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Azulene is a promising building block for creating innovative polycyclic aromatic hydrocarbons. This
study involved the construction of three nonalternant isomers of pentacene by fusing two azulene
units, named Az-PH1/2/3. Az-PH1 was initially developed through the rhodium(Il)-catalyzed cyclization of
bis(N-tosylhydrazone)s. Intriguingly, Az-PH1 was also unexpectedly obtained during a nickel(0)-catalyzed
one-step tandem reaction. We investigated the optical and electrochemical properties, aromaticity, and
photo-oxidative stability of Az-PH1, comparing it with the well-known pentacene using density functional
theory, electrochemical, and photophysical tests. Our results showed that the azulene-fusing strategy re-
sulted in a molecule with narrow optical bandgaps (2.046 eV) and a long half-life time under ambient air

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Polycyclic aromatic hydrocarbons (PAHs) have long been a sig-
nificant research topic in the fields of chemistry and materials sci-
ence [1-5]. Therefore, understanding the structural characteristics,
physicochemical properties, and performance of one-dimensional
higher-order benzene molecules becomes crucial in studying PAHs
[1,3,6-13]. For example, fully benzenoid fused ring pentacene and
indenofluorenes-based fused ring indeno[1,2-b]fluorene are the
high-performance performing five-ring-fused organic semiconduc-
tors for field-effect transistors [2,6]. However, as the number of
benzene rings increases (>5), the solubility and stability of the
compounds decrease significantly. Currently, all-benzene fused ring
compounds, such as pentacene, still face inherent issues including
low solubility and poor photostability. These drawbacks greatly re-
strict their potential applications [14,15]. Therefore, there has been
a strong emphasis on researching new non-benzene fused ring
structures to overcome these limitations [8,16-19].

Azulene, a nonbenzenoid 107t electron isomer of naphthalene,
has a dipole moment of 1.08 D [20,21]. Recently, azulene has at-
tracted considerable attention in the design, synthesis, and appli-
cation of PAH/heteroaromatic compounds, owing to its distinctive
structure and electronic properties [3,17,22-31]. The synthesized
PAH/heteroaromatic compounds exhibited different properties and
performances by replacing two benzenoid rings with one nonben-
zenoid azulene unit. For example, Takai and coworkers have re-
ported an azulene-fused linear PAH PhenAz2 (Fig. 1) with small
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bandgap, good solubility and high stability [32]. Chi and cowork-
ers synthesized azulene-fused acenes compound 3 (Fig. 1) that are
much more stable than their respective benzene hydrocarbon iso-
mers [33]. In 2020, we reported an unexpected cyclization reac-
tion that resulted in the synthesis of an azulene-pyridine-fused
heteroaromatic compound Az-Py-1 (Fig. 1). Az-Py-1 exhibited no-
table hole mobilities of up to 0.29 cm? V-! s=1 [34]. To fur-
ther explore the potential application of the azulene-fused PAHs
[17,35], as in that of the linear 7r-extension isomers of pentacene, a
novel derivative dicyclohepta|b,h]-as-indacene (Az-PH1, Fig. 1) was
synthesized. This derivative consists of two symmetrically fused
azulene rings and was created using rhodium(Il)- or nickel(0)-
catalyzed ring-closing techniques [36].

Here, we compared the energy gap, aromaticity, and photo-
oxidative stability of Az-PH1 with that of pentacene using density
functional theory, electrochemical, and photophysical tests. No-
tably, Az-PH1 exhibited significantly higher photo-oxidative stabil-
ity compared to pentacene. This bottom-up synthesis of linear ma-
terials incorporating azulene is of great significance for expanding
the application of non-benzene PAHs in carbon materials and sup-
plementing one-dimensional fused ring materials.

The synthetic route for Az-PH1 was initially designed and pre-
sented in Scheme 1a, Path A. Via Vilsmeier-Haack reaction, com-
pound 1a was prepared from 2-bromoazulene (S1) [37] in 89%
yield. Compound 1a underwent a self-coupling reaction by us-
ing Ni(cod), as a catalyst in DMF to give product 1b with 61%
yield [16]. Then we treated 1b with p-toluenesulfonyl hydrazide
in methanol, affording the intermediate 1c in 79% yield. The
rhodium-catalyzed intramolecular condensation reaction of 1c suc-
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Scheme 1. Synthesis of Az-PH1/2/3.
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Fig. 1. Representative examples for one-dimensional PAHs and heteroaromatics.

cessfully afforded Az-PH1 in 18% yield [36]. Through the synthetic
route A, the total yield of Az-PH1 synthesized from S1 was 7.7%.

