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Abstract: In this work, through the Suzuki–Miyaura cross-coupling reaction with high yields, new
π-conjugated azulene compounds containing diphenylaniline groups at positions 2 and 6 of azulene
were synthesized. The obtained diphenylaniline–azulenes have intensely visible-light absorbing
and emitting (in the wavelength range from 400 to 600 nm) properties. It has been shown that
such unique optical properties, in particular fluorescent emission in the region of blue and green
photoluminescence (λem at 495 and 525 nm), which were absent in the original azulene, are the result
of the electron donor effect of diphenylaniline groups, which significantly changes the electronic
structure of azulene and leads to the allowed HOMO → LUMO electron transition.

Keywords: azulene; π-conjugated azulenes; aniline azulenes; cross-coupling; absorption spectra;
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1. Introduction

The growing interest in aromatic compounds with an extended π-electron conjugation
system is due to their importance as functional materials for organic optoelectronics.

Currently, much attention is paid to arylated, as well as aromatic and heteroaromatic,
compounds substituted with electron acceptor and/or electron donor groups.

For example, diarylamine-substituted naphthalene and anthracenes, which have
excellent electron donor properties, have attracted great interest due to their potential
in organic semiconductor materials, redox materials, metal–organic framework (MOF)
structures, and organic light-emitting diodes (OLEDs) [1–10].

One advantage of such aromatic systems is that they can fine-tune the electronic
structure of materials in order to optimize performance and morphology.

In this regard, the structural isomer of naphthalene azulene [11–20] is of considerable
interest. The non-alternating aromatic hydrocarbon azulene 1 has unique electronic and
spectral properties, including a polarized structure with a dipole moment of the order of
1.08 D [21] and anomalous anti-Kasha fluorescence S2 → S0 [22–26].

The structure of azulene can be considered a tropylium cation condensed with a
cyclopentadienyl anion (Figure 1a). This non-alternating and polarized azulene structure
results in high energy levels of HOMO frontal orbitals and low energy levels of LUMO
orbitals compared to other conventional aromatic hydrocarbons [11–15]. In azulene, posi-
tions 1 and 3 have large HOMO coefficients, and positions 2 and 6 have large HOMO-1
and LUMO coefficients (Figure 1b) [11–15]. Besides, azulene, unlike its colorless isomer
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naphthalene, has a blue color and shows the absorption caused by the transition of S0–S1
with an λmax of about 580 nm [27]. However, for the allowed π-π*-transition, the molar
coefficient of this absorption is very small and is only 350 M−1 cm−1 [27].
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Thus, the introduction of different functional groups into the azulene structure, in
particular electron donor groups at positions 2 and 6, can lead to significant changes
in its electronic structure and give new functional materials with unique photophysical
properties.

Here, we report the synthesis of novel π-conjugated azulene compounds 4 and
6 containing electron donor diphenylaniline groups at positions 2 and 6 via Suzuki–
Miyaura cross-coupling. Also, in the study of their optical properties and redox behavior,
we show that similar molecular constructs of azulene allow the electronic transition of
HOMO → LUMO and lead to the appearance of new intense absorption and emission
bands in the visible region of the spectrum.

2. Results and Discussion

Synthetic routes leading to azulene π-conjugate compounds: 2-(N,N-diphenylaniline)-
azulene 4 and 2,6-bis(N,N-diphenylaniline)-azulene 6 are presented in Schemes 1 and 2.
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Scheme 2. Synthesis of diphenylaniline–azulene 6: (i) [IrCl(cod)]2, 2,2′-bpy, cyclohexane, reflux, 50%;
(ii) Pd(PPh3)2CI2, THF/water (4:1), 75 ◦C, 83%.

As can be seen from the first scheme, the key molecule 2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolanyl)-azulene 2 was obtained by the direct C2-H borylation of azulene 1 with
Bis (pinacolato) diboron using an iridium catalyst according to the procedure [28]. Further,
the Suzuki–Miyaura coupling between 4-bromotriphenylamine 3 and borylazulene 2 in
THF/water mixture (4:1) in the presence of the Pd(PPh3)2CI2 catalyst gives the final product
4 in a high 86% yield.

Another key molecule, 2,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolanyl)-azulene 5, was
synthesized by the borylation reaction of the 6 position of 2-borylazulene 2, also in the
presence of an iridium catalyst according to procedure [29] (Scheme 2). Similarly, the
Suzuki–Miyaura coupling reaction between amine 3 and 2,6-diborylazulene 5 results in the
final diphenylaniline–azulene 6 in a high yield of 83%.

The obtained diphenylaniline–azulenes 4 and 6 are dark green and red–brown sub-
stances (unlike the blue color of the original azulene), which are completely soluble at room
temperature in organic solvents such as dichloromethane, chloroform, and chlorobenzene.

The chemical structure and purity of the synthesized compounds 2-(N,N-diphenylaniline)-
azulene 4 and 2,6-bis(N,N-diphenylaniline)-azulene 6 were proven by NMR (1H and 13C), IR,
and mass spectrometry as well as elemental analysis (see Supplementary Materials).

The electron spectra of diphenylaniline–azulene 4 and 6 in the UV-Vis range in
dichloromethane (DCM) at room temperature are presented in Figure 2, and the cor-
responding data are summarized in Table 1.
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Table 1. UV-Vis absorption and fluorescence data of diphenylaniline–azulenes 4 and 6 in DCM
(1 × 10−4 M) at rt.

Compound Solvent
Absorption Fluorescence a

λabs, nm ε M−1 cm−1 λem, nm Intensity, a.u

4 Dichloromethane
215 83,695

495 257306 64,130
436 24,637

6 Dichloromethane
224 87,977

525 264315 87,888
468 86,888

a λex (excitation wavelength) 425 nm for 4 and 450 nm for 6.

To assess the electron donor effect of the diphenylaniline groups and the efficiency
of π-conjugation, the absorption spectra of compounds 4 and 6 were compared with the
spectrum of the original azulene 1 (Figure 2). As shown in Figure 2, the monosubsti-
tuted diphenylaniline azulene 4 at position 2 shows a new broad absorption band in
the visible spectrum with the maximum at 436 nm and molar absorption coefficient of
24,637 M−1 cm−1 (Table 1).

Diphenylaniline–azulene 6, disubstituted at positions 2 and 6, also demonstrates a
new strong absorption band in the visible range, with a maximum at 468 nm and molar
coefficient of 86,888 M−1 cm−1 (Table 1). As shown in Figure 2, the visible absorption
maximum 6 is shifted to the red region at 32 nm and has an intensity several times higher
than the absorption maximum of the monosubstituted compound 4.

Such changes can occur as a result of a twofold expansion of the π-conjugation and
an increase in electron delocalization (Figure 3), leading to a decrease in the energy gap of
HOMO-LUMO molecule 6.
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In addition, the electron absorptions in the visible spectrum of compounds 4
(ε 24,637 M−1 cm−1) and 6 (ε 86,888 M−1 cm−1) are much stronger than those of the
original azulene 1 (ε 350 M−1 cm1) (Table 1) [27].

It should be noted that the visible absorption bands 4 and 6 are at the same wavelength
(400–600 nm) as a number of commercially available functional materials used in organic
solar cells (e.g., oligothiophenes, indophenines) [30–34] and organic dyes [35–37].

The fluorescence spectra of diphenylaniline–azulenes 4 and 6 in DCM at room temper-
ature are presented in Figure 4, and the corresponding data are summarized in Table 1.
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As can be seen from Figure 4, the monosubstituted compound 4 shows a new broad
emission band in the visible region, with the maximum at 495 nm (with excitation at the
wavelength of 425 nm) (Table 1).

Disubstituted molecule 6 also shows a new intense emission band in the visible
spectrum, with the maximum at 523 nm (with excitation at the wavelength of 425 nm)
(Table 1). From Figure 4, it can be seen that the maximum of the visible emission of 6 is
shifted to the red region at 30 nm and has a higher intensity than the fluorescence emission
of compound 4 (Table 1). The red shift of the fluorescent emission band with increasing
intensity can also occur as the result of expansion of π-conjugation (Figure 3), leading to a
decrease in the energy gap between the HOMO and LUMO of compound 6.

The ability of π-conjugated compounds 4 and 6 to intensely emit visible light in the
region of blue and green photoluminescence is unique, since the original azulene 1 does
not possess this property (Table 1).

Thus, it has been shown that by introducing electron donor diphenylaniline groups
into the azulene structure, namely at positions 2 and 6, unique strong electron absorbances
(ε 24,637 M−1 cm−1 and ε 86,888 M−1 cm−1) and fluorescent emission (257 and 264 a.u) are
induced in the visible region of the spectrum.

To understand the electronic structure of the obtained diphenylaniline–azulenes 4 and
6, and the relationship between structure and optical property, calculations were performed
using density functional theory (DFT) with the B3LYP/6- 31G * functional (Figure 5, see
Supplementary Materials).

As can be seen from Figure 5, the frontal orbitals of HOMO π-conjugated compounds
4 and 6 are allocated both along the azulene skeleton and along the diphenylaniline group.
This distribution of orbitals may result from the loosening interaction between the HOMO-1
of azulene and the HOMO of N,N-diphenylaniline [38] because the carbon atoms 2 and
6 are in the nodal plane in the HOMO of azulene, while in HOMO-1 they have large
coefficients (Figure 1b).

In addition, it is shown that the HOMO of diphenylaniline–azulenes 4 (−4.85 eV) and
6 (−4.74 eV) are located higher in level than the HOMO of the original azulene 1 (−5.19 eV)
and have a reduced HOMO-LUMO energy gap by 0.42 and 0.58 eV (Figure 5), apparently
due to the inversion of the order of energy levels of molecular orbitals between the original
compound 1 and diphenylaniline–azulenes 4 and 6 [38].

As a result of such changes in the electronic structure of azulene, the previously for-
bidden electronic transition HOMO → LUMO becomes allowed [38] and, as a consequence,
leads to unique intense absorption and emission in the visible region, which we actually ob-
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serve from the absorption and fluorescence spectra of compounds 4 and 6 (Figures 2 and 4,
Table 1).
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To determine the electrochemical properties, the redox behaviors of diphenylaniline–
azulenes 4 and 6 were investigated by cyclic voltammetry (CV) (Figure 6). Measurements
were made with a standard three-electrode configuration (see Supplementary Materials).
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As shown in Figure 6, the monosubstituted compound 4 exhibits reversible double
oxidation peaks at 0.46 V and 0.75 V, respectively. In addition, molecule 4 shows an
irreversible reduction peak at −1.86 V. Disubstituted molecule 6 shows an irreversible
single oxidation peak at 0.65 V, as well as an irreversible reduction peak at −1.85 V.

According to the onset of the oxidation peak (0.32 V for Eoxonset) and the onset of the
reduction peak (−1.65 V for Eredonset), we can conclude that the corresponding HOMO
and LUMO energy levels of molecule 4 are −4.88 eV and −2.75 eV, respectively. Also,
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with the onset of oxidation peak (0.38 V for Eoxonset) and the onset of reduction peak
(−1.68 V for Eredonset), the HOMO and LUMO energy levels of compound 6 are −4.82 eV
and −2.72 eV, respectively. Energy levels were calculated using the following formula:
EHOMO = −4.80 eV − [(Eoxonset) − E1/2(ferrocene)] and ELUMO = −4.80 eV − [(Eredonset)
− E1/2(ferrocene)] [39].

It should be noted that the energy levels of HOMO diphenylaniline–azulenes 4 and 6
obtained as a result of electrochemical studies are close to those calculated on the basis of
theoretical modeling (DFT calculations, Figure 5).

The theoretical values of LUMO energy levels of compounds 4 and 6 are slightly
different from the experimental ones, resulting in an approximate difference of 0.85 V and
0.76 V, respectively, in the band gap obtained using these two methods [39].

3. Materials and Methods

NMR spectra of 1H and 13C were recorded on a JNM-ECA 500 spectrometer in CDCl3
at room temperature using tetramethylsilane (TMS) as an internal standard. The NMR
spectrometer operating frequencies were 500 MHz (1H) and 126 MHz (13C). IR spectra
were recorded on an Avatar-360 Fourier spectrometer in KBr tablets. Mass spectra (EI)
were determined with an Agilent 6530 Accurate-Mass Q-TOF LC/MS system. Elemental
analysis was performed on a CHNS-O UNICUBE-elemental analyzer. The melting points
were determined on a Melting Point M-560 apparatus.

Absorption spectra were recorded on a Shimadzu UV-1800 spectrophotometer. Fluores-
cence spectra were recorded on an Agilent Cary Eclipse fluorescence spectrophotometer. Cyclic
voltammetry (CV) measurements were performed on a PalmSens electrochemical analyzer.

Commercially available reagents and solvents azulene, 4-bromotriphenylamine,
Bis(pinacolato)diboron, [IrCl(cod)]2, Pd(PPh3)2CI2, 2,2′-Bipyridine, cyclohexane, THF, and
others were used as received. 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolanyl)-azulene 2 and
2,6-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolanyl)-azulene 5 were prepared according to the
procedure [28,29].

2-(N,N-diphenylaniline)-azulene (4). Pd(PPh3)2CI2 (16 mg, 0.02 mmol) and K2CO3
(118 mg, 0.86 mmol) were added in argon to the mixture of 4-bromotriphenylamine 3
(140 mg, 0.43 mmol) and 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolanyl)-azulene 2 (220 mg,
0.86 mmol) in 10 mL degassed THF/H20 (4:1). The mixture was stirred for 18 h at 75 ◦C, and
then cooled to room temperature and extracted with CH2Cl2 (3 × 18 mL). The combined
extracts were dried over MgSO4 and evaporated in vacuo. The product was purified
by column chromatography (on silica gel) with the mixture of C6H14/CH2Cl2 (9:1) and
recrystallization from C6H14/CH2Cl2 to give a dark brown solid (274 mg, 86% yield). M.p.
168–170 ◦C. IR (ν, cm−1): 2924, 2853, 1586,1486,1405,1327, 1225, 1175, 1073, 696. 1H NMR:
δ 8.24 (d, J = 9.4 Hz, 1H), 7.84 (d, J = 8.3 Hz, 1H), 7.62 (s, 1H), 7.47 (s, 1H), 7.29–6.94 (m,
17H). 13C NMR: δ 147.94, 147.53, 147.54, 141.54, 135.78, 135.27, 132.24, 129.48, 129.31, 128.51,
125.23, 124.88, 124.50, 124.26, 123.86, 123.82, 123.44, 123.36, 123.32, 122.71, 113.95. MS (EI),
m/z: 371.1 [M]+. C28H21N: calcd. C 90.53, H 5.70, N 3.77; found C 90.26, H 5.47, N 3.84.

2,6-Bis(N,N-diphenylaniline)-azulene (6). Pd(PPh3)2CI2 (16 mg, 0.02 mmol) and
K2CO3 (60 mg, 0.43 mmol) were added in argon to the mixture of 4-bromotriphenylamine 3
(560 mg, 1.72 mmol) and 2,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolanyl)-azulene 5 (163 mg,
0.43 mmol) in 10 mL degassed THF/H20 (4:1). The mixture was stirred for 18 h at 75 ◦C, and
then cooled to room temperature and extracted with CH2Cl2 (3 × 18 mL). The combined
extracts were dried over MgSO4 and evaporated in vacuo. The product was purified by
column chromatography (on silica gel) with the mixture of C6H14/CH2Cl2 (9:1) and recrys-
tallization from CH2Cl2 to give a red–brown solid (225 mg, 83% yield). M.p. 213–215 ◦C.
IR (ν, cm−1): 2924, 2856, 1588, 1486, 1411, 1322, 1277, 1176, 1075, 695. H NMR: δ 8.24 (d,
J = 10.3 Hz, 2H), 7.84 (d, J = 8.6 Hz, 2H), 7.58 (s, 1H), 7.51 (s, 1H), 7.38 (dd, J = 9.9, 3.5 Hz,
4H), 7.38–7.36 (m, 4H), 7.31–7.26 (m, 8H), 7.17–7.14 (m, 16H). 13C NMR: δ 149.67, 148.13,
147.94, 147.53, 147.46, 147.11, 141.54, 135.78, 137.27, 132.24, 130.26, 129.48, 129.45, 129.31,
128.51, 125.85, 125.50, 125.23, 124.88, 124.26, 123.86, 13.82, 123.44, 123.36, 123.32, 122.76,
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114.85, 113.95. MS (EI), m/z: 614.2 [M]+. C46H34N2: calcd. C 89.86, H 5.56, N 4.57; found C
89.56, H 5.42, N 4.64.

4. Conclusions

Thus, for the first time, we have successfully synthesized intensely visible-light ab-
sorbing and emitting π-conjugated azulene compounds: 2-(N,N-diphenylaniline)-azulene
4 and 2,6-bis(N,N-diphenylaniline)-azulene 6. Such unique optical properties, in particular
fluorescent emission of visible light in the region of blue and green photoluminescence,
which were absent in the original azulene, were achieved as the result of the introduction of
electron donor diphenylaniline groups in the 2 and 6 positions of azulene, leading to signifi-
cant changes in its electronic structure and the appearance of an allowed HOMO → LUMO
electronic transition.

The synthesized azulene compounds have higher HOMO orbitals compared to the
oligothiophenes used in electronic devices and exhibit strong absorption properties over
the wide wavelength range.

The results obtained provide a rational approach to the design of a representative series of
new π-conjugated azulene-based compounds for optoelectronic and photonic applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29143354/s1. Spectra of compounds, Figure S1: 1H NMR
spectra of 2-(N,N-diphenylaniline)-azulene 4; Figure S2: 13C NMR spectra of 2-(N,N-diphenylaniline)-
azulene 4; Figure S3: 1H NMR spectra of 2,6-bis(N,N-diphenylaniline)-azulene 6; Figure S4: 13C NMR
spectra of 2,6-bis(N,N-diphenylaniline)-azulene 6; Density Functional Theory (DFT) Calculations,
Table S1: Atomic coordinates of optimized geometry of 4; Table S2: Atomic coordinates of optimized
geometry of 6; Cyclic voltammetry studies

Author Contributions: Conceptualization, N.M.; methodology, N.M.; software, A.I. (Amantay Iskanderov)
and A.I. (Ablaykhan Iskanderov); validation, N.M., A.I. (Amantay Iskanderov), A.I. (Ablaykhan Iskanderov),
S.A. and S.Z.; formal analysis, A.I. (Amantay Iskanderov) and A.I. (Ablaykhan Iskanderov); investigation,
N.M., A.I. (Amantay Iskanderov), A.I. (Ablaykhan Iskanderov) and S.Z.; resources, N.M.; data curation, N.M.,
A.I. (Amantay Iskanderov), A.I. (Ablaykhan Iskanderov), S.A. and S.Z.; writing—original draft preparation,
N.M. and S.Z.; writing—review and editing, N.M. and S.A.; visualization, A.I. (Amantay Iskanderov), A.I.
(Ablaykhan Iskanderov), S.A. and S.Z.; supervision, N.M. and S.A.; project administration, N.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This research is funded by the Committee of Science of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (Grant No. BR21882309).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Freudenberg, J.; Jänsch, D.; Hinkel, F.; Bunz, U.H.F. Immobilization Strategies for Organic Semiconducting Conjugated Polymers.

Chem. Rev. 2018, 118, 5598. [CrossRef]
2. Roy, M.; Walton, J.H.; Fettinger, J.C.; Balch, A.L. Direct Crystallization of Diamine Radical Cations: Carbon-Nitrogen Bond

Formation from the Reaction of Triphenylamine with TiCl4, TiBr4, or SnCl4 versus Carbon-Carbon Bond Formation with SbCl5.
Chem.–Eur. J. 2022, 28, e202104631. [CrossRef]

3. Zhang, J.; Chen, Z.; Yang, L.; Pan, F.-F.; Yu, G.-A.; Yin, J.; Liu, S.H. Elaborately Tuning Intramolecular Electron Transfer Through
Varying Oligoacene Linkers in the Bis(diarylamino) Systems. Sci. Rep. 2016, 6, 36310. [CrossRef]

4. Wang, X.; Zhang, Z.; Song, Y.; Su, Y.; Wang, X. Bis(phenothiazine)arene diradicaloids: Isolation, characterization and crystal
structures. Chem. Commun. 2015, 51, 11822. [CrossRef]

5. Wang, G.; Dmitrieva, E.; Kohn, B.; Scheler, U.; Liu, Y.; Tkachova, V.; Yang, L.; Fu, Y.; Ma, J.; Zhang, P. An Efficient Rechargeable
Aluminium–Amine Battery Working Under Quaternization Chemistry. Angew. Chem. Int. Ed. 2022, 61, e202116194. [CrossRef]

Buk
eto

v u
niv

ers
ity

https://www.mdpi.com/article/10.3390/molecules29143354/s1
https://www.mdpi.com/article/10.3390/molecules29143354/s1
https://doi.org/10.1021/acs.chemrev.8b00063
https://doi.org/10.1002/chem.202104631
https://doi.org/10.1038/srep36310
https://doi.org/10.1039/C5CC03573B
https://doi.org/10.1002/anie.202116194


Molecules 2024, 29, 3354 9 of 10

6. Chen, Y.; Gao, X.; Johnson, L.R.; Bruce, P.G. Kinetics of lithium peroxide oxidation by redox mediators and consequences for the
lithium–oxygen cell. Nat. Commun. 2018, 9, 1. [CrossRef]

7. Mayer, D.C.; Manzi, A.; Medishetty, R.; Winkler, B.; Schneider, C.; Kieslich, G.; Po, A.; Feldmann, J.; Fischer, R.A. Controlling
Multiphoton Absorption Efficiency by Chromophore Packing in Metal-Organic Frameworks. J. Am. Chem. Soc. 2019, 141, 11594.
[CrossRef]

8. Wu, C.; Djurovich, P.I.; Thompson, M.E. Study of energy transfer and triplet exciton diffusion in hole-transporting host materials.
Adv. Funct. Mater. 2009, 19, 3157. [CrossRef]

9. Taniguchi, R.; Noto, N.; Tanaka, S.; Takahashi, K.; Sarkar, S.K.; Oyama, R.; Abe, M.; Koike, T.; Akita, M. Simple generation of
various α-monofluoroalkyl radicals by organic photoredox catalysis: Modular synthesis of β-monofluoroketones. Chem. Commun.
2021, 57, 2609. [CrossRef]

10. Noto, N.; Koike, T.; Akita, M. Visible-Light-Triggered Monofluoromethylation of Alkenes by Strongly Reducing 1,4-
Bis(diphenylamino)naphthalene Photoredox Catalysis. ACS Catal. 2019, 9, 4382. [CrossRef]

11. Tsuchiya, T.; Higashibeppu, M.; Mazaki, Y. Synthesis and Properties of Twisted and Helical Azulene Oligomers and Azulene-
Based Polycyclic Hydrocarbons. ChemistryOpen 2023, 12, e202100298. [CrossRef]

12. Tsuchiya, T.; Katsuoka, Y.; Yoza, K.; Sato, H.; Mazaki, Y. Stereochemistry, Stereodynamics, and Redox and Complexation Behaviors
of 2,2′-Diaryl-1,1′-Biazulenes. ChemPlusChem 2019, 84, 1659. [CrossRef]

13. Tsuchiya, T.; Umemura, R.; Kaminaga, M.; Kushida, S.; Ohkubo, K.; Noro, S.I.; Mazaki, Y. Paddlewheel Complexes with Azulenes:
Electronic Interaction between Metal Centers and Equatorial Ligands. ChemPlusChem 2019, 84, 655. [CrossRef]

14. Konishi, A.; Yasuda, M. Breathing new life into nonalternant hydrocarbon chemistry: Syntheses and properties of polycyclic
hydrocarbons containing azulene, pentalene, and heptalene frameworks. Chem. Lett. 2021, 50, 195. [CrossRef]

15. Xin, H.; Hou, B.; Gao, X. Azulene-Based π-Functional Materials: Design, Synthesis, and Applications. Acc. Chem. Res. 2021, 54,
1737. [CrossRef]

16. Elwahy, A.H.; Hafner, K. Alkynylazulenes as Building Blocks for Highly Unsaturated Scaffolds. Asian J. Org. Chem. 2021, 10, 2010.
[CrossRef]

17. Bakun, P.; Czarczynska-Goslinska, B.; Goslinski, T.; Lijewski, S. In vitro and in vivo biological activities of azulene derivatives
with potential applications in medicine. Med. Chem. Res. 2021, 30, 834. [CrossRef]

18. Lvov, A.G.; Bredihhin, A. Azulene as an ingredient for visible-light- and stimuli-responsive photoswitches. Org. Biomol. Chem.
2021, 19, 4460. [CrossRef]

19. Murfin, L.C.; Lewis, S.E. Azulene—A Bright Core for Sensing and Imaging. Molecules 2021, 26, 353. [CrossRef]
20. Shoji, T.; Ito, S.; Yasunami, M. Synthesis of Azulene Derivatives from 2H-Cyclohepta[b]furan-2-ones as Starting Materials: Their

Reactivity and Properties. Int. J. Mol. Sci. 2021, 22, 10686. [CrossRef]
21. Anderson, A.G.; Steckler, B.M. Azulene. VIII. A Study of the Visible Absorption Spectra and Dipole Moments of Some 1- and

1,3-Substituted Azulenes. J. Am. Chem. Soc. 1959, 81, 4941–4946. [CrossRef]
22. Tomin, V.I.; Włodarkiewicz, A. Anti-Kasha behavior of DMABN dual fluorescence. J. Lumin. 2018, 198, 220–225. [CrossRef]
23. Nenov, A.; Borrego-Varillas, R.; Oriana, A.; Ganzer, L.; Segatta, F.; Conti, I.; Segarra-Marti, J.; Omachi, J.; Dapor, M.; Taioli, S.; et al.

UV-Light-Induced Vibrational Coherences: The Key to Understand Kasha Rule Violation in trans-Azobenzene. J. Phys. Chem. Lett.
2018, 9, 1534–1541. [CrossRef] [PubMed]

24. Del Valle, J.C.; Catalán, J. Kasha’s Rule: A Reappraisal. Phys. Chem. Chem. Phys. 2019, 21, 10061–10069. [CrossRef] [PubMed]
25. Behera, S.K.; Park, S.Y.; Gierschner, J. Dual Emission: Classes, Mechanisms, and Conditions. Angew. Chem. Int. Ed. 2021, 60,

22624–22638. [CrossRef] [PubMed]
26. Dunlop, D.; Ludvikova, L.; Banerjee, A.; Ottosson, H.; Slanina, T. Excited-State (Anti)Aromaticity Explains Why Azulene Disobeys

Kasha’s Rule. J. Am. Chem. Soc. 2023, 145, 21569–21575. [CrossRef] [PubMed]
27. Shevyakov, S.V.; Li, H.; Muthyala, R.; Asato, A.E.; Croney, J.C.; Jameson, D.M.; Liu, R.S. Orbital control of the color and excited

state properties of formylated and fluorinated derivatives of azulene. J. Phys. Chem. A 2003, 107, 3295. [CrossRef]
28. Kurotobi, K.; Miyauchi, M.; Takakura, K.; Murafuji, T.; Sugihara, Y. Direct Introduction of a Boryl Substituent into the 2-Position

of Azulene: Application of the Miyaura and Smith Methods to Azulene. Eur. J. Org. Chem. 2003, 2003, 3663–3665. [CrossRef]
29. Fujinaga, M.; Murafuji, T.; Kurotobi, K.; Sugihara, Y. Polyborylation of azulenes. Tetrahedron 2009, 65, 7115–7121. [CrossRef]
30. Rahimi, K.; Botiz, I.; Agumba, J.O.; Motamen, S.; Stingelin, N.; Reiter, G. Light absorption of poly(3-hexylthiophene) single

crystals. RSC Adv. 2014, 4, 11121. [CrossRef]
31. Wang, Z.-S.; Koumura, N.; Cui, Y.; Takahashi, M.; Sekiguchi, H.; Mori, A.; Kubo, T.; Furube, A.; Hara, K. Hexylthiophene-

Functionalized Carbazole Dyes for Efficient Molecular Photovoltaics: Tuning of Solar-Cell Performance by Structural Modification.
Chem. Mater. 2008, 20, 3993. [CrossRef]

32. Shirota, Y.; Kageyama, H. Charge Carrier Transporting Molecular Materials and Their Applications in Devices. Chem. Rev. 2007,
107, 953. [CrossRef] [PubMed]

33. Ren, S.; Habibi, A.; Ni, P.; Nahdi, H.; Bouanis, F.Z.; Bourcier, S.; Clavier, G.; Frigoli, M.; Yassar, A. Synthesis and characterization
of solution-processed indophenine derivatives for function as a hole transport layer for perovskite solar cells. Dye. Pigment. 2023,
213, 111136. [CrossRef]

34. Ren, S.; Wang, Z.; Zhang, W.; Ding, Y.; Yi, Z. Donor-acceptor-based organic polymer semiconductor materials to achieve high hole
mobility in organic field-effect transistors. Polymers 2023, 15, 3713. [CrossRef] [PubMed]

Buk
eto

v u
niv

ers
ity

https://doi.org/10.1038/s41467-018-03204-0
https://doi.org/10.1021/jacs.9b04213
https://doi.org/10.1002/adfm.200900357
https://doi.org/10.1039/D0CC08060H
https://doi.org/10.1021/acscatal.9b00473
https://doi.org/10.1002/open.202100298
https://doi.org/10.1002/cplu.201900262
https://doi.org/10.1002/cplu.201800513
https://doi.org/10.1246/cl.200650
https://doi.org/10.1021/acs.accounts.0c00893
https://doi.org/10.1002/ajoc.202100301
https://doi.org/10.1007/s00044-021-02701-0
https://doi.org/10.1039/D1OB00422K
https://doi.org/10.3390/molecules26020353
https://doi.org/10.3390/ijms221910686
https://doi.org/10.1021/ja01527a046
https://doi.org/10.1016/j.jlumin.2018.02.041
https://doi.org/10.1021/acs.jpclett.8b00152
https://www.ncbi.nlm.nih.gov/pubmed/29504764
https://doi.org/10.1039/C9CP00739C
https://www.ncbi.nlm.nih.gov/pubmed/31049513
https://doi.org/10.1002/anie.202009789
https://www.ncbi.nlm.nih.gov/pubmed/32783293
https://doi.org/10.1021/jacs.3c07625
https://www.ncbi.nlm.nih.gov/pubmed/37704031
https://doi.org/10.1021/jp021605f
https://doi.org/10.1002/ejoc.200300001
https://doi.org/10.1016/j.tet.2009.06.053
https://doi.org/10.1039/C3RA47064D
https://doi.org/10.1021/cm8003276
https://doi.org/10.1021/cr050143+
https://www.ncbi.nlm.nih.gov/pubmed/17428022
https://doi.org/10.1016/j.dyepig.2023.111136
https://doi.org/10.3390/polym15183713
https://www.ncbi.nlm.nih.gov/pubmed/37765568


Molecules 2024, 29, 3354 10 of 10

35. Murphy, A.R.; Fréchet, J.M.J. Organic Semiconducting Oligomers for Use in Thin Film Transistors. Chem. Rev. 2007, 107, 1066.
[CrossRef] [PubMed]

36. Zaumseil, J.; Sirringhaus, H. Electron and Ambipolar Transport in Organic Field-Effect Transistors. Chem. Rev. 2007, 107, 1296.
[CrossRef] [PubMed]

37. Duan, C.; Huang, F.; Cao, Y. Recent development of push–pull conjugated polymers for bulk-heterojunction photovoltaics:
Rational design and fine tailoring of molecular structures. J. Mater. Chem. 2012, 22, 10416. [CrossRef]

38. Tsuchiya, T.; Hamano, T.; Inoue, M.; Nakamura, T.; Wakamiya, A.; Mazaki, Y. Intense absorption of azulene realized by molecular
orbital inversion. Chem. Commun. 2023, 59, 10604–10607. [CrossRef]

39. Ren, S.; Wang, Z.; Zhang, W.; Yassar, A.; Chen, J.; Wang, S. Incorporation of diketopyrrolopyrrole into polythiophene for the
preparation of organic polymer transistors. Molecules 2024, 29, 260. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

Buk
eto

v u
niv

ers
ity

https://doi.org/10.1021/cr0501386
https://www.ncbi.nlm.nih.gov/pubmed/17428023
https://doi.org/10.1021/cr0501543
https://www.ncbi.nlm.nih.gov/pubmed/17378616
https://doi.org/10.1039/c2jm30470h
https://doi.org/10.1039/D3CC02311G
https://doi.org/10.3390/molecules29010260

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Conclusions 
	References



