Published on 19 dicembre 2019. Downloaded on 21/10/2025 6:03:52.

MATERIALS CHEMISTRY
FRONTIERS

REVIEW

ool CHINESE ™ ROYAL SOCIETY
EEEeY SOCIETY PN OF CHEMISTRY

View Article Online

View Journal | View Issue

\ '.) Check for updates ‘

Cite this: Mater. Chem. Front.,
2020, 4, 3419

Zhongbo Zhang

Received 24th October 2019,
Accepted 19th December 2019

DOI: 10.1039/c9gm006569

Recent progress in well-defined higher azaacenes
(n > 6): synthesis, molecular packing,

and applications

and Qichun Zhang ‘= *

In this review, we will focus on the recent progress in the synthetic strategies, photo-electronic

properties, molecular packing modes and applications of azaacenes (n > 6) with single-crystal
structures. We will summarize the synthetic methods to approach larger azaacenes and elaborate the

relationships between their molecular structures (solid stacking) and their photo-electronic properties.
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1. Introduction

Although the first azaacene 1 (Fig. 1) was reported by Kummer
and Zimmermann in 1967,' this field didn’t cause too much
research interest over several decades. In 2003, Nuckolls et al.
first demonstrated that dihydrodiazopentacenes showed
good p-type semiconductor behaviours in organic field effect
transistors (OFET).” This discovery made researchers realize the
tremendous potential of hydroazaacenes/azaacenes in organic
electronics. Since then, many synthetic methods such as con-
densation reactions,”” Diels-Alder cycloaddition reactions,®
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Moreover, the device applications of azaacenes as organic semiconductors are also reviewed.

palladium-catalysed coupling reactions,” etc.®* have been
developed to prepare a large number of azaacenes.'* Besides
synthesis, more and more azaacenes have been considered as
active elements in OFETs,”*>'> organic light emitting diodes
(OLEDs),"*?*® molecular conductors,”" sensors,*>° photo-
transistors,”” solar cells,*® electron-transport layers,**** memory
devices,” ™ etc.*®**! Especially in OFETs, azapentacenes dis-
played p-type,’®'" ambipolar,”™* or n-type'"""> charge transport
properties through changing the number and position of sp> N
atoms on the backbone. Specifically, the electron mobility based
on halogenated tetraazapentacenes can reach 27.8 cm* V' s
which is a new record for n-channel OFETs."

Like the acene system,*>** when the number of fused rings

increases, their instability in air or under light, as well as the

Qichun Zhang is an Associate
Professor at the School of Mate-
rials Science and Engineering in
Nanyang Technological University,
Singapore. His research focuses on
conjugated rich carbon materials
and applications. Currently, he is
an associate editor for Journal of
Solid State Chemistry, and an
Advisory board member of
Materials Chemistry Frontiers,
Chemistry — an Asian Journal,
Journal of Materials Chemistry
C, and Inorganic Chemistry Fron-
tiers. He also is a fellow of the Royal Society of Chemistry. In 2018
and 2019, he was recognized as a highly-cited researcher (top 1%)
in cross-fields by Clarivate Analytics. To date, he has published
more than 340 papers (H-index: 69) and 4 patents.

Qichun Zhang

Mater. Chem. Front., 2020, 4, 3419-3432 | 3419


http://orcid.org/0000-0001-9711-1097
http://orcid.org/0000-0003-1854-8659
http://crossmark.crossref.org/dialog/?doi=10.1039/c9qm00656g&domain=pdf&date_stamp=2019-12-28
http://rsc.li/frontiers-materials
https://doi.org/10.1039/c9qm00656g
https://pubs.rsc.org/en/journals/journal/QM
https://pubs.rsc.org/en/journals/journal/QM?issueid=QM004012

Published on 19 dicembre 2019. Downloaded on 21/10/2025 6:03:52.

Review

N N, O N

N N -
CLLLXD

N N O N

1 2
Fig. 1 Structures of 1 and 2.