In order to improve the overall synthesis yield of Az-PH1, we
explored alternative synthetic routes in addition to optimizing each
reaction step in Path A. As shown in Scheme 1b, compound 1a
was treated with p-toluenesulfonyl hydrazide in methanol before
self-coupling reaction, giving compound 1d with 89% yield. During
our attempt to synthesize intermediate 1¢ from 1d using Ni(cod),
catalyzed self-coupling reaction, we unexpectedly obtained Az-PH1
in 23% yield. Upon further investigation, we propose that Ni(cod),,
a catalyst for the self-coupling reaction, can also serve as a cata-
lyst for the cyclization reaction of N-tosylhydrazones [38,39]. The
proposed mechanism for the formation of Az-PH1 is illustrated in
Scheme S2 (Supporting information). Starting from S1, the total
yield of Az-PH1 prepared by Path B was 18.2%, which was signifi-
cantly higher than that of Path A. Besides, Path B has shorter syn-
thesis steps and avoids the use of rhodium catalysts, making it a
more economical and efficient route.

To enhance the solubility of Az-PH1 (2.34mg/mL in chloro-
form), we introduced alkyl chains and synthesized Az-PH2 and Az-
PH3, as depicted in Scheme 1c. Compounds 2a and 3a, substituted
by butyryl and octanoyl groups, were obtained through a Friedel-
Crafts acylation reaction, with 57% and 62% yields, respectively. The
carbonyl group was then reduced by BH; [40]. Following Path B for
the synthesis of Az-PH1 from S1, 13,14-dibutyldicyclohepta|b,h]-as-
indacene (Az-PH2) and 13,14-dioctyldicyclohepta[b,h]-as-indacene
(Az-PH3) were obtained at a higher yield 41% and 46%, respec-
tively, due to the increase in solubility (see Supporting information
for the details).

To compare the electronic structure of Az-PH1 with its ben-
zenoid isomer pentacene, we calculated (i) the localized orbital
locator contributed from 7 electrons only (LOL) [41,42], (ii) the
anisotropy of the induced current density (ACID) [43,44], and
(iii) the two-dimensional isochemical shielding surface (2D-ICSS)
[19] as shown in Fig. 2. The LOL was a function reflecting the local-
ization of electrons in different regions of a molecule. The LOL im-
age of Az-PH1 (Fig. 2a) indicates that the main delocalization path
of 7 electrons is in the left and right azulene outer and middle six-
membered rings. This leads to the development of a conjugated 7
ring on the outer side of Az-PH1, resembling pentacene (Fig. 2b)
and exhibiting a trend towards global aromaticity. The aromatic
character of Az-PH1 is evidenced by the ACID plots, which ex-
hibit a clockwise ring current flow similar to that of pentacene
(Figs. 2c and d). The 2D-ICSS map of Az-PH1 indicates a stronger
shielding effect on the five-membered ring side, which differs from
the characteristic observed in pentacene (Figs. 2e and f). Addition-
ally, the nucleus independent chemical shift (NICS) analysis (Fig.
S1 in Supporting information) also supports the notion that the
five-membered ring side of Az-PH1 exhibits good aromaticity, as
indicated by its highest NICS value of -13.442 ppm.

To evaluate these nonalternant isomers of pentacene fus-
ing azulene units as new molecular material candidates, their
photophysical and electrochemistry properties were determined,
and the details were summarized in Table 1. The UV-vis ab-
sorption spectra of Az-PH1/2/3 in dichloromethane (DCM) solu-
tion were compared in Fig. 3a and Fig. S3 (Supporting infor-
mation). Az-PH1/2/3 have the same conjugated skeleton and ex-
hibit strong absorptions at 365nm, 371 nm and 374 nm, respec-
tively, and three moderate absorptions peaks in the range of
400-500nm. A weak absorption centered at 576 nm for Az-PH1,
582nm for Az-PH2, and 586 nm for Az-PH3 was observed (Fig.
S2 and Tables S2-S4 in Supporting information), deriving from
the symmetrically forbidden Sy to S; transition. The yellowish
green color observed in the dichloromethane solution of Az-PH2
and Az-PH3 is attributed to their ability to transmit a higher
amount of green light compared to Az-PH1 (Fig. 3a). When the
trifluoroacetic acid (TFA) was added in DCM solution of Az-PH1,
a two-step absorption change that may correspond to the gen-
eration of single and double protonated species, was detected
(Fig. 3a and Fig. S3) [17]. Besides, Az-PH12* displays a strong
blue fluorescence under 365nm light irradiation (Figs. S4 and
S5 in Supporting information). Furthermore, we drop-coated Az-
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Fig. 2. The localized orbital locator (contribution from 7 electrons only) of (a) Az-PH1, (b) pentacene. Calculated ACID plots (contribution from 7 electrons only) of (c)
Az-PH1, (d) pentacene. Calculated 2D-ICSS values of (e) Az-PH1 and (f) pentacene. The images are mapped at 1A above the XY planes.

Table 1
Optical, electrochemical, and DFT calculation data for Az-PH1/2/3.
Amax (nm) Eg%Pt (eV) @ Eonset™d! (V) P Eonset™! (V) P LUMO (eV) © HOMO (eV) © E;~ (eV) © LUMO (eV) 4 HOMO (eV) 4
AZ-PH1 365/576 2.05 -1.82 -0.02 -2.98 -4.82 1.84 -2.59 -4.82
AZ-PH2 371/582 2.03 -1.74 0.00 -3.06 -4.80 1.74 -2.57 -4.66
AZ-PH3 374/586 2.01 -1.73 0.00 -3.06 -4.80 1.74 -2.57 -4.66

2 Estimated from the onset absorption.

b Onset potential versus Fc/Fct.

¢ Calculated from Eyomo/tumo = -4.80- Eonset™" [Eonset™4".
d Estimated from DFT calculations.

PH1/2/3 on glass slides, and the absorption profile of the Az-
PH1 film did not resemble its solution state, as shown in Fig. 3b.
Az-PH1 showed a strong w—m* peak at 300-350 nm, along with
only two moderate absorption peaks of the n—sm* in the range
400-500nm (Fig. 3b, inset). Nevertheless, the characteristic ab-
sorption peaks of Az-PH2 and Az-PH3 are almost similar to those
in DCM solution. The results demonstrated that the introduction
of alkyl chains has a significant effect on the stacking behavior of
conjugated skeleton. On the other hand, Az-PH1/2/3 exhibit a weak
emission spectrum that originates from S, or higher excited states.
Three main emission peaks were observed at 475 nm, 490 nm, and
489 nm, respectively (Fig. S6 in Supporting information).
Thermogravimetric analysis (TGA) was performed under a ni-
trogen atmosphere to investigate the thermal properties of pen-
tacene, picene, Az-PH1. TGA measurement demonstrates that pen-
tacene, picene and Az-PH1 was thermally stable upon the onset
decomposition temperatures of 336°C, 338°C, 312°C, respectively
(Fig. S7 in Supporting information). The electrochemical properties
of Az-PH1/2/3 were investigated by cyclic voltammetry and shown
in Fig. S8 (Supporting information). All potentials reported were
quoted with reference to the ferrocene-ferrocenium (Fc/Fct) cou-
ple at a scan rate of 0.05V/s [45]. From the onset of the oxida-
tion and reduction potentials, the highest occupied molecular or-
bital (HOMO) and the lowest unoccupied molecular orbital (LUMO)

energy levels of Az-PH1/2/3 are calculated and listed in Table 1. All
three molecules displayed similar quasi-reversible reduction peaks
(Eonset™d! =-1.82V, -1.74V, -1.73V). Az-PH2 and Az-PH3 showed
reversible oxidation peaks, while Az-PH1 exhibited an irreversible
wave. Possibly this can be attributed to the effect of the alkyl
chains.

To gain insight into the structural and electronic properties,
density functional theory (DFT) calculations were conducted on Az-
PH1/2/3 and pentance with the B3LYP/6-311G(d) level of theory.
The entire backbone of Az-PH1 possesses a highly planar geometry
(dihedral angle < 1°), and the alkyl chains of Az-PH2 and Az-PH3
cross on both sides of the parent nuclear plane (Fig. S9 in Sup-
porting information, side view). The calculated HOMO-LUMO gap
of Az-PH1 (2.23 eV) is much narrower than that of picene (4.23eV)
and is comparable to pentacene (2.19 eV). The electron density dis-
tribution of HOMO orbital of Az-PH1 is effectively delocalized over
the entire backbone, whereas its LUMO is relatively localized on
the azulene ring. Furthermore, owing to the introduction of elec-
trondonating alkyl chains, the energy gaps of Az-PH2 and Az-PH3
can be reduced due to an increase in their HOMO energy levels,
and the HOMO energy levels were determined to be -4.82eV for
Az-PH1, -4.66eV for Az-PH2 and Az-PH3. This increase aligns with
the non-mirrorrelated frontier molecular orbital (FMO) geometry
of azulene.
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Fig. 3. (a) UV-vis spectra of Az-PH1/2/3, and protonation by TFA in Az-PH1/2/3 so-
lution (inset: the picture of Az-PH1 and 2). (b) UV-vis spectra of Az-PH1/2/3 drop-
coated on glass (inset: the magnified absorptions in 400-500 nm).

