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ABSTRACT: Intermolecular orbital coupling is fundamentally
important to organic semiconductor performance. Recently, we
reported that 2,6′:2′,6″-terazulene (TAz1) exhibited excellent
performance as an n-type organic field-effect transistor (OFET)
via molecular orbital distribution control. To validate and
develop this concept, here we present three other terazulene
regioisomers, which have three azulene molecules connected at
the 2- or 6-position along the long axis of the azulene, thus
constructing a linear expanded π-conjugation system:
2,2′:6′,2″-terazulene (TAz2), 2,2′:6′,6″-terazulene (TAz3),
and 6,2′:6′,6″-terazulene (TAz4). TAz2 and TAz3 exhibit
ambipolar characteristics; TAz4 exhibits clear n-type transistor
behavior as an OFET. The lowest unoccupied molecular
orbitals (LUMOs) of all terazulenes are fully delocalized over
the entire molecule. In contrast, the highest occupied molecular orbitals (HOMOs) of TAz2 and TAz3 are delocalized over the
2,2′-biazulene units; the HOMOs of TAz4 are localized at one end of the azulene unit. These findings confirm that terazulene
isomers which are simple hydrocarbon compounds are versatile materials with a tunable-polarity FET characteristic that depends
on the direction of the azulene unit and the related contrast of the molecular orbital distribution in the terazulene backbone.

■ INTRODUCTION

Azulene (C10H8) is a popular molecule in the class of
compounds known as nonbenzenoid aromatic hydrocarbons;
it has attracted much attention recently because of its unusual
properties, typified by a large dipole moment and long-
wavelength absorption.1−3 These features are derived from the
nonalternant hydrocarbon character of azulene, and a
fundamental difference between it and the alternant hydro-
carbon naphthalene arises from differences in their molecular
orbital geometries. The highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) of azulene are not mirror-related in orbital geometry;
therefore, the absolute values of their atomic orbital coefficients
differ substantially. Thus, the energy gap is smaller than
anticipated, resulting in a lower transition energy. As a result,
the introduction of azulene groups can be used to trigger the
construction of π-conjugated materials with a narrow energy
gap. To date, azulene-based conjugated compounds have been
investigated in various applications, including near-IR absorp-
tion materials,4−6 conducting polymers,7,8 nonlinear optics,9−12

fluorescence switching,13−15 electrochromic materials,16,17 and
organic solar-cell materials.18−22

The substitution position of azulene strongly affects the
optical properties of azulene-based materials.23−28 For example,
azulene-based compounds substituted at the 2- or 6-position

have narrower HOMO−LUMO energy gaps and longer
absorption wavelengths than compounds substituted at the 1-
or 3-position.14,29,30 In addition, the 2- and/or 6-substituted
azulene oligomers exhibit rectilinear structures with strong
intermolecular interactions and high-order orientations in the
crystalline state. The π-conjugated molecules with a high-
aspect-ratio molecular shape generally prefer a well-defined
herringbone packing, as observed in high-performance organic
field-effect transistor (OFET) materials such as pentacene and
oligothiophene derivatives.31−34 Azulene has been rarely
studied as the building block in OFET materials.22,35,36

However, recently we developed linear expanded azulene π-
conjugation oligomers as OFET materials37 and reported that
an oligomer comprising only azulene units 2,6′:2′,6″-terazulene
(TAz1) (Figure 1) exhibited excellent n-type transistor
performance.38 The LUMO of TAz1 is well-distributed over
the entire molecule, whereas the HOMO is localized at one
end, indicating an advantage of electron carrier transport over
hole transport. This asymmetric property between the HOMO
and LUMO in TAz1 is derived from the asymmetric character
of the HOMO and LUMO in azulene.
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Terazulene includes four regioisomers [TAz1, 2,2′:6′,2″-
terazulene (TAz2), 2,2′:6′,6″-terazulene (TAz3), and
6,2′:6′,6″-terazulene (TAz4), Figure 1], each of which is
expected to exhibit unique properties, including internal dipole
moments and different distributions of their HOMO and
LUMO. Herein, we describe the synthesis, structure, and
properties of new terazulene isomers (TAz2, TAz3, and TAz4)
and specifically focus on their carrier transport properties as
evaluated in OFET devices and the dependence of OFET
polarity on the molecular orbital distributions.