decreasing solubility, makes the approach of higher azaacenes
more challenging. To address these issues, many strategies
have been developed. For example, to prevent the dimerization
of azahexacenes***° and azaheptacenes,*” the Bunz group tried
to approach them through attaching larger silylethynyl groups
(triisopropyl or triisobutyl) on their backbone. However, it turns
out that this method is not always successful and effective.*®*”
Another method to prepare larger azaacenes is the introduction
of pyrene units as building blocks into the framework. This
strategy can not only stabilize the as-prepared larger azaacenes
due to the conjugated nature of the pyrene units, but also can
modify their solubility through attaching bulky groups on the
pyrene units.®*® The first report of a pyrene-fused azaacene
(PFA) 2 (Fig. 1) can be traced back to 1937 by Vollmann, and the
only characterization data for this molecule is its melting
point.>® However, at that time, the tedious multistep synthetic
route to prepare pyrene diketone and tetraone became a
limitation of their wide usage. In 2005, the Harris group
invented an efficient oxidation method that shortened the
preparation of pyrene diketone and tetraone to one step.>’
Since then, diverse pyrene diketones and tetraones have been
synthesized by this general and compatible method, which
renders pyrene units as popular building blocks in the construc-
tion of azaacenes.*® In 2015, the Kaafarani group characterized
the structure of molecule 2 by single crystal X-ray diffraction
analysis.”® As the conjugated backbone extends, larger aza-
acenes may show unique properties similar to fully conjugated
ladder polymers,** which might endow larger azaacenes with
better performance in organic electronics. Till now, there are
in total five larger structure-well-defined azaacenes with the
number of linearly-fused benzene rings larger than or equal to
10%%°37%¢ (Fig. 2), and the longest one with a single-crystal
structure contains 15 linearly-fused rings.>®

Since the intermolecular packing and interactions play a
crucial role in determining the optical and electrical properties
of organic semiconductors,”” obtaining suitable single crystals
of azaacenes for single-crystal X-ray diffraction analysis is
highly desirable and very important. The reason is that single
crystals can present a clear picture of molecular structure and
intermolecular stacking, which provides an important bridge to
understand the relationships between the structure and proper-
ties and in turn helps to design new organic semiconductors
with excellent performance. It is necessary to summarize
these azaacenes with single crystal structures and reveal their
structure-property relationships. Because the azapentacenes
have already been reviewed by the Miao group,’®”° this article
will only focus on higher azaacenes (Fig. 2, more than five
linearly-fused rings, n > 6) with single crystal structures
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(the molecules published by our group have been described
in a blue colour). Their synthesis, structures and applications
in the recent literature will be summarized.

2. Synthetic strategies of azaacenes

Although plenty of azaacenes (n > 6) with novel structures have
been reported, the synthetic methods are summarized only by
two methods: (1) direct condensation between an aromatic
diamine (or tetraamine) and a diketone (or tetraone) catalyzed
by an acid or base; and (2) a coupling reaction between aromatic
diamines and o-dichloropyrazine derivatives, catalyzed by
palladium and followed by oxidation (Scheme 1).

2.1. Condensation reactions

Condensation reactions are old and common methods to
construct azaacenes from a diamine (or tetraamine) and a
diketone (or tetraone). We classified them into three categories
according to the different precursors in the condensation
reactions: (A) condensation reactions between a tetraone and
aromatic diamine, (B) condensation reactions between an
aromatic tetraamine and diketone, and (C) condensation reac-
tions between a diketone and aromatic diamine.

Introducing pyrene units into the framework of azaacenes
was first realized by Vollmann in 1937 through the condensation
reaction between 9a and 10a, and the as-prepared compound
was only characterized by its melting point due to the limited
characterization tools.”® Later, this compound was re-synthesized
by Stille and Mainen, and its ultraviolet-visible (UV-vis) absorption
was examined.®® Recently, the Kaafarani group®® and Mastalerz
group®" re-synthesized 2 in a yield of 92% and 87%, respectively.
Moreover, they also used dimethyl substituted diamine 10b and
two tert-butyl substituted tetraone (9b) to prepare 3 and 6,
respectively (Scheme 2). Both structures were determined by
single crystal X-ray diffraction analysis. Besides, 2 can also be
obtained by a mechanochemical (ball-milling) method with a
similar yield to the condensation reaction.®® In 2008, the Wang
group reported 4 in 92% yield by choosing 10c as the diamine
precursor for the condensation reaction.®® A larger pyrene-fused
azaacene (PFA) 5 with eight linearly-fused rings has been prepared
by the Miao group with a moderate yield of 54%, where the bulky
triisopropylsilylethynyl (TIPS) groups of diamine 10d endowed 5
with good solubility in common solvents.** In 2016, our group®
successfully prepared pyrene-fused tetraazaoctacene (7, 70%) and
octaazadecacene (8, 51%) by the condensation reaction between
tetraone 9b and diamines 10d or 10ea, respectively.