(a)

[

o

c

o

; -

o

17

o

<

300 400 500 600 700
(b) Wavelength (nm)
1.04 = Az-PH1
Single exponential

o decay fitting curve
2 0.81
()
o
©
(7]
N
T 0.64
E
o
z

0.44

0 5 10 15 20
Time (Days)

Fig. 4. (a) Absorption spectral changes under 365nm light irradiation for Az-PH1
in DCM. (b) The change of the optical density at 365 nm of Az-PH1 under ambient
conditions.

To investigate the photo-oxidative stability of the materials, we
tested the absorption spectral changes of Az-PH1 in DCM under
365 nm light irradiation and measured its half-life time (t;,). Com-
pound Az-PH1 exhibits fine photo-stability under 365 nm light ir-
radiation (Fig. 4a) and has a moderate t;;, of 18.8 days in PAHs
(Fig. 4b), strongly depending on the mode of ring annulation and
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Fig. 5. (a) The atom orbital coefficients of the HOMOs of pentacene and Az-PH1.
Orbiso= 0.02. (b) Pathways of oxygenations of pentacene and Az-PH1 in irradiation
calculated with B3LYP/6-311(d,p) (top: pentacene; bottom: Az-PH1).

decomposition

the topology of their 7-electron system [32]. In contrast to Az-PH1,
pentacene is unstable since three double bonds only 1 Clar’s sextet
can be drawn in only one ring of its r-system without duplication
(t12 < 13 min, in tetrahydrofuran solution) [46].

To further analyze the decomposition pathways of Az-PH1
and pentacene, the FMO theory and the theoretical evaluation of
the energy changes (AEq-;) was studied [47-49]. In FMO theory
the second-order perturbation energy AE,_, (detailed information
about the calculation of AEy4_, can be found in the Supporting In-
formation) can predict well that the addition of 10, is preferred at
the innermost ring in higher acenes where the atom orbitals have
the largest coefficients [50]. When considering Az-PH1 as isoelec-
tronic structures of pentacene, the most reactive position should
be the central ring, which was confirmed by the hydrogen spec-
trum of Az-PH1* (Fig. S10 in Supporting information). As shown in
Fig. 5a, the highest atomic coefficients of Az-PH1 are also on the
center ring (0.519, -0.282, respectively), which is an asymmetric
atomic coefficient. Therefore, acenes (pentacene, Az-PH1) preferen-
tially produce two endoperoxides (EPOs) EPO1 and EPO2 (Fig. 5b)
when they were exposed to light.

The obtained data from the oxygenations of acenes, as shown
in Table S1 (Supporting information), indicate that the AE,, of
EPO2 (0.147 Hartree) is greater than that of EPO1 (-0.067 Hartree).
This implies that the reaction rate of Az-PH1 is slower compared to
pentacene when reacting with 10,. From a thermodynamic stand-
point, this implies that the formation of the azulene-fused ring is
more favored energetically when compared to the benzene-fused
ring.

In conclusion, three non-alternating isomers of pentacene,
named Az-PH1/2/3, have been constructed by fusing two azulene
units. Az-PH1 was initially synthesised by rhodium(Il)-catalyzed
cyclization of bis(N-tosylhydrazone). Interestingly, Az-PH1 was also
accidentally obtained in a one-step tandem reaction catalysed by
Ni(cod),. Az-PH1 displays a comparable global aromaticity flow to
pentacene when analyzing LOL, ACID and 2D-ICSS. DFT calculations
confirm that the entire backbone of Az-PH1 possesses a remark-
ably planar structure. The introduction of alkyl chains significantly
alters the stacking behavior of Az-PH1. Meanwhile, Az-PH2 and
3 show a narrow bandgap by increasing the HOMO energy level.
Besides, Az-PH1 is more stable to photooxygen than pentacene,
which is consistent with the thermodynamic calculations. These
results suggest that the PHA combining azulene will achieve more
attractive electronic and photophysical properties. The m-extended
system Az-PH1 with highly planar geometry provides promising
carrier transport materials for the organic electronics neighbour-
hood.
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