesis of hexacene is still in demand.

In this work, we reported a new and efficient synthetic
route to synthesize hexacene via a new precursor (Scheme 1).
Furthermore, we fabricated thin-film transistors by using
hexacene through a vacuum deposition method and investi-
gated their hole mobility.

Results and discussion

Our work started with the construction of the backbone of
hexacene. The air-stable precursor 5,6,15,16-tetrahydro-5,16-
epoxyhexacene (6) was synthesized from commercially avail-
able materials by a three-step procedure in 31% total yield
(Scheme 2). The synthesis commenced with 2,3-dimethylene-
1,2,3,4-tetrahydro-1,4-epoxynaphthalene (2), which was pre-
pared by the previously reported method.” The Diels-Alder
reaction of compound 2 with 1,4-anthraquinone (3) afforded
diketone derivative 4 in 51% yield. Compound 4 was reacted
with NaBH, to form the diol intermediate 5. The effort to
purify it by column chromatography failed at last. The reason
might be attributed to its high sensitivity toward air. Then
direct dehydration with POCl; was performed and the key
precursor 6 was obtained in a yield of 60% over two steps. The
X-ray crystal structure of 6 is presented in Fig. S23.1 It is stable
under ambient conditions and soluble in CH,Cl,.
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Scheme 2 Synthesis of precursor 6.
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We expected that hexacene could be obtained by dehydra-
tion from precursor 6 by thermal activation on Cu(110) in an
UHV environment at the single molecule level. Compared to
the previous work on thermal-induced removal of a single H or
O atom from precursors on the metal substrate, the simul-
taneous removal of two different atoms on different positions
of certain precursors, as the two H atoms at 6 and 15 positions
respectively and one O atom at 5 and 16 positions of molecule
6 in our experiment, has not been reported up to now.®® This
new method has the theoretical and practical significance for
shortening the reaction steps and improving the synthesis
efficiency. To verify our speculation, we prepared the sample in
a preparation chamber and then transferred it to the STM
chamber. The measurements were carried out at —196 °C with
the aim of stabilizing the precursor molecules. Direct depo-
sition of precursor 6 on Cu(110) held at room temperature
(RT) resulted in the discrete distribution of precursor 6, as
shown by the blue ellipses in Fig. 2a (some impurities could
also exist on the surface). The single-molecule length is
around 1.8 + 0.2 nm, which is in good agreement with its
theoretical length of 1.72 nm. Careful examination shows that
precursor 6 was imaged as two parts with different apparent
heights and the brighter part should be induced by the furan
and methylene groups.

To investigate the on-surface reactions, we then performed
heat treatment on the 6-covered Cu(110) surface. Fig. 2b shows
the STM topography after annealing at 207 °C, which reveals
that the molecular adsorption orientations have changed com-
pared to Fig. 2a. Furthermore, the magnified STM image in

Fig. 2 Thermal conversion of hexacene precursor 6 on the Cu(110)
substrate. (a) STM image (V = 2V, | = 50 Pa) of precursor 6 deposited on
Cu(110) at RT. (b) STM image (V = -1V, | = 100 Pa) showing the for-
mation of hexacene by annealing at 207 °C. The inset is a magnified STM
image, revealing the details of hexacene. Scale bar: 1 nm. (c) Optimized
geometry of hexacene on Cu(110) obtained by DFT calculations. Left:
top view; right: side view. (d) STM simulation of hexacene on Cu(110).
V=1V.
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the inset of Fig. 2b shows a uniform contrast of the molecule
and the molecular length has changed to 1.9 + 0.2 nm (see the
blue mark in Fig. 2b), which is in good agreement with the
theoretical value of hexacene (1.80 nm). Besides, the simulated
STM image (Fig. 2d) also shows a uniform contrast, which is
consistent with that of hexacene (inset in Fig. 2b). These find-
ings suggest that hexacene should be generated on Cu(110) by
surface-assisted dehydration. Complementary insight into the
adsorption geometry of hexacene on Cu(110) is obtained by
DFT calculations. Fig. 2c shows the top and side view of the
minimum-energy adsorption geometry, indicating that hexa-
cene adopts a planar geometry on Cu(110), in agreement with
the uniform contrast in the STM image, and that the long axis
of hexacene is aligned with a high-symmetry direction of the
substrate.

Although the above on-surface synthesis of hexacene proved
its usefulness, a large-scale process is still of essential value
for practical application. Based on the exciting results of STM
experiments, we assumed that precursor 6 might also undergo
dehydration to form hexacene in traditional chemical conver-
sion in the solid state. To verify this, a mixture of 6 and an
excess of copper powder was quickly heated to 270 °C and
reacted for 1 h in an atmosphere of nitrogen. Unfortunately,
though hexacene could be detected in the final reaction
mixture by HPLC-MS analysis, the mixture was too complicated
to isolate hexacene.

In order to obtain enough hexacene for practical appli-
cation, we slightly adjusted the synthetic route. Deoxygenation
of 6 by Fe,(CO), in toluene at 80 °C afforded 6,15-dihydrohexa-
cene (7) in 65% yield (for synthetic details and characterization,
see the ESIf). Compound 7 has been described in several
articles.”>®*" Then compound 7 was evenly mixed with copper
powder. The mixture was quickly heated to 270 °C and reacted
for 1 h in an atmosphere of nitrogen. The color of the reaction
mixture gradually changed to blue-green. The pure target
product hexacene was obtained by sublimation in the dark.

