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ABSTRACT

Two azulene-based π-conjugated systems, 5,50-di(2-azulenyl)-2,20-bithiophene and 2,5-di(2-azulenyl)-thieno[3,2-b]thiophene, were constructed
via Suzuki�Miyaura cross-coupling reactions. The crystal structures of both revealed an edge-to-face orientation in a well-defined herringbone
packing. The molecules stood nearly perpendicular to the substrate in the film form, with features of an organic field-effect transistor at hole
mobilities of up to 5.0 � 10�2 cm2 V�1 s�1.

Flexible, thin, lightweight organic field-effect transistors
(OFETs) have attracted attention for their potential uses in
electronic devices, such as flexible displays, electronic
paper, and radio frequency identification tags.1 Various
π-conjugated systems based on aromatic oligomers, such
as benzene, naphthalene, thiophene, furan, and pyrrole,
have been extensively studied in the past decade for their
suitability as OFETs.2 Azulene, an aromatic isomer of
naphthalene, has an electrically positive seven-membered
ring and an electrically negative five-membered ring, pro-
duces a large dipole moment of 1.0 D, and is bright blue

owing to the small transition energy that arises from
nonalternant polycyclic aromatic systems.3 Recently, azu-
lene-fused porphyrin4 and azulenocyanine5 have been
reported as significantly expanded π-conjugation systems
showing near-IR absorption, a high extinction coefficient,
and a small HOMO�LUMO gap, which together make
them suitable as semiconductors. As another recent exam-
ple, azulene-based oligomers capable of effective optical
band gap control and fluorescence switching have been
reported.6 Thus, azulene is an attractive candidate for the
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construction of an effective π-conjugated system. To our
knowledge, however, azulene derivatives have not yet been
tested as OFETs.
Herewe report the synthesis, properties, andOFET char-

acteristics of 5,50-di(2-azulenyl)-2,20-bithiophene (DAzBT)
and 2,5-di(2-azulenyl)-thieno[3,2-b]thiophene (DAzTT), in
the first example of OFETmaterials based on π-conjugated
azulene. In both compounds, the two azulenes are connected
with the central bithiophene or thieo[3,2-b]thiophene unit at
the 1,10-position to permit the least steric hindrance between
the five-membered rings, which reveal rectilinear and planar
structures that form strong intermolecular interactions.

DAzBTwas prepared in two steps from 2-iodoazulene 1
with 44% final yield and DAzTT in one step with 40%
yield (Scheme 1). Since electrophilic substitution occurs at
the “1” and “3” positions of the azulene ring, 2-iodoazu-
lene 1 cannot be obtained directly from azulene and was
therefore prepared from cyclopentadiene in seven steps via
tropolone derivatives.7 For the preparation of DAzBT, 1
was reacted with 5-chlorothiophene-2-boronic acid pina-
col ester 28 by Pd[PPh3]4-catalyzed Suzuki�Miyaura
cross-coupling reaction to give 2-(2-azulenyl)-5-chlor-
othiophene 3; this was subjected to a nickel�phosphine
complex-catalyzed homocoupling reaction to giveDAzBT

as dark-green crystals. For the preparation of DAzTT,

Suzuki�Miyaura cross-coupling of 1 with thienothio-
phene diboronic acid ester 4

9 proceeded readily to give
DAzTT as dark-green crystals. These compounds were
purified by gradient sublimation and characterized by
elemental analysis and single-crystal X-ray diffraction.
Single crystals ofDAzBT andDAzTT grown by slow gra-

dient sublimation had almost planar forms and similar pack-
ing formation (Figures 1a, 2a). The maximum deviations
from themean planewere ca. 0.17 Å forDAzBT and 0.20 Å
forDAzTT.10 The molecular long axes (c axes) exhibited a
layer structure in both crystals (Figures 1b and 2b), which
took the form of well-defined herringbone packing struc-
tures typical of edge-to-face stacking (Figures 1c, 2c).
Althoughboth crystals showed interatomic contacts, those
in DAzBT were based on carbon 3 3 3 carbon contacts and
1D columnar interaction, while those inDAzTTwere based
on sulfur 3 3 3 carbon contacts and 2D planar interatomic
contacts. PLATON/VOID11 software calculated packing
coefficients of 73.8% in DAzTT and 73.1% in DAzBT.

Scheme 1. Synthesis of 5,50-di(2-azulenyl)-2,20-bithiophene
(DAzBT) and 2,5-di(2-azulenyl)-thieno[3,2-b]thiophene
(DAzTT)

Figure 1. Crystal structure of DAzBT. (a) Thermal ellipsoid
drawing of top and side views at 50% probability level. (b)
Partial view along the b axis with clear indication of a layer
structure along the c axis. (c) Perspective view with clear
indication of the herringbone packing and the 1D columnar
interatomic contacts.
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These results together indicate that the sulfur atoms take
a more effective role in the packing structure of DAzTT.
Interestingly, theC 3 3 3Cdistance inDAzBT is shorter than
that in 5,50-bis(naphth-2-yl)-2,20-bithiophene,12 which
means that the azulene unit has a higher packing efficiency
than the naphthalene unit despite the antiparallel stackable
feature of azulene units due to their polarized structure.
These herringbone characteristics are generally observed
in high-mobility OFET materials, such as pentacene,13,14

oligothiophene,13,15 and various thienoacenes.16

The UV�vis spectra of the azulene oligomers in film
form showed absorptionmaxima (λmax) of around 630 and
690 nm (in the visible region) for both (Table 1, Figure 3).
The lowest transition energies (Eg‑abs) estimated from the
absorption edges and the ionization potential (IP) deter-
mined by photoelectron yield spectroscopy ofDAzBT and
DAzTT were similar. The IP values were�5.43 and�5.45
eV (Table 1), showing good positioning with respect to the
Fermi level of a gold electrode (�4.9 eV). Both compounds
had small transition energies (1.74 eV), and these values
were close to that of unsubstituted azulene (1.8 eV),3a

indicating that the characteristic transitions of the longest
absorption band forDAzBT andDAzTT are considered to
be similar to that for unsubstituted azulene. The lowest
transition energies calculated by the time-dependent den-
sity functional theory (TD-DFT) method17 were both 2.27
eV, with contributions of HOMO�2 to LUMO excitation
(CI coefficient = 0.59) in DAzBT, HOMO�1 to LUMO
excitation (0.63) in DAzTT, and HOMO to LUMO ex-
citation in DAzBT (0.18) and DAzTT (0.10) (Figure S9 in
Supporting Information). Thus the transition energy of
these molecules probably cannot be treated as a simple
HOMO�LUMO transition as seen in a number of π-
conjugated molecules.
We fabricated OFET devices by vacuum deposition in a

top-contact type of configuration with an active layer
thickness of 60 nm on bare Si/SiO2 substrate or hexam-
ethyldisilazane (HMDS)-treated Si/SiO2 substrate (Table 2).
Both devices gave typical p-channel responses and good
saturation behaviors in the output curves (Figure 4a,c). A
DAzTT-based device fabricated on HMDS-treated Si/SiO2

gave the best OFET performance, with a carrier mobility
(μFET) of 5.0 � 10�2 cm2 V�1 s�1, on/off ratios (Ion/Ioff) of
1.1 � 105, and a threshold voltage (VTh) of �5 V. HMDS
treatment had little effect on μFET performance but de-
creased VTh. Overall, the mobilities of DAzTT were higher
than those of DAzBT on account of the more effective
intermolecular interaction in the DAzTT crystals (see
above). The FET performance ofDAzBTwas comparable
to other similar materials using, such as naphthalene,12

phenanthrene,18 benzothiophene,12 or naphthothiophene19

as the end-capping unit. Higher μFET has been reported
when employing larger linear acenes, anthracene, and
tetracene.20