1,3-Dibromo-7-tert-butylpyrene-4,5,9,10-tetraone  (9¢) was
prepared by the Yamato group. After condensation with diamine
10a or 10f, bromine-substituted PFA intermediates 11 or 13 were
obtained. Following a further Suzuki cross-coupling reaction step,
pyrene-fused tetraazahexane 12°° and tetraazaoctacene 14°° were
easily prepared (Scheme 3). The Mateo-Alonso group®”°® reported
an efficient synthetic route to synthesize three 2,7-substituted
pyrene tetraones (9d(a—c)) as the building units for the construc-
tion of PFAs, and a series of tetraazahexacenes (15a-c) with six

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 2 Crystal structures of azaacenes (n > 6).
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Scheme 1 Strategies for the synthesis of azaacenes.

trialkylsilylethynyl groups were prepared. In 2017, our group
synthesized a new intermediate diamine (10h), which has been
employed to react with 9da to build PFA 16 containing twelve
linearly-fused rings®> (Scheme 4).

Because aromatic tetraamines cannot be prepared as
easily as diamines, the number of PFAs with synthetic routes

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

belonging to category B is only three (Scheme 5). Tetraazahep-
tacene (19) with two pyrenes as terminal units was first reported
by the Mateo-Alonso group, where they only characterized it
with "H-NMR and HRMS due to its poor solubility.*® Fortunately,
our group obtained its single crystals successfully through the
physical vapor deposition method, and the phototransistor
devices based on the crystals showed good performance.””
To increase the solubility of azaacenes, the usage of triptycenylene
as the terminal unit has been demonstrated as an effective way.”
The Mastalerz group®® reported a large PFA (20) end-capped with
two triptycenylene moieties containing eleven linearly-fused
aromatic rings through the condensation reaction between 17b
and 18a. Associated with the increasing length of azaacenes, the
stability is another issue to be considered. Lateral benzannulation
on the linear framework is an effective way to stabilize large
acenes.”! Recently, the Bunz group applied this strategy to prepare
tetraazaheptacene (21) through the condensation reaction
between a diketone (17c¢) and tetraamine (18b). As it is expected,
21 showed very good stability.”

Mater. Chem. Front., 2020, 4, 3419-3432 | 3421
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In 2016, the Mateo-Alonso group’? reported the synthesis of
a K-conjugated diazahexacene (22a) and tetraazahexacene (22b)
through the condensation reaction between diketone 17a and
diamine 10ea or 10eb, respectively. Charge transport studies
showed p-type transport for 22a and n-type transport for 22b.
In 2017, our group constructed a larger PFA 25 containing
fifteen linearly-fused aromatic rings through the condensation
reaction between novel diketone 23 and diamine 24 in a yield of
46%. A single crystal of 25 has been obtained successfully,
which is the longest azaacene confirmed by single-crystal X-ray
diffraction so far®® (Scheme 6).

2.2. Palladium-catalyzed coupling reaction between diamines
and dichloropyrazine derivatives

Palladium-catalyzed coupling reactions are a very common
method to construct carbon-nitrogen bonds between aryl
amines and aryl halides. The synthesis of azaacenes through
the formation of two carbon-nitrogen bonds in one step by
using palladium-catalyzed coupling is well worth exploring.
The Bunz group reported two tetraazahexacene derivatives
(28a-b).”>”* The synthetic route involved the palladium-catalyzed

3422 | Mater. Chem. Front., 2020, 4, 3419-3432
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formation of N,N’-dihydroazahexacenes 27a and 27b from the
reactions between silylethynyl-substituted diaminoanthracene
(10eb) and 1,2-dichloroquinoxaline derivatives (26a-b) by using
Pd(dba), as a catalyst and RuPhos as the ligand. The as-prepared
dihydroazahexacene precursors can be further oxidized by man-
ganese dioxide to afford 28a-b. In 2017, the same group reported
coronene-containing azaacenes with nine linearly-annulated rings
(31a) and thirteen linearly-annulated rings in a row (31b),”> where
the first step is the synthesis of dihydroazahexacene precursors
(30a and 30b) from a diamine (10ga or 10ec) and tetrachlorine-
substituted coronene derivative (29), followed by the oxidization of
manganese dioxide to yield the desired azaacenes (31a and 31b)
(Scheme 7).