■ RESULTS AND DISCUSSION

Synthesis and Thermal Properties. The syntheses of
terazulene isomers TAz2−TAz4 are shown in Scheme 1. 2-
Chloroazulene-6-boronic acid ester 1, which is a valuable
synthetic intermediate for selective substitution at the 2- and 6-
positions in the azulene moiety, was synthesized according to
our previous report.38 Suzuki−Miyaura cross-coupling of 1 with
2-iodoazulene 2 or 6-bromoazulene 3 afforded the 2-chloro-
biazulene ester derivatives 4 and 5, respectively. These
derivatives were then treated with 100% phosphoric acid to
afford 6 and 7, respectively. Finally, Suzuki−Miyaura cross-
coupling reaction of 6 with 2-azulenyl boronic acid ester 8 gave
TAz2. TAz3 and TAz4 were readily obtained via the Suzuki−
Miyaura cross-coupling reactions between 7 and 8 and between
7 and 6-azulenyl boronic acid ester 9, respectively. All isomers
were dark-green crystals and insoluble in common organic
solvents such as chloroform, THF, and toluene at room
temperature. TAz2−TAz4 were thereby fully characterized by
elemental analysis and single-crystal X-ray analysis. Thermog-
ravimetric analysis (TGA) demonstrated that the all of the
terazulene isomers exhibit high thermal stability, with a
temperature of 5% weight loss greater than 410 °C under
nitrogen (see the Supporting Information for TGA analysis,

Figure 1. Chemical structure of terazulene isomers.

Scheme 1. Synthesis of TAz2−TAz4 via Suzuki−Miyaura Cross-Coupling
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Figure S16); hence, thermal decomposition of the azulene
skeleton would not occur below that temperature.
Optical and Electrochemical Properties. The optical

bandgaps and HOMO−LUMO energy levels of the inves-
tigated terazulene isomers TAz2−TAz4 were estimated on the
basis of UV−vis absorption spectra in thin-film form and
photoemission yield spectroscopy (PYS) measurements in air.
The results are shown in Figure 2 and Table 1 with the

previous data of TAz1.38 All four terazulene isomers exhibited a
long-wavelength absorption peak at approximately 600−800
nm (Figure 2a). These results indicate that π-conjugation can
be extended in oligoazulene systems when connected at the 2-
and 6-positions, irrespective of the direction of the azulene
units in the terazulene framework. The lowest transition
energies (Eg‑abs) of TAz1−TAz4 in thin-film form, as estimated
from the onset of the film absorptions, are 1.63, 1.62, 1.57, and
1.56 eV, respectively. Notably, all of the terazulene isomers
have a fairly narrow bandgap despite the absence of any hetero
atoms and electron-donating or -accepting substituents. The
HOMO levels of TAz1−TAz4 determined by photoelectron
yield spectroscopy were −5.56, − 5.45, − 5.47, and −5.49 eV,
respectively, indicating that all of the terazulenes have a
sufficiently deep HOMO level to be air stable. In fact, no
substantial degradation or decomposition of these compounds
was observed even after long-term (approximately 1 year)
storage under laboratory ambient conditions. The LUMO level
calculated by the addition of the Eg‑abs to HOMO levels were
−3.93, − 3.83, − 3.90, and −3.93 eV, respectively. The LUMO
level of TAz2 is slightly higher than those of the other isomers.

Crystal Structure Analysis. Single crystals of TAz2−TAz4
were obtained by slow gradient sublimation, and their crystal
structures were subsequently determined by single-crystal X-ray
analysis. The crystal structures of TAz2−TAz4 are shown in
Figure 3 with the previous data of TAz1.38 TAz1 and TAz2
showed a rigid and planar molecular structure (Figure 3a,b). As
a result, both molecules with an azulene unit connected at the
2,2′- or 2,6′-position should exhibit less hindrance between
adjacent azulene moieties. The molecular long axes (c-axes)
exhibited a layer structure in both crystals (Figure 3a,b), which
took the form of well-defined herringbone packing structures
typical of edge-to-face stacking. In both crystal structures,
structural refinement yielded a global pseudosymmetry with 1:1

Figure 2. (a) UV−vis absorption spectra of TAz1−TAz4 in thin-film
form. (b) Photoemission yield spectra of TAz1−TAz4 in air.

Table 1. Optical Properties of Terazulene Isomers in Thin-
Film Form

compound λonset (nm) Eg‑abs (eV)
a HOMO (eV)b LUMO (eV)c

TAz138 757 1.63 −5.56 −3.93
TAz2 764 1.62 −5.45 −3.83
TAz3 785 1.57 −5.47 −3.90
TAz4 795 1.56 −5.49 −3.93

aDetermined from the absorption edge. bDetermined by photo-
emission yield spectroscopy (PYS). cLUMO energy levels calculated
by the addition of the optical band gap (Eg‑abs) to the HOMO level.

Figure 3. Crystal structures of TAz1 (a),38 TAz2 (b), TAz3 (c), and TAz4 (d): Thermal ellipsoid drawing of top and side views at the 50%
probability level, partial view along the b-axis with clear indication of the layer structure along the c-axis, and perspective view with clear indication of
the herringbone packing.
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disorder between the parallel and antiparallel orientations; the
two molecules were geometrically equal (Table S1). By
contrast, TAz3 and TAz4 molecules exhibited a large torsion
angle between the seven-membered rings with an azulene unit
connected at the 6,6′-position. The dihedral angles between the
seven-membered rings in TAz3 and TAz4 are 48.5 and 48.7°,
respectively (Figure 3c,d). These dihedral angles are mainly
attributed to high hindrance between adjacent seven-membered
rings in the terazulenes. Interestingly, in the similar case of
TAz1 and TAz2, the molecular long axes (c-axes) exhibited a
lamellar structure (Figure 3c,d), which took the form of the
well-defined herringbone arrangement regardless of the twisted
molecular configuration. In addition, no disorder was observed
between the parallel and antiparallel orientations in any of the
crystal structures.
OFET Device Fabrication and Evaluation. Top-contact

field-effect transistors were fabricated by vacuum deposition of
TAz1−TAz4 on substrates of octadecyl trichlorosilane
(ODTS)-treated Si/SiO2 (300 nm thick thermal SiO2 on a Si
wafer). The source and drain electrodes were deposited by
evaporation of gold or aluminum; the channel length and width
of the electrodes were 50 μm and 5.5 mm, respectively. The
performance of the OFET devices fabricated at different
substrate temperature (Tsub) was evaluated with the devices in a
glovebox; the results are summarized in Table 2. The typical
output and transfer curves of the devices were presented in
Figure 4. All TAz1-based devices exhibited pure typical n-
channel field-effect transistor (FET) characteristics irrespective
of whether gold or aluminum electrodes were used. The FET
mobilities gradually improved with increasing Tsub, and the
devices fabricated at Tsub = 100 °C with gold electrodes
demonstrated an electron carrier mobility (μFET) as high as 0.29
cm2 V−1 s−1.38 Interestingly, all TAz2-based devices with gold
electrodes exhibited typical p-channel FET characteristics, with

μFET_h = 1.32 cm2 V−1 s−1 at Tsub = 100 °C, indicating that the
polarity completely changed with the direction of the azulene
unit. Moreover, TAz2-based devices with aluminum electrodes
exhibited both p- and n-operation, with a well-balanced
mobility of μFET_h = 7.7 × 10−2 cm2 V−1 s−1 and μFET_e = 4.3
× 10−2 cm2 V−1 s−1 at Tsub = 100 °C; thus, TAz2 clearly
exhibits ambipolar character. The pure p-type (no n-type)
behavior of the TAz2-based devices with gold electrodes is
attributed to its LUMO level, which is slightly higher than that
of the other terazulene isomers (vide supra). All TAz3-based
devices with gold electrodes exhibited typical n-channel FET
characteristics, and the device fabricated at Tsub = RT clearly
showed both p- and n-type characteristics, with mobilities of
μFET_h = 6.3 × 10−3 cm2 V−1 s−1 and μFET_e = 7.0 × 10−3 cm2

V−1 s−1, respectively. Although the reason why ambipolar
performance of TAz3 was observed only at Tsub = RT is unclear
at this stage, these results indicate that TAz3 like TAz2 has an
ambipolar nature. All TAz4-based devices showed only n-
channel FET characteristics, irrespective of whether gold or
aluminum electrodes were used. The devices fabricated at Tsub
= 60 and 100 °C demonstrated electron carrier mobilities as
high as μFET = 0.15 cm2 V−1 s−1.
Thus, overall, TAz1 and TAz4 acted as n-type materials in

OFETs, whereas TAz2 and TAz3 behaved as ambipolar
materials in OFETs. These results suggest that terazulene
isomers are versatile materials with tunable-polarity FET
characteristics that are dependent on the direction of the
azulene units in the terazulene backbone. For additional thin-
film and device characterization information, see Figures S17−
S20.

Thin-Film Microstructural Characterization. To clarify
the thin-film morphology of the TAz1−TAz4 films for FET
devices with top-contact configuration, atomic force micros-
copy (AFM) was carried out. The AFM images of the TAz1−

Table 2. OFET Characteristics of the Terazulene Isomers

compound electrode Tsub (°C)
a polarity μFET_h (cm

2 V−1 s−1) μFET_e (cm
2 V−1 s−1)

TAz1 Au38 RT n 1.4 × 10−2

60 n 0.11
100 n 0.29

Al RT n 3.2 × 10−2

60 n 0.11
100 n 0.12

TAz2 Au RT p 0.26
60 p 0.92
100 p 1.32

Al RT p 0.34
60 p 0.86
100 ambipolar 7.7 × 10−2 4.3 × 10−2

TAz3 Au RT ambipolar 7.0 × 10−3 6.3 × 10−3

60 n 0.22
100 n 0.28

Al RT n 1.9 × 10−3

60 n 0.19
100 n 0.31

TAz4 Au RT n 7.3 × 10−2

60 n 0.15
100 n 0.15

Al RT n 7.3 × 10−2

60 n 0.15
100 n 0.15

aRT = room temperature.
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TAz4 films at different Tsub are shown in Figure 5. The grain
size and regularity of the TAz1−TAz4 films on the substrates
were largely influenced by Tsub. The TAz1−TAz4 films
deposited at Tsub = RT showed small grains (Figure 5a,d,g,j).
The grains of TAz1−TAz4 were clearly larger in the thin films
deposited at Tsub = 60 °C, and terrace structures appeared in
spots in the thin films (Figure 5b,e,h,k). By contrast, a highly
regular terrace structure was observed at Tsub = 100 °C in all of
the TAz1−TAz4 films (Figure 5c,f,i,l).39

The crystal structures of these thin films were analyzed by
grazing-incidence X-ray diffraction (GIXD) using synchrotron
radiation. Figure 6 displays the 2D GIXD images of the thin
films of TAz1−TAz4 fabricated at different temperatures. The
2D GIXD patterns for all of the terazulene isomers were
observed as spots, which indicates that these films were highly
crystalline; the 2D GIXD patterns gradually improved with
increasing Tsub and eventually gave numerous sharp reflection
spots along qz (out-of-plane direction) for a given qxy (in-plane
direction) at Tsub = 100 °C. Moreover, remarkable similarity

Figure 4. Typical OFET characteristics of top-contact devices fabricated using TAz2 (a−f), TAz3 (g−j), and TAz4 (k and i). (a, c, e, g, i, and k)
Output curves at different gate voltages. (b, d, f, h, j, and l) Transfer curves in the saturated region.

Figure 5. AFM analysis of evaporated thin films of TAz1−TAz4 deposited onto ODTS-treated Si/SiO2 substrates at different substrate
temperatures: TAz1 (a−c),38 TAz2 (d−f), TAz3 (g−i), and TAz4 (j−l).
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was observed between the 2D GIXD pattern and the pattern
calculated on the basis of the single-crystal X-ray data; these
results indicate that the TAz1−TAz4 molecules stand nearly
perpendicular to the ODTS-treated Si/SiO2 substrate (edge-on
orientation) in film form. In TAz1, TAz3, and TAz4, the Miller
indices (hkl) were assigned on the basis of the single-crystal
data (see Supporting Information for experimental details;
Figure S21). However, in the case of TAz2, Miller indices were
not assigned because another similar structure coexisted in the
film, similar to the relationship between a bulk phase and a
thin-film phase in pentacene thin-film form.40 In the case of the
TAz1 thin film, little difference was observed in the diffraction
patterns obtained at different temperatures, and the reflections
became clean, sharp spots with increasing Tsub. By contrast, the
diffraction pattern of the thin film of TAz2−TAz4 prepared at
RT included a small arc pattern, and the diffractions
corresponding to the lamellar structure appeared along both
the qz and qxy axes, indicating that edge-on and face-on

orientations coexisted in the thin films. Importantly, the
optimization of Tsub strongly influenced the morphology and
resulted in a well-regulated molecular arrangement in the
terazulene thin films. In-house XRD measurements also
indicated a well-defined crystalline character of TAz1−TAz4
thin films. The out-of-plane XRD patterns showed a series of
peaks clearly assignable to (00h) reflections, and the in-plane
XRD patterns of all of the terazulene isomers clearly showed
three typical peaks assignable as π-stacking orientations [(11L),
(02L), (12L)] associated with the herringbone structures (see
Supporting Information for experimental details; Figure S22).

Theoretical Comparative Studies of Frontier Molec-
ular Orbitals. Density functional theory (DFT) structural
optimizations were carried out using the single-crystal X-ray
structures with the dihedral angles fixed between the azulene
units. Notably, TAz3 and TAz4 molecules exhibited a large
torsion angle at the 6,6′-position; nevertheless, these LUMOs
were overlapped between the 6,6′-bonds, clearly indicating that

Figure 6. 2D GIXD images of evaporated thin films of TAz1 (a), TAz2 (b), TAz3 (c), and TAz4 (d) deposited onto ODTS-treated Si/SiO2
substrates at different substrate temperatures. The Miller indices (hkl) were assigned on the basis of the single-crystal data. Artifacts originating from
the Si substrate are indicated by white arrows.
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the π-conjugation system is retained in TAz3 and TAz4. The
HOMOs of TAz1 and TAz4 are substantially localized mainly
in the five-membered ring at one end of the azulene moiety,
whereas their LUMOs are delocalized and spread over the
entire molecule (Figure 7a,d). Therefore, the HOMO cannot
overlap adjacent molecules, and hole transport through the
crystal is naturally prevented. By contrast, the LUMOs of TAz1
and TAz4 can overlap adjacent molecules. Thereby, these
compounds favor n-type-specific transport behavior over hole
carrier transport. The HOMOs of TAz2 are mainly spread over
the two azulene units in the terazulene backbone, and the
LUMO is delocalized over the entire molecule (Figure 7b). As
a consequence, both the HOMO and LUMO can overlap
adjacent molecules, which explains why TAz2 exhibits
ambipolar character in the OFET device. In the case of
TAz3, both the HOMO and LUMO coefficients are
delocalized, spread over the entire molecule, and capable of
overlapping adjacent molecules (Figure 7c). These findings
strongly suggest that TAz3 exhibits ambipolar character in the
OFET device.
The unique molecular orbital distribution in terazulene

isomers is interpreted as follows, consistent with our previous
report.38 The LUMO of azulene itself displays high orbital
density at the 2- and 6-positions, which reveals the strong
conjugation between three azulene LUMOs in terazulenes.
Consequently, the LUMO of terazulenes has a uniform and
broad distribution through the molecule. By contrast, the
HOMO of azulene itself has no orbital density at the 2- and 6-
positions, which leads to weak conjugation between the three
HOMOs; consequently, the three highest orbitals in terazulene
generated from three azulene HOMOs closely reflect the
distribution of each single azulene unit. In the absence of
conjugation, these three orbitals would degenerate and be
equally occupied. However, terazulene has a dipole moment
(Figure 7), which results in an electrostatic potential gradient
inside the molecule and resolves the degeneracy. Indeed, in the
cases of TAz1 and TAz4, in which the HOMOs are localized at
the end of terazulene molecules, the dipole moment resolved
the degeneracy; as a result, TAz1 and TAz4 displayed strong
gradients, with substantial energy gaps between the HOMO

and HOMO − 1 of 0.29 eV for TAz1 and 0.23 eV for TAz4
(see Supporting Information for calculation details; Figures S23
and S24 and Table S2). By contrast, TAz2 and TAz3, in which
the HOMOs are slightly spread over the terazulene molecules,
displayed weak gradients, with small energy gaps between the
HOMO and HOMO − 2 of 0.16 eV for TAz2 and the HOMO
and HOMO −1 of 0.05 eV for TAz3. In particular, the head-to-
head flat antiparallel 2,2′-biazulene unit of TAz2 and TAz3
cancels the dipole moment of each azulene unit, resulting in
degenerate HOMOs; as a result, the HOMOs spread over the
biazulene unit, with small energy gaps between them.
In hopping transport theory, a small reorganization energy

and high transfer integral favor high carrier mobility.41 The
reorganization energies of holes for TAz1−TAz4 (0.15, 0.13,
0.05, and 0.13 eV) were smaller than those of electrons (0.31,
0.22, 0.28, and 0.38 eV), indicating that the polarity change of
FET should be explained not by the reorganization energy but
by the orbital distribution (see Supporting Information for
calculation details; Figure S25). The transfer integrals for
electron transfer were greater than that for hole transfer in
TAz1, and no significant difference was observed between each
transfer integral in TAz2 and TAz3; together, these results
indicate that the transfer integrals clearly reflected the
differences in polarity of the FET characteristics in TAz1-
TAz3. By contrast, in the case of TAz4, which experimentally
exhibited only n-type behavior, transfer integrals were observed
for both hole and electron transport with the value of 0.09 and
0.05 eV, respectively. Notably, TAz4 has a noncentrosymmetric
structure in the single crystal, wherein the HOMOs overlap.
However, it is generally accepted that the crystal grains take the
form of an arbitrary c-axis inversion (indistinguishable by 2D
GIXD) in the thin-film form, wherein the HOMOs do not
overlap.

■ CONCLUSIONS

We have successfully developed all four isomers of terazulene.
Linear connections at the 2- and 6-positions on the azulene
units reveal the structural advantage of herringbone packing
and a unique π-conjugation system with an asymmetric

Figure 7. Frontier orbitals and dipole moments of TAz1 (a), TAz2 (b), TAz3 (c), and TAz4 (d) calculated at the B3LYP/6-31G(d) level: 3D mesh
images of the HOMO and LUMO in top view and side view, respectively. The two dihedral angles of azulene planes were fixed during structure
optimization at the angles determined from refinement of the crystal structures.
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distribution of molecular orbitals. The LUMOs of all of the
terazulene isomers are broadly distributed through the
molecule, achieving a high electronic coupling constant and
high electron mobility. By contrast, the HOMOs have
individual localizations in each terazulene because of their
different dipole moments, resulting in different hole mobilities.
In fact, TAz1 and TAz4 behave only as n-type FETs, whereas
TAz2 and TAz3 exhibit both p- and n-type characteristics. The
combination of azulene units at the 2- and 6-positions results in
notable features: The 2,2′-biazulene unit is important for p-type
characteristics, and the polarity of an OFET is changed through
the molecular orbital distribution. We believe that the concept
could be a key approach to constructing a variety of
semiconductor materials. Moreover, hitherto the chemistry of
azulene has been developed mainly as solution chemistry and a
rarely as liquid crystal;42−44 these findings provide an additional
expectation to accelerate the development of the solid-state
chemistry of azulene.
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