X-ray diffraction measurements with an out-of-plane
configuration of DAzBT and DAzTT on HMDS-treated
Si/SiO2 gave a series of peaks assignable to (00h) reflections
(Figure 5). The diffraction peak at 2θ=4.04� corresponds
to a d-spacing of 21.9 Å forDAzBT, and that at 2θ=4.32�

corresponds to a d-spacing of 20.4 Å for DAzTT, in good
agreement with the c axis lengths of the single crystals,
respectively, 21.6 and 20.0 Å (Figures 1b, 2b). These results

Figure 2. Crystal structure of DAzTT. (a) Thermal ellipsoid
drawing of top and side views at 50% probability level. (b) Partial
view along the a axiswith clear indication of a layer structure along
the c axis. (c) Perspective view with clear indication of the
herringbone packing and the 2D planar interatomic contacts.

Table 1. UV�vis and PYS Data of DAzBT and DAzTT

compound λmax
a (nm) λonset (nm) Eg‑abs

b (eV) IPc (eV)

DAzBT 630, 688 712 1.74 �5.43

DAzTT 629, 689 714 1.74 �5.45

aAbsorption spectra in thin film forms. bDetermined from the absorp-
tion edge. cDetermined by photoemission yield spectroscopy (PYS).

Figure 3. UV�vis spectra ofDAzBT (blue) and DAzTT (red) in
thin-film form. The lowest transition energies (Eg‑abs) were
determined from the intersection of the line tangent to the long
wavelength side of the band and the corrected baseline.
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show that the molecules stood nearly perpendicular to
the substrate (edge-on orientation) in the film form. On
the other hand, weak peaks were assignable to (111) in
DAzBT and to (1�11) inDAzTT, indicating a coexisting
face-on orientation (Figure 5b). Although out-of-plane
X-ray diffraction showed high-ordered structures in thin
films of both DAzBT and DAzTT, the packing advan-
tage of the 2Dnetwork interatomic contacts inDAzTT is
one reason why μFET was higher in DAzTT (Table 2).
Thin-film morphology revealed by atomic force micro-
scopy showed crystal growth with small grains that seem
to be rough with high crystallinity (Figure S11, Support-
ing Information).

In general, azulene is less stable thannaphthalene.3bTher-
mogravimetric analysis under flowing nitrogen showed
good thermal stability of both compounds: onset of decom-
position at 432 �C for DAzBT and 430 �C for DAzTT

(Figure S12, Supporting Information).
We have synthesized novel azulene-based oligomers and

used π-conjugation to create OFETs. These compounds
showed small transition energies due to their effective π-
conjugation system, high-order orientations in the crystal-
line state, and typical p-channel OFET characteristics with
comparatively high carriermobilities.Weare nowworking
on optimizing their carrier mobilities and investigating
materials based on this molecular design.
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Figure 5. (a) Out-of-plane X-ray diffraction patterns of evapo-
rated thin films of (left)DAzBT and (right) DAzTT on HMDS-
treated Si/SiO2 substrate. (b) Single-crystal X-ray structure of
(upper) DAzBT and (lower) DAzTT with clear indication of
their face-on orientations.
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Figure 4. OFET characteristics of top-contact devices made of
(a,b) DAzBT and (c,d) DAzTT at ambient temperature. (a,c)
Output curves at different gate voltages. (b,d) Transfer curves in
the saturated region at a drain voltage of �100 V.

Table 2. OFET Characteristics of DAzBT and DAzTT

compound

surface

treatment Tsub
a

μFET
(cm2 V�1 s�1) Ion/Ioff

VTh

(V)

DAzBT bare rt 2.4 � 10�2 1.7 � 106 �25

HMDS rt 1.8 � 10�2 8.0 � 106 �18

DAzTT bare rt 4.7 � 10�2 1.3 � 105 �12

HMDS rt 5.0 � 10�2 1.1 � 105 �5

a rt = room temperature.