According to the FT-IR spectra, the characteristic methylene
peak of dihydrohexacene at 2925 cm ™' almost disappeared in
the spectrum of hexacene (Fig. 3a). A 200-nm thick film of
hexacene was successively prepared by thermal evaporation
(base pressure: 5.0 x 107° Pa) with a deposition rate of 1 A s™*
and the quartz substrate temperature was maintained at room
temperature. The green film showed UV/Vis absorption at
834 nm, 767 nm, 703 nm and 660 nm, which is in accordance
with the reported data of hexacene (Fig. 3b). The spectrum of
high-resolution atmospheric pressure chemical ionization
mass spectroscopy (HR-APCI-MS) exhibited a molecular ion
signal at m/z 329.1304 (Fig. 3c), which is in accordance with
hexacene (MH', caled 329.1330). Due to its sensitivity to air
and light, hexacene was oxidized during the sample prepa-
ration process. A significant signal at m/z 359 can be seen in
Fig. 3c. The solid-state cross-polarization magic angle spinning
(CP-MAS) NMR spectrum of hexacene showed only aromatic
absorption bands at 120-135 ppm (Fig. 3d).

To study the charge transport characteristics of hexacene,
we fabricated bottom-gate, top-contact OFETs by employing
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Fig. 3 Characterization of hexacene: (a) infrared spectra of precursor 7
(bottom) and hexacene (top); (b) absorption spectra of a thin film of hexa-
cene measured in the dark under ambient conditions; (c) HR-APCI-MS
chart of hexacene; and (d) *C CP/MAS NMR spectrum of hexacene.

hexacene as the semiconducting channel. These devices were
prepared on heavily doped n-type Si wafer with a SiO, layer
(50 nm), serving as the gate electrode and gate insulator layer,
respectively. Surface modification of the gate dielectric using
polymers and self-assembly monolayers (SAMs) prior to the
deposition of an organic semiconductor layer is a general
approach for improving the charge transport properties of
OFETs.'® Here, the SiO, surface was modified with insulating
polymers, including polystyrene (PS), poly(methyl methacry-
late) (PMMA) and SAMs of octadecyltrichlorosilane (OTS),
respectively. Subsequently, 50-nm thick hexacene was grown
through a vacuum deposition method. Finally, 50-nm thick
source and drain electrodes were deposited by thermal evapor-
ation of Au through the metal shadow mask. The atomic force
microscopy (AFM) images of the films of hexacene are shown
in Fig. S5 (ESIf), showing that the PS-modified film has a
lower roughness. The electrical measurements were carried
out under air in the dark. Fig. 4 shows the output and transfer
characteristics of a PS-modified OFET, where representative
p-type field-effect transistor behavior was observed. Table 1
summarizes the electrical parameters for OFETs with different
modifications. All the parameters were extracted from transfer
curves that were measured from at least 30 channels on 6 inde-
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Fig. 4 Thin-film OFETs made using hexacene with a polystyrene dielec-
tric layer. (a) Output characteristics; (b) transfer characteristics.
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Table 1 Performance of hexacene as measured from thin-film
transistors

Sio, Dielectric layer u(em?>vs™) Ion/Iog Vin (V)

50 nm PS 0.103 1.89 x 10* 3.47
PMMA 0.050 5.24x 10"  —4.43
OTS 0.059 6.86 x 10* —10.52

pendent substrates for each kind of OFET device. The average
hole mobilities of hexacene-based OFETs are in the range of
0.050-0.103 em” V™' s7" and a threshold of —10.52-3.47 V.
Noticeably, a PS-modified OFET exhibits the highest hole
mobility of 0.123 ecm® V™' s7" with an on/off ratio of 1.16 x 10*
and a threshold of 2.65 V (Fig. 4), which is also the highest
value in the previously reported mobilities for hexacene-based
OFETs to the best of our knowledge. These results show that
hexacene has the potential to be used as a semiconducting
material for the fabrication of high-mobility OFETs. At the
same time, the research shows that the mobility of organic
field-effect transistors could be effectively improved via ameli-
orating the surface properties of the dielectric.

Conclusions

In summary, 5,6,15,16-tetrahydro-5,16-epoxyhexacene was first
synthesized through an efficient route. Hexacene molecules
could be generated on the Cu(110) surface by dehydration of
the precursor under UHV conditions according to STM
imaging. Although hexacene could also be formed by copper
powder-catalyzed dehydration of this precursor, the reaction
mixture is too complicated to isolate hexacene. We slightly
adjusted the synthetic route and successfully obtained pure
hexacene by powder-catalyzed dehydrogenation of 6,15-dihydro-
hexacene, which is prepared from 5,6,15,16-tetrahydro-5,16-
epoxyhexacene by deoxygenation catalyzed by Fe,(CO)o. This is a
new and efficient synthesis method. Organic thin-film transis-
tors were fabricated by using hexacene through a vacuum depo-
sition method. The fabrication conditions were optimized, and
the hole mobility was promoted to 0.123 cm* V™' s™*, which is
the highest value for thin-film transistors based on hexacene to
the best of our knowledge.
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