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ABSTRACT: Azulene-fused polycyclic aromatic hydrocarbons (PAHs) were synthesized from commercially available azulene in
four steps. The resulting azulene conjugates exhibited significantly narrow HOMO−LUMO bandgaps with high air stability,
confirmed by photophysical study. Introduction of azulene also enabled the unique reversible stimuli-responsiveness even with
the weak acid and base, which can potentially control the degree of conjugation and optoelectronic properties by simple acid−
base and redox processes.

The synthesis of functionalized polyaromatic hydrocarbons
with extended polycyclic frameworks is of interest because

it can produce organic photoelectronic materials for various
applications such as field-effect transistors (OFETs), photo-
voltaics, and light-emitting diodes.1 For example, linearly fused
PAHs, such as pentacene, rubrene, picene, and indeno[1,2-
b]fluorenes are key components for high-performance OFETs
(Figure 1).2 These organic semiconducting materials are flexible,

light, and easily shaped compared to transistors based on silicon
or other inorganic materials. The properties of these PAHs have
been adjusted by taking advantage of the versatility of the
chemical synthesis.3 The major strategies can be classified into
three categories: (1) introduction of functional groups on the
aromatic backbone, (2) incorporation of main group heter-
oatoms, such as B, N, and P, into the π-conjugated system, and
(3) extension of π-systems by annulation with aromatic rings.4

These can decrease optical bandgaps, increase electronic

coupling, and control molecular packing to reduce reorganiza-
tion energies in the solid state. However, PAHs with greater
conjugation suffer from intrinsic chemical instability upon
exposure to air and light,5 and heteroatom-containing sub-
stituents sometimes disrupt π-stacking, which inhibits charge
carrier transport.6 Furthermore, poor solubility derived from
intense π−π interactions between the expanded and nonpolar
planar π-conjugation systems often limit further applications. To
compensate for these drawbacks, there are opportunities for
investigations into the design and characterization of unconven-
tional all carbon polycyclic aromatic frameworks.7 The present
study describes the incorporation of an azulene ring8 into linearly
fused [n]acene and [n]phenacene structures, i.e., the replace-
ment of two six-membered rings with five- and seven-membered
rings, which significantly decrease the bandgaps with retention of
stability and solubility. Unique reversible stimuli-responsiveness
even with the weak acid and base, which cannot be achieved by
incorporation of a naphthalene ring, is also described.
Azulene ring-fused polyaromatic hydrocarbons 1−3 were

successfully synthesized in four steps from commercially
available azulene (Scheme 1). Iridium-catalyzed C−H bond
direct borylation of azulene, conducted using a modification of a
procedure by Murafuji et al., afforded a mixture of 2- and 1-
borylazulenes in 52% and 23% yield, respectively.9 The 2-
formylphenyl group was then introduced into the 2-position of
azulene via Suzuki−Miyaura cross-coupling reaction of 2-
borylazulene. Optimization of the reaction conditions revealed
that Pd(PPh3)4 and Na2CO3 in a mixture of THF and H2O gave
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Figure 1. Representative examples of linear PAHs.
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the best result for this step. The resulting aldehyde was next
converted into the methyl vinyl ether by Wittig reaction.
Subsequent bismuth-catalyzed cyclization and aromatization,
which was developed by us,10 proceeded at 25 °C to afford the
corresponding naphth[2,1-a]azulene (hereafter denoted “Naph-
Az”) 1 in 99% yield.11 The structure of 1 was unambiguously
determined by single-crystal X-ray structure analysis (Figure S9).
The stereoisomer ratio of the starting methyl vinyl ether did not
affect the efficiency of this cyclization. Azulene derivatives are
generally sensitive to acid and oxidant,8 and the choice of a mild
Lewis acid, Bi(OTf)3, as a catalyst was key to promoting efficient
reaction. Following the same reaction, azuleno[2,1-a]-
phenanthrene (hereafter “PhenAz”) 2 possessing a zigzag
structure as well as linear azuleno[2,1-a]anthracene (hereafter
“AnthAz”) 3 were obtained in 96% and 97% yield, respectively
(yield is based on vinyl ethers employed; see the SI for the
details). Azuleno[2,1-a]phenanthrene 2′with a substituent at the
axis position was also obtained in 98% yield. Although
pentacenes without any substituents are prone to oxidation
and dimerization,5 their constitutional isomers, PhenAz 2 and
AnthAz 3, were very stable under ambient conditions. The fused
azulenes 1−3 were soluble in common organic solvents, such as
CH2Cl2 and THF, in contrast to the poor solubility of pentacene
and picene derivatives.2

To evaluate these azulene-conjugated π-systems as new
molecular material candidates, their photophysical properties
were determined. The optical data are summarized in Table S1 in
SI. The UV−vis absorption spectra of NaphAz 1 was compared
with those of chrysene ([4]phenacene) and tetracene ([4]acene)
having the same 18π conjugated system (Figure 2). Three main
absorption maxima at 326, 375, and 396 nm and a small shoulder
peak near 345 nm were observed for NaphAz 1. These
absorptions are similar to those from the parent azulene at
269, 321, and 343 nm, but are red-shifted by more than 50 nm.
Additionally, a weak absorption centered at 627 nm, which
derived from S0→ S1 transition and caused the unique blue color
of NaphAz 1, was observed. Although the molar absorption
coefficient εwas low (ε = 360M−1cm−1), blue color derived from
the absorption over 600 nm is rare for pure hydrocarbons without
any heteroatoms in the neutral state. In contrast, the constitutional
isomers chrysene and tetracene produced quite different
absorption spectra. The absorption maxima, appearing at 269

nm for chrysene and 276 nm for tetracene, both were shifted to
shorter wavelengths compared with that for NaphAz 1. The
optical bandgap of NaphAz 1 obtained from the onset of
absorption was estimated to be 1.49 eV. This narrow bandgap of
NaphAz 1 is consistent with nonbenzenoid aromaric hydro-
carbon systems, such as azulene, which generally have smaller
bandgaps than do aromatic systems with the same number of π-
electrons.12

To gain insight into the structural and electronic properties,
density functional theory (DFT) calculations with NaphAz 1,
chrysene, and tetracene are conducted using the B3LYP/6-
311G(d) level of theory. The entire backbone of NaphAz 1
possesses a highly planar geometry, which correlates well with
the structure confirmed by X-ray crystallographic analysis. The
electron density distribution of the HOMO orbital of NaphAz 1
is effectively delocalized over the entire backbone, whereas its
LUMO orbital is relatively localized on the azulene ring (Figure
3). The HOMO level of NaphAz 1 is higher than chrysene, and

nearly identical with tetracene, although the molecular shape is
similar to that of chrysene. The HOMO−LUMO energy
bandgap of NaphAz 1 estimated from the UV−vis study was
smaller than that obtained from DFT calculation (see Figure 2).
The parent azulene shows a similar phenomenon (optical
bandgap is ca. 1.7 eV, while that estimated from DFT is 3.3 eV).
This difference can be rationalized by considering the non-
alternant nature of azulene, which generally possess smaller

Scheme 1. Synthesis of Azulene-Fused PAHs

aYields are based on 2-borylazulenes. See the SI for the yield of each
steps.

Figure 2. UV−vis spectra of chrysene (black), NaphAz 1 (blue), and
tetracene (red) in CH2Cl2 at 25 °C. Inset: Enlargement of the
absorption in 450−900 nm.

Figure 3. Molecular orbital plots and energy diagrams for chrysene,
NaphAz 1, and tetracene calculated using the DFT method at the
B3LYP/6-311G(d) level of theory. The values between each level are
the energy gaps of the frontier orbital.
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bandgap than estimated from DFT calculation due to the small
repulsive energy between the electrons occupying HOMO and
LUMO orbital in the excited state.12

It is well-known that exposure of [n]acene derivatives in
solution to ambient air and sunlight causes oxidative and
photolytic degradation.5 For example, the half-life of the
photooxidation rate for tetracene ([4]acene) was less than 24
h. In sharp contrast, NaphAz 1 was very stable in air and light
despite its higher HOMO level and smaller energy bandgap
compared with that of [n]acene. A decrease in UV absorption
intensity was not observed, even when the NaphAz 1 solution
was exposed to air and ambient light for 1 day (Figure S2).
Furthermore, the NMR spectrum did not indicate any noticeable
decomposition, even upon prolonged heating at 150 °C for 1 h. A
sample kept in CDCl3 open to the atmosphere and exposed to
ambient light also exhibited no decomposition even after 1 week
(see Figure S3 for a similar study for PhenAz 2 and AnthAz 3). In
general, stability of PAHs strongly depends on the mode of ring
annulation and the topology of their π-electron systems.13 The
enhanced stability of NaphAz 1 can be rationalized by
considering its aromaticity (benzenoid character), i.e. in contrast
to NaphAz 1, tetracene is unstable because three double bonds
can be drawn in only one ring of its π-systemwithout duplication.
Similar to NaphAz 1, both PhenAz 2 and AnthAz 3 exhibited

good stability in air. In addition, the CH2Cl2 solution of PhenAz
2 was green and that of AnthAz 3 was yellowish green. The
absorption spectrum of AnthAz 3was similar to that of its isomer
PhenAz 2 (Figure 4, solid line), with a strong absorption at 335

nm for PhenAz 2 and at 341 nm for AnthAz 3. These absorptions
were red-shifted by approximately 10−20 nm compared with
NaphAz 1, reflecting extension of π-conjugation. DFT
calculations suggested that PhenAz 2 and AnthAz 3 possessed
very similar HOMO and LUMO energy levels (Figure S8).
Despite similar electronic structures, however, these compounds
exhibited completely different stimuli-responsiveness against the
acid−base reaction.14,15 AnthAz 3 produced a new absorption in
the visible region centered at 414 nmwith the longest wavelength
absorption at 587 nm, while that for PhenAz 2 was only 458 nm
upon addition of TFA (Figure 4, dotted line). These absorption
changes were accompanied by an instant color change from
green to orange (for PhenAz 2) and from yellowish green to dark
blue (for AnthAz 3) (see inset in Figure 4). To illustrate the
origin of this unusual phenomenon, theoretical calculations of

the excited state for these compounds were conducted using the
TD-DFTmethod at the B3LYP/6-311G(d) level. The calculated
absorption spectra agreed well with the experimental spectra
(Tables S3−S6). The new absorptions centered at 458 nm for
PhenAz 2 and 414 nm for AnthAz 3 are attributed to HOMO−1
→ LUMO transitions, while that at 587 nm for AnthAz 3 is
assigned mainly to the HOMO → LUMO transition (oscillator
strength f = 0.1364) (see Tables S5 and S6). The longest
wavelength absorption for PhenAz 2 is attributed to a
symmetry−forbidden HOMO → LUMO transition with an
oscillator strength of 0.0059. HOMO contours existed along the
entire annulated π-framework in PhenAz 2 and AnthAz 3 in the
neutral state (Figure S8). After protonation, however, HOMO
orbitals of PhenAz 2 completely localize on the phenanthrene
units, while that of AnthAz 3 delocalize to azulene as well as
anthracene moieties (Figure 5). Thus, the distinct differences in

stimuli-responsiveness observed can be rationalized in terms of
the degree of orbital overlap, i.e. HOMO orbital of PhenAz 2
does not overlap effectively with its LUMO, and the absorption
derived from this transition has an intramolecular charge-transfer
character, which generally has low oscillator strength.
Importantly, neutralization of acidic solutions of PhenAz 2 and

AnthAz 3 with triethylamine (Et3N) regenerated the absorption
spectra of their neutral states (Figure 6).16 The spectral response
to these acid−base reactions was very fast, occurring on mixing,
and could be repeated for many cycles with no significant
variation from cycle to cycle. Reversible change for these
compounds could also be monitored by 1H NMR spectroscopy.
Treatment of TFA resulted in the downfield shifts of the

Figure 4. UV−vis spectra of azulene (black), PhenAz 2 (red), and
AnthAz 3 (blue) in CH2Cl2 in the neutral state (solid line) and after
protonation by TFA (dotted line) using TFA/CH2Cl2 (v/v = 1/6).
Inset: photographs in the neutral state (left) and upon addition of TFA
(right).

Figure 5. DFT-calculated molecular orbitals and energy diagram of
protonated PhenAz 2−H+ and AnthAz 3−H+.

Figure 6. Variation of UV−vis absorption spectra of AnthAz 3 upon the
protonation by TFA in CH2Cl2 at 25 °C (from neutral state (dark blue
line) and after protonation with ca. 15% of TFA (purple line)).
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aromatic protons, which were recovered to the initial 1H NMR
spectra in the neutral state by the neutralization with Et3N (see
Figures S6 and S7). In contrast, the original UV−vis spectra of
nonsubstituted parent azulene could not be recovered,
presumably due to competitive oxidation or decomposition of
the protonated azulene species that lack stabilization. The color
change shown in Figure 4 also indicated that increase of the
number of fused-benzene rings significantly changed the
absorption spectra, and makes PhenAz 2 and AnthAz 3 suitable
for novel molecular probes for the detection of even weak acid
and base by the naked eye.
In conclusion, this study describes facile protocols for the

incorporation of azulene rings into PAHs, which affected their
photophysical properties. These novel azulene conjugates
possessed narrow bandgaps, excellent photooxidative resistance,
and good solubility. Blue and green colors in the neutral state
derived from absorption in the visible region, as well as unique
reversible stimuli-responsiveness, even with a weak acid and base,
are rare for pure hydrocarbons without any heteroatoms. These
results suggest that azulene-embedded PAHs are promising
candidates for novel organic electronic materials. The application
of resulting azulene conjugates to OFETs, etc., is ongoing in our
laboratory.
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