3. Properties and single crystals
of higher azaacenes (n > 6)
3.1. Photo-electronic properties

The development of different building units that endowed aza-
acenes with diverse structures could make these azaacenes

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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exhibit interesting photo-electronic properties. These achieve-
ments would provide scientists a great opportunity to under-
stand the effect of the conjugation length, the number and
position of sp> N atoms, and different substituted groups on
their photo-electronic properties. Compounds 2-4 are PFAs
with the same backbone but different terminal substituents.
Compound 3 with four methyl groups at the terminals showed
an average 3 meV redshift for the longest wavelength absorption
bands compared with 2 without any terminal substituents.>” The
reason is that the slight electron-donating effect of the methyl
groups could elevate the energy level of the highest occupied

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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molecular orbital (HOMO) of 3. When four phenyl groups were
used as terminal substituents in 4, a redshift of 24 nm in
absorption with a decreased optical bandgap of 2.78 eV®®
(Table 1) was observed. Similar substituent effects can also be
found in 28a-b.***> The absorption onset of 28a was located at
862 nm, while the absorption onset of 28b was bathochromi-
cally shifted to 1000 nm, which can be explained through
the efficient stabilization of the lowest unoccupied molecular
orbital (LUMO) by the electronegative substituents (the fluorine
atoms on the end of the backbone). The absorption spectra of
22a-b have a similar trend, and both exhibited two sets of
bands in the visible region with clear vibrionic characteristics”>
(Fig. 3a). The optical bandgaps of 22a and 22b are estimated by
the onset of absorption, corresponding to 1.85 and 1.81 eV,
respectively. The photoluminescence spectra of 22a and
22b showed emission bands with shoulder peaks that cover
from red to near infrared (peak maxima of 661 and 683 nm,
respectively (Fig. 3b)). The cyclic voltammogram (CV) of 22b
demonstrated two consecutive reversible reduction processes
and one reversible oxidation process. 22a exhibited the same
reduction pattern (two consecutive reversible reduction processes,
but no signs of a reversible oxidation process (Fig. 3c)). The
reduction potentials of 22a were anodically shifted compared
with 22b. The LUMOs of 22a and 22b are —3.89 and —3.57 eV,
respectively. For 22a, the two additional sp” nitrogen atoms in
the aromatic skeleton endowed it with a 0.3 eV lower LUMO
compared to that of 22b.

The absorption spectra of 15a-c¢ showed good resolution
of vibrionic bands in the UV and visible regions, consistent
with the molecular structures.®® Almost the same absorption
characteristics were observed for 15a-c¢, except that some
difference was noticeable in the UV region of 15b (Fig. 3d).
The maximum emission peaks for 15a-¢ were located at 489,
487 and 485 nm, respectively (Fig. 3e). From cyclic voltammo-
grams, the LUMO levels were estimated from the onsets of the
first reduction waves, which are consistent with the electron
nature of their substituents. The small effect from the alkyl nature
of the TIPS and triisobutylsilylethynyl (TIBS) substituents

Mater. Chem. Front., 2020, 4, 3419-3432 | 3423


https://doi.org/10.1039/c9qm00656g

Published on 19 dicembre 2019. Downloaded on 21/10/2025 6:03:52.

Review

F‘d(db

a)2

View Article Online

Materials Chemistry Frontiers

X N Cl

= Hunlg base MnO;

| + 10eb I I
X N Cl

26a:x=H 27a:X=H 28a:x=H
26b:x=F 27b: X =F 28b:x=F
T i
0sN._0 BN 50
Pd(dba)z

R?
/N /N
e OOO I O‘O
_— N N
N N
R2

Scheme 7 Synthetic routes to 26 and 29.

H,N

H,N

1093

10ec : R2= F—=—si(Bu),

|
[o] N (o]

31a
31b

(o] l}l o

R!

R?
N, N,
[ N
L0
N N
R2

Table 1 Photo-electronic properties and single crystal information of azaacenes
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iPr
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bR2= F—=si(Bu)

Compound Gapgp: (eV) HOMO (eV) LUMO (eV) Packing model Intermolecular interactions Ref.
2 2.90% — — Herringbone packing -1 (3.41 A) 52 and 61
3 2.86¢ — Herringbone packing n-7 (3.45 A) 52
4 2.78 —6.03° —3.25 Face to face n stack - (3.48 A) 63
5 — — Herringbone packing No = overlap 64
6 — — = Herringbone packing - (3.44 A), CH-nt 61
7 2.19 —5.27¢ -3.08° Herringbone packing No n overlap 39
8 1.86 —5.54° —3.68° Brickwork packing -1 (3.23 & 3.27 A) 39
12 2.85 —6.02° -3.17° Face to face n stacking -1 (3.58 A) 65
14 2.65 —5.96" —3.31° Face to face n stacking -7 (3.82 & 3.75 A) 66
15a 2.69 —6.08° -3.39° Herringbone packing No = overlap 68
15b 2.69 —6.15° -3.46" Herringbone packing No = overlap 68
15¢ 2.72 —6.26° —3.54° Herringbone packing No = overlap 68
16 1.30 —5.00” -3.50° Face to face n stacking n-7 (3.32 A) 55
19 — — — Face to face m stacking -1 (3.39 A) 27
21 — — -3.88° Herringbone packing No = overlap 5
22a 1.85 —5.74° —3.89° Brickwork packing - (3.233 A) 72
22b 1.81 —5.43" -3.57° Brickwork packing - (3.397 A) 72
25 1.85 —5.59¢ —3.74° Herringbone packing -1 (3.38 A) 56
28a 1.44 —5.59° —4.15° Brickwork packing n-m (3.33 & 3.31 A) 44
28b 1.24 —5.41° —4.17° Brickwork packing -1 (3.30 & 3.31 A) 45
31b 1.03 —5.46° —4.43° Face to face © stacking -1 (3.38 A) 54

“ Optical bandgap estimated by its UV-vis spectrum.  Energy level calculated from cyclic voltammograms. °

and the optical bandgap.

endowed 15a and 15b with similar LUMO levels (—3.39 eV and
—3.46 eV), while the more electron withdrawing character of
the triphenylsilyl group lowered the LUMO of 15¢ considerably
to —3.54 eV (Fig. 3f).

The normalized UV-vis absorption spectra of 7 and 8 in
dichloromethane®® are shown in Fig. 4a. Both displayed
four absorption peaks in the visible region, while 8 spanned a
wider range compared with that of 7. Moreover, the obvious
bathochromically-shifted absorption indicated that 8 had a
reduced optical band gap of 1.86 eV compared to that of 7
(2.19 eV), attributed to the increased conjugation length.

3424 | Mater. Chem. Front., 2020, 4, 3419-3432

Energy level calculated from CV data

The LUMO levels of 7 and 8 correspond to —3.08 and —3.68 eV,
respectively (Fig. 4b), and the lower LUMO level of 8 than that
of 7 is ascribed to the four additional N atoms in the backbone.
In the UV-vis absorption spectrum of 25 (Fig. 4c), four absorption
peaks were observed in the region from 400 nm to 700 nm.*®
The optical band gap is 1.85 eV (estimated from the onset of
absorption), which is very similar to that of octazadecacene.*® This
phenomenon comes from the cross-conjugated nature of the
pyrene unit: although the skeleton of 25 is conjugated, the
aromaticity breaks at the pyrene unit. According to Clar’s rule,
one pyrene unit can add two aromatic n-sextets in the conjugated

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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reproduced with permission from ref. 72. Copyright 2016, American Chemical Society. (d)-(f) are reprinted with permission from ref. 68. Copyright 2014,
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Fig. 4 (a) UV-vis absorption spectra of 7 and 8 in dichloromethane. (b) CV
curves of 7 and 8 in dichloromethane/0.1 M n-BusNPFg (externally
referenced against ferrocene/ferrocenium). (c) UV-vis absorption
spectrum and fluorescence emission spectrum of 25 in dichloromethane
(Zex = 530 nm). (d) CV curve of 25 (electrolyte: 0.1 M n-BusNPFe, scanning
speed: 50 mV s73). (a) and (b) are reproduced with permission from ref. 39.
Copyright 2016, Wiley-VCH. (c) and (d) are reprinted with permission from
ref. 56. Copyright 2017, Royal Society of Chemistry.

skeleton,”® which effectively increase the stability of large acenes.
The n-m interactions and fluorescence quenching of inter-
molecular interactions can be effectively suppressed by steric
hindrance from TIPS groups at the periphery of the conjugated
skeleton. In addition, TIPS groups also increased the solubility.
The maximum emission of 25 was located at 661 nm when excited
at 530 nm (Fig. 4c). However, the fluorescence quantum yield of
25 is only 3%, which can be ascribed to the self-absorption effect
caused by the broad overlap between the PL and UV-vis spectra as

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

well as non-radiative transition processes. As shown in Fig. 4d, 25
showed three reversible reduction peaks, and the LUMO level
was calculated to be —3.74 eV from the onset of the first
reduction wave.

3.2. Molecular structures and packing models

The packing pattern can be affected by many factors, such
as the backbone length, the numbers and positions of N atoms
on the backbone, the differences of side chains and their
positions, and even the solvent for growing crystals, etc. Thus,
it is necessary to figure out the relationships between the
molecular structure and the packing model, then guiding
molecular design to achieve high performance materials, since
the packing model of azaacenes plays a very important role in
determining their performance in device applications. There
are four kinds of main packing motifs: (A) herringbone packing
with n-n overlap between adjacent molecules; (B) herringbone
packing without n-m overlap between adjacent molecules;
(C) one-dimensional face to face m stacking; and (D) brickwork
packing.

Compound 2 without side chains on the backbone is a
planar molecule, which favours herringbone-type packing.>?
The distance between the 7 planes of two adjacent molecules
is 3.41 A. When small groups such as methyl groups on the tail
(3)>* or two tert-butyl groups at the 2,7-positions of the pyrene
unit (6)*' are added on the backbone, the planarity of the
molecules has no changes, while the n-n stacking distance is
affected. The n-n distance increased to 3.45 and 3.44 A for 3
and 6, respectively. Moreover, the tert-butyl groups in 6 also
have interactions with the adjacent layer through C-H-r inter-
actions. When the groups on the backbone become larger and
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Fig. 5 Front (top) and side (bottom) views of compound 2, 6 and 15a—c. (a) and (b) are reproduced with permission from ref. 61. Copyright 2016, Wiley-
VCH. (c) is reproduced with permission from ref. 68. Copyright 2014, Royal Society of Chemistry.

larger, both the planarity and molecular packing model change.
Compounds 15 have six connected trialkylsilylethynyl groups
on the framework, resulting in alternating twisted structures®®
(Fig. 5). The pyrene unit is tilted from the plane, and the n-=n
overlap is prevented by steric stress from large substituents
on the framework. Similar results have also been found in
tetraazaheptacene (21)° and tetraazaoctacenes (5°* and 7°°) that
also have large steric hindrance substituents. All these three
azaacene molecules packed in a herringbone-type mode
without n-n overlapping.

Compound 25 with fifteen linearly-fused rings in a row is
the longest azaacene, whose structure has been confirmed by

Fig. 6 (a) Molecular structure. (b) The crystal packing mode of 25 shows
that two adjacent molecules form a dimer first, then 1,4-dioxane mole-
cules are encaged (just the O atoms are shown here) in the crystal voids
formed by the four dimers. (c) The side view of the dimer shows a dual-
bending feature with a short distance of about 3.38 A between the
adjacent n-planes. (d) The top view of the dimer indicates that the degree
of overlap of the adjacent n-planes is very small. Reprinted with permission
from ref. 56. Copyright 2017, Royal Society of Chemistry.
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single crystal X-ray diffraction analysis®* (Fig. 6). The packing
motif of 25 is somewhat special compared to the above-
mentioned azaacenes. First, two adjacent molecules formed a
dimer with slight overlap, then the as-formed dimer packed in a
herringbone mode. The distance between the n planes of the
formed dimer is 3.38 A, which suggested the existence of n-n
interactions of these two adjacent molecules.

Compound 3% with four phenyl groups on the terminals
adopted one-dimensional face-to-face m stacking with a distance
of 3.48 A, which is totally different from 2. The side phenyl groups
result in a similar change in the molecular packing of 12.%°
One-dimensional face-to-face m stacking was observed with a
distance of 3.58 A, which is longer than the value of 3, attributed
to the larger twist angles between the formylphenyl groups and
the pyrene unit. As two more benzene rings are fused on the
terminals, the centroid—-centroid distances of two adjacent mole-
cules of 14 are further increased to 3.82 A and 3.75 A respectively,
which also causes a slip of two neighboring molecules.®® Com-
pound 31b,>* a coronene-containing azaacene with thirteen
linearly-fused rings, shows a fully planar © system. The twist angle
between the two diisopropylphenyl substituents at the bisimide
moiety and the aromatic core is 72°. The packing mode features
slipped one-dimensional & stacking with a mean plane distance
of 3.38 A (Fig. 7c). Azaacenes end-capped with two pyrene units
(16 and 19) always favour one-dimensional n stacking. For
compound 16 (Fig. 7b), the two pyrene units at the terminals
are parallel to each other, and the dihedral angle between the
end-capping pyrene rings and the center pyrene unit is 2.84°. One
molecule is strongly affected by its adjacent molecules (above and
below) with a mean distance of 3.32 A between them, which
suggests strong m-m interactions among adjacent molecules. In
addition to the one-dimensional stacking of the closest molecules,
a zigzag packing motif can also be observed, which is attributed to
the backbone plane, resulting in a slipping distance of 4.77 A
between neighboring molecules (Fig. 7a). The migration of phenyl
groups from the terminal to the 1,3-sites of the core pyrene

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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W v,

mean distance: 3.32 A

Fig. 7 (a) Crystal packing of compound 4. (b) Single-crystal X-ray struc-
ture of 16, top: molecular structure. Bottom left: The arrangement of the
neighbouring molecules shows a 1D stacking motif. The mean distance of
two adjacent molecules is 3.32 A. Bottom right: Crystal packing along a
nonspecial crystallographic direction. (c) Top: Molecular structure of 31b
(50% probability plot), middle: top view of 1D stacks in the crystal of 31b.
Bottom: Side view of the arrangement of neighbouring stacks of 31b.
(a) is reprinted with permission from ref. 63. Copyright 2008, American
Chemical Society. (b) is reprinted with permission from ref. 55. Copyright
2017, American Chemical Society. (c) is reprinted with permission from
ref. 54. Copyright 2016, American Chemical Society.

unit leads to a large number of C-H intermolecular interactions.
It is worth noting that the molecular backbone and packing
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model can be significantly affected by the solvents for crystal
growth. For compound 20, its crystals can be obtained from
ortho-dichlorobenzene (0-DCB) and chloroform, respectively,
which showed very different molecular structures and stacking
models.>® Crystals grown from 0-DCB showed a nearly planar n
plane, and two coplanarly-arranged o-DCB molecules are located
at the voids between the m planes, resulting in an increased
distance between 6.8 and 6.9 A of two adjacent molecules.
By contrast, crystals grown from chloroform exhibited an asym-
metric motif and two independent molecular structures. One
molecule is nearly planar, but the other is bent. The planar one
is similar to the unit found in 0-DCB, and the bending angle of
the other one is around 26.48°. In addition, two bent molecules
are enclathrated by strong m-n interactions with an interplanar
distance of 3.31 A.

Brickwork packing is the most efficient molecular packing
model for charge transport because it can increase the transfer
integrals to a maximum and transport the charge carriers
through an almost straight line. Many efforts have focused on
molecular design and crystal engineering to obtain brickwork
packing (Fig. 8). Compound 8 with ten linearly-fused rings
showed a planar backbone and adopted a face-to-face two-
dimensional brickwork arrangement.>® The strong n-n inter-
actions are the main force to stabilize the packing of 8, which
can be deduced from the small interplanar distance in the
range of 3.23-3.27 A. Furthermore, the packing of 8 can also be
stabilized by the interactions with solvent molecules. For
compounds 22a-b,”* it is worth noting that, in addition to

.

Fig. 8 (a) Top: Single-crystal structures of 8 (left: top view, right: side view), bottom: molecular stacking patterns of 8 (left: side view perpendicular to the
long axis of the azaacene core; right: side view along the long axis of the azaacene core). (b) X-ray structures and packing of 22b (top) and 22a (bottom).
(c) Solid-state structures of 28a. (d) Solid-state structures of 28b. (a) is reprinted with permission from ref. 39. Copyright 2016, Wiley-VCH. (b) is reprinted
with permission from ref. 72. Copyright 2016, Wiley-VCH. (c) is reprinted with permission from ref. 45. Copyright 2015, Wiley-VCH.
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the expected differences imposed by different C-C and C-N
distances, the difference in the number of N atoms in the
aromatic nucleus showed an almost negligible effect on the
overall structure. In both cases, the aromatic nuclei of 22a and
22b are substantially flat, while the pendant TIPS groups are
out of the plane. The molecules 22a and 22b are stacked in a
similar anti-parallel manner, where the bulky TIPS groups allow
face-to-face stacking at 3.233 and 3.397 A, respectively. Both 8
and 22a showed an unusual n-r distance of 3.23 A, suggesting a
strong m-m interaction, which can be attributed to strong
electronic coupling of the stacking n face between molecules.
For compound 28a,** the molecules favoured a brickwork
stacking structure and one molecule of 28a has four nearest
adjacent molecules. Two of the four adjacent molecules showed
a larger spatial overlap and the interplanar distance was 3.33 A.
Adjacent molecules with a larger positional shift show an
interplanar distance of 3.31 A. The difluorinated 28b also
showed brick-wall-like stacking.*> Compound 28b showed an
increased lateral shift and interplanar distances of 3.30-3.31 A.
The introduction of fluorine atoms into the outer ring of 28b
resulted in a decrease in the distance between molecules within
the layer, which is caused by weak H- - -F hydrogen bonds. The
existence of close face-to-face fillers provides a pathway for
charge transport and indicates that these compounds can be
considered as semiconductors.

4. Applications

The conjugation length, the number of sp> N atoms, and their
positions on the backbone endow azaacenes with various
photo-electrical properties, which makes them excellent candi-
dates for different organic semiconductor devices. As a typical
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representative, azapentacenes have been extensively studied in
OFETs as p-type, ambipolar and n-type semiconductors with
excellent performance. However, research on the application of
azaacenes with more than five linearly-fused rings is not as
common as for azapentacenes. The research on these materials
is mainly focused on phototransistors and OFETs, where there
is plenty of room left to improve the device performance.

The 19-single-crystal-based organic phototransistor operates
well under the photoconductive effect in the range of
40-130 mW cm™?; the current (Ipg) is linearly related to the
light intensity without any gate voltage®” (Fig. 9a). At a specific
drain-source voltage, the concentration of charge carriers and
Ins showed good dependence on the light intensity, namely, the
output current increased sharply when the light intensity was
raised (Fig. 9b). The dynamic photo response behaviour showed
that devices based on crystals of 19 can be used as switches
with an ON/OFF ratio of ~ 10> and good stability (Fig. 9c and d).
All results indicate that single crystals of 19 can be used as
active components in phototransistors for photodetection or
light control switches. The photoelectrochemical behaviour was
also used to study the electronic properties of 7 and 8; the
repeatable anodic (positive) photocurrent showed that both
compounds performed as n-type semiconductors® (Fig. 9e
and g), which was also confirmed by the positive slopes of
Mott-Schottky measurements. According to Fig. 9f and h, the
flat-band potentials of 7 and 8 can be obtained at about 0.085
and 0.11 V versus reversible hydrogen electrode, respectively.

OFETs are another important application for larger azaacenes.
Organic thin film transistors (OTFTs) with a bottom-gate, top-
contact (BGTC) device structure were fabricated and characterized
to evaluate the potential of 2 and 3 for electronic applications.*>
Compound 2 gave the larger mobility (2.5 x 1072 em® V' s7)
whilst a mobility of 7 x 107> em® V' s7' is found in the
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Fig. 9 (a) Dependence of Ips on light intensity at specific voltages of 19. (b) Dependence of Ips on different input light intensities of 19. (c) Time
dependence of the dynamic photo response behaviour of 19 crystals upon irradiation with 40 mW cm™2 white light. (d) Stability of 19 single crystal-based
phototransistors. Zero-bias photocurrent responses of 7 (e) and 8 (g) under chopped AM 1.5 G light illumination. Mott—Schottky plots of 7 (f) and 8 (h)
measured at a frequency of 1000 Hz. The flat-band potentials of 7 and 8 are indicated by the intercept of the dashed lines. (a)—-(d) are reprinted with
permission from ref. 27. Copyright 2012, American Chemical Society. (e) and (f) are reproduced with permission from ref. 39. Copyright 2016, Wiley-VCH.
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Fig. 10 Transfer (Ip vs. Vigs) characteristics of the OTFTs based on 2 (a) and 3 (b). (c) Representative transfer of single crystal field effect transistors based
on 16 with a BCTG geometry; the inset is the microscopy image of a real compound 16 single crystal organic field effect transistor fabricated using the

“organic ribbon mask technique”. (W = 1.47 ym, L = 5.08 um, up, = 8.1 x 10~

Sem? Vs [on/log = 104, Vi = —19 V) (d) Transfer characteristic of 31b in a

BCTG FET (W = 1000 pm, L = 10 um) at Vp = 40 V; gate leakage in the background; filled symbols, forward; open symbols, backward sweep.
Representative transfer and square root of the absolute values of current as a function of gate potential of thin films 22a (e) and 22b (f). (a) and (b) are
reprinted with permission from ref. 52. Copyright 2015, Elsevier B.V. (c) and (d) are reprinted with permission from ref. 55. Copyright 2017, American
Chemical Society. (e) and (f) are reprinted with permission from ref. 72. Copyright 2016, American Chemical Society.

methyl-substituted compound 3 (Fig. 10a and b). This indicates
that the methyl groups at the molecular periphery had a
significant effect on the charge transport. The possible reasons
for this difference between them are manifold, including
different orientations of the molecules relative to the substrate
surface, grain size, and charge transfer rate. BGTC OFETs were
also fabricated to investigate the charge transport properties of
16.>® The spin-coated film showed an almost amorphous
morphology because of the poor polycrystalline nature, result-
ing in a low hole transport property with an average mobi-
lity of up = 8.2 x 107> em® V! s™'. For comparison, the
authors also fabricated single-crystal-based OFETs and the
mobility increased by two orders of magnitude (u, = 8.1 X
10%* em® V' 57, Fig. 10c). For compound 31b, the OFETs
were fabricated using a bