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The introduction of diarylamino groups at the 2- and 6-positions of
azulene was found to invert the order of the orbital energy levels
and allowed the HOMO—-LUMO transition, resulting in a substantial
increase in absorbance in the visible region. In addition, the stability
of their one-electron oxidised species was improved by introducing
bromine or methoxy groups at the 1- and 3-positions.

Benzene and acenes, such as naphthalene and anthracene,
display excellent electron-donating properties when they
contain substituted bis(diarylamino) groups®*° and have gar-
nered interest due to their potential applications such as
organic semiconductors," multi-electron redox materials®™*
for rechargeable batteries,® chromophore linkers for non-
linear optically active metal-organic framework (MOF)
materials,” and dopants in the emitting layers for organic
light-emitting devices (OLEDs).® These substituted acenes are
also attracting attention because of their ability to absorb
visible light, which enables them to be used as photoreduction
catalysts.”'® Furthermore, azulene''° is a structural isomer of
naphthalene, with relatively high HOMO and low LUMO energy
levels due to its unique polarisation structure (Fig. 1a), and it is
also known as a redox-active molecule compared to naphtha-
lene, anthracene, pyrene and so on."* ™ In this context, hole-
transporting materials with a two-dimensionally expanded
n-system around the azulene core for efficient perovskite
solar cells have also recently attracted interest.*** In addition,
1,3-bis(diarylamino)azulene 1 (Scheme 1a) is reported to exhibit
high electron-donating properties.>® However, we are not aware
of a system in which diarylamino groups have been introduced
at the 2- and 6-positions of azulene. The 1- and 3-positions
of azulene have large HOMO coefficients, while the 2- and
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6-positions have large HOMO-1 and LUMO coefficients
(Fig. 1b).""™"® Hence, it is conceivable that the electronic
structure of azulene changes significantly depending on the
positions where the diarylamino groups are introduced.

Azulene exhibits a bright-blue colour and shows absorption
derived from the S,-S; transition at approximately 580 nm.>*
However, its molar-absorption coefficient is approximately
350 M~ em ™', which is very weak for n-n* transition absorp-
tion (Fig. 1c, left).>* This is due to the forbidden HOMO-LUMO
transition; the HOMO of azulene is distributed across its odd-
positioned carbon atoms, while the coefficients of the LUMO
and HOMO-1 are greater in its even-positioned carbon atoms.
Therefore, the ability to control the molecular-orbital (MO)
energy levels of azulene will lead to the creation of a material
having new optical and electronic characteristics (Fig. 1c, right).

In this study, we introduced diarylamino groups at the
azulene 2- and 6-positions of compound 2, and then investi-
gated its optical properties and redox behaviour. Moreover, we
evaluated the stabilisation of the one-electron oxidised species
of 3, in which methoxy groups were introduced at the 1- and
3-positions of azulene.

The synthesis of 1 through the reaction between 1,3-
dibromoazulene®® and diarylamine has previously been
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Fig. 1 (a) Numbering of atoms in azulene and its polarized resonance

structure. (b) HOMO-1, HOMO and LUMO of azulene. (c) Concept for
molecular-orbital inverted azulene possessing strong absorption of visible
light.
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Scheme 1 (a) Structural formulae of 1 and 2. (b) Synthesis of 2, 2-Br, and
3. Reagents and conditions: (i) pin,B,, [IrCl(cod)l,, bpy, cyclohexane, reflux,
48 h, 45%; (i) CuBr, DMF, 80 °C, 2 h, 88%; (i) Aro.NH, Pd(OAc),, ‘BUOK,
‘BusPHBF,, toluene, reflux, 2 h, 2a: 80%, 2b: 82%:; (iv) NBS, CHCls, —78 °C,
2 h, 2a-Br,:82%, 2b-Br, : 84%; (v) MeONa, CuBr, MeOH, DMF, 100 °C, 5d,
3a: 74%, 3b: 58%.

reported.>® Although 1,3-dibromoazulene can be obtained by
the reaction of azulene with N-bromosuccinimide (NBS),>® a
precursor of 2, 2,6-dibromoazulene, has been conventionally
synthesised from o-tropolone in five steps (14% overall
yield).>**” One of the factors that made the synthesis of 2
difficult is the complicated route of raw material synthesis.
However, recent reports have shown the successful borylation of
the 2- and 6-positions of azulene through its iridium-catalysed
reaction with bis(pinacolato)diboron (B,pin,).*® Hence, in the
present study, we synthesised 2,6-dibromoazulene through bro-
mination of 2,6-diborylazulene (Scheme 1b).

The reaction of the obtained diborylazulene with copper
bromide gave dibromoazulene with a yield of 92%. Subse-
quently, 2 was formed by a coupling reaction between dibro-
moazulene and diarylamine in toluene, in the presence of a
Pd-catalyst. Bromination with NBS was used to introduce sub-
stituents at positions 1 and 3 for compound 2. Subsequently,
1,3-dimethoxy compound 3 was obtained by reacting the dibro-
mide compound with sodium methoxide in methanol in the
presence of copper bromide.

Compounds 2, 2-Br,, and 3 were characterized by
NMR measurements (Fig. S1-S9, ESIT). Interestingly, in the
"H NMR spectrum of 2a in CDCls, the ortho- and meta-position
phenyl signals of the diphenylamino group at the 2-position of
azulene were observed to be equivalent (Fig. S2a, S3, and S4,
ESIY). This is a peculiar phenomenon in CDCl;, and when the
solvent was changed to acetone-dg, the signals did not appear to
be equivalent (Fig. S2b-S2e, ESIT). It is possible that the signals
overlapped to produce something that resembles this multiplet
in CDCl;.

Single crystal X-ray structure analysis was conducted on
compounds 2a, 2a-Br,, 2b, and 2b-Br, (Fig. S10-S13, ESIY).
The asymmetric unit of 2-Br, was one molecule, whereas for 2
there was disorder, where the five-membered and seven-
membered rings of azulene were inverted, and the asymmetric
unit contained half a molecule. Each amino group nitrogen of 2
and 2-Br, had an almost planar structure, and the dihedral
angle between the azulene and amino-group planes was 24° in

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) UV-Vis absorption spectra of azulene (black line), 2 (green line),
2-Br; (blue line) and 3 (red line) in THF. (b) Simulated absorption spectra at
the TD-B3LYP/6-31G(d)//B3LYP/6-31G(d) level.

2a and 28° in 2b, while in 2-Br,, the dihedral angles were
significantly different between the 5-membered- and 7-
membered-ring sides, 65° and 13° in 2a-Br, and 67° and 13°
in 2b-Br,, respectively. It was concluded that the dihedral angle
on the 2-position side was large because of the steric repulsion
between the bromines at the 1- and 3-positions and the phenyl
groups. The carbon-carbon bonds of the azulene skeleton
tended to elongate slightly around the introduction position
of the diarylamino group and bromine.

Compounds 2, 2-Br,, and 3 exhibit brown or reddish-orange
colours, which are significantly different from that of the
raw material azulene (blue colour). All ultraviolet-visible
(UV-Vis) absorption spectra showed absorption bands near
400 to 700 nm (2a: Amay 480 NM, & 31500 M~ ' ecm ™5 2b: Jpax
490 nm, ¢ 31700; 2a-Bry: A 492 nm, ¢ 28 300, 2b-Bry: /max
516 nm, ¢ 34600; 3a: An. 494 nm, ¢ 31000; and 3b:
Amax 506 nm, ¢ 37 300) in tetrahydrofuran (THF) as shown in
Fig. 2a. Absorption in these visible light regions (¢ 28 300-
37300 M~ ' ecm™ ') is much stronger than by azulene (So-S,,
Jmax 340 nm, & 4000 M~ em ™ ; S4=S1, Amax 580 nm, & 350)>* and
also the previously reported 1,3-bis(diphenylamino)azulene (1)
(Amax 420 nm, & 10000 M~ cm™"; /.« 667 nm, & 300).>* These
absorption bands of 2, 2-Br,, and 3 are distributed at similar or
longer wavelengths than those of oligothiophenes (P3HT:
455 nm;>® MK-2: Apax 480 nm, £ 38400 M~ ecm™';*° MK-3: jax
485 nm, ¢ 40 100;*° and MK-4: /., 474 nm, & 33 100°°), which
are commercially available as organic dyes for dye-sensitised
solar cells, and 1,4-bis(diphenylamino)naphthalene (Amax
375 nm, ¢ 9200 M~ ' cm™'),’® which has been used as a
photoreduction catalyst under visible light. The absorption
spectra of 2, 2-Br,, and 3 showed relatively good agreement
with the results of calculations thus using time-dependent
density-functional theory (TDDFT) (Fig. 2b), indicating that
the strong absorption in the visible light region is derived from
the allowed HOMO-LUMO transition (Fig. 3).

Fig. 3 shows the MO diagram of azulene, diphenylamine, 1,
and 2a. Since the 2- and 6-positions of azulene are located in
the HOMO node, the introduction of diphenylamino groups at
the 2- and 6-positions does not affect the HOMO; however, it is

Chem. Commun., 2023, 59, 10604-10607 | 10605
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Fig. 3 MO diagrams of azulene, diphenylamine, 1 and 2a calculated at the
B3LYP/6-31(d) level.

shown that the HOMO—1 and LUMO of azulene strongly form a
linear combination with the HOMO of diphenylamine. Conse-
quently, the HOMO of 2a is distributed in both the azulene
skeleton and the diphenylamino group, and is formed by the
antibonding interaction between the HOMO—1 of azulene and
the HOMO of diphenylamine. And the HOMO of 2a is located at
a higher level (destabilised) than that of the original azulene.
This means that the order of the MO energy levels is inverted
between azulene and 2a. As a result, it is conceivable that the
HOMO-LUMO transition of 2a is allowed because it is a
transition between orbitals with a large coefficient on even-
numbered carbons, resulting in stronger absorption in the
long-wavelength region. Introduction of one diphenylamino
group at the 2- or 6-position of azulene also forms a linear
combination of the HOMO—1 of azulene with the HOMO of
diphenylamine (Fig. S14, ESIt). However, the interactions are
weaker than when doubly substituted, and the LUMO of
azulene does not form a linear combination with the HOMO
of diphenylamine unlike 2. As a result, the HOMO energy levels
of 2- and 6-(diphenylamino)azulene are lower than that of 2.

In 1, the HOMO of the azulene forms a linear combination
with the HOMO of diphenylamine (Fig. 3). The HOMO of 1 is
also higher in energy than that of the original azulene, thus
reducing the HOMO-LUMO gap. Despite this, the HOMO-
LUMO transition of 1 remains forbidden. On the other hand,
the order of the MO energy levels is consistent among 2, 2-Br,
and 3, and the HOMO-LUMO transitions of the compounds are
all allowed (Fig. S15, ESIt). Introduction of methoxy groups at
the para-positions of the diphenylamino groups leads to an
overall energy increase in the MO levels except for HOMO—1
(Fig. S16, ESI}).

Redox potential measurements were taken to examine the
electronic properties in detail (Fig. 4 and Table S8, ESIt). The
first reduction potential of 2a ("“E;: —2.16 V vs. Fc/Fc) showed
a value similar to that of azulene ("“E;: —2.13 V), whereas the
first oxidation potential of 2a (°*E;: 0.03 V) had a cathodic shift
of about 500 mV vs. Fe/Fc' relative to that of azulene (*E;: 0.56 V).
The oxidation potential of 2,6-bis(diphenylamino)naphthalene is
reportedly 0.24 V,® indicating that 2a has a higher electron

10606 | Chem. Commun., 2023, 59, 10604-10607
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Fig. 4 Square-wave voltammogram (SWV, black line) and cyclic voltam-
mogram (CV, blue line) of (a) 2a, (b) 2b, (c) 2a-Br,, (d) 2b-Br,, (e) 3a and
(f) 3b.

donating capacity. Moreover, compared with 2a, 2b (*E;: —0.12 V,
rdp: —2.28 V) had a cathodic shift of about 100 mV for both
oxidation and reduction potentials, and the electron donating ability
was further improved. These results are consistent with the results of
DFT calculations.

Although the first reduction waves of 2 showed reversible
behaviour in cyclic voltammetry (CV) (Fig. 4a and b, blue lines),
the reversibility of the first oxidation processes was not
observed. In contrast, it was found that the first oxidation
processes of 2-Br, (2a-Br,:0.36 V, 2b-Br,:0.10 V) and 3 (3a:
—0.07 V, 3b: —0.14 V), which possess the functional groups at
1,3-positions, were reversible, and the electron donating ability
of 3 was more significant than that of 2. It is known that the
irreversible behaviour of the first oxidation process is charac-
teristic of azulene, and that the radical cations of azulene
polymerise at the 1,3-positions where the HOMO coefficient is
large.*" Although the spin density of the radical cation of 2 is
spread throughout the molecule (Fig. S17, ESIY), it is shown
that the spin density at the 1,3-positions is still relatively high.
We believe that by introducing substituents at the 1,3-positions
like 2-Br, and 3, the polymerisation at these positions was
suppressed and reversibility appeared.

The morphology and electronic characteristics of the
azulene derivatives in the thin film were also investigated.
Atomic force microscopy (AFM) measurements for the spin-
coated samples showed a relatively uniform and flat surface
(Fig. S18, ESIt). The UV-Vis absorption spectra of 2 and 2a-Br,
in the spin-coated films exhibited a shape similar to those in
solution (Fig. 5a), but the absorption in the visible region was
shifted by about 13 to 24 nm to longer wavelengths than those
in solution. Since the mixed film with poly(methyl methacry-
late) (PMMA) showed absorption at almost the same position as
that in the solution, it was concluded that the long wavelength
shift was caused by intermolecular interactions between the
azulene derivatives in the solid state.

The ionic potentials of 2 in the spin-coated thin-film state
were determined by photoelectron yield spectroscopy (PYS)

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) UV-Vis absorption spectra in spin coated film, THF, and spin

coated PMMA film and (b) PYS spectra of 2a (green), 2a-Br; (blue), and 2b
(red).

measurements under vacuum (Fig. 5b). The HOMO energies
of the thin films of 2a, 2a-Br, and 2b were found to be —5.41,
—5.71 and —5.07 eV, respectively. These values are comparable
to those of prevalently used hole transporting materials
[2,27,7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene
(spiro-OMeTAD): —5.05 €V;*? poly[bis(4-phenyl)(2,4,6-trimethylphenyl)
amine] (PTAA): —5.1 eV;** poly(3,4-ethylenedioxythiophene)polystyrene
sulfonate (PEDOT:PSS): —5.1 eV;** and azulene-core-based two-
dimensionally expanded n-systems: —4.96 to —5.00 eV>'] for solid-
state dye-sensitized solar cells (ssDSSCs) and perovskite solar cells
(PSCs).

In conclusion, we successfully synthesised azulene-based
organic electron donors that strongly absorb visible light. This
was achieved by introducing electron-donating substituents at
the 2- and 6-positions of azulene, resulting in an inversion of
the orbital energy level order of original azulene and permitting
its previously forbidden HOMO-LUMO transition. Further-
more, it was confirmed that their one-electron oxidised species
could be stabilised by introducing a substituent at the 1- and
3-positions. Compounds 2 and 3 have higher HOMOs than
metal porphyrins and thiophene trimers and tetramers and
exhibit strong absorption properties over a wide range of
wavelengths. Therefore, we believe that these findings provide
a rational approach to constructing a wide variety of azulene-
based m-conjugated molecules for photonic, optoelectronic, and
photocatalytic applications.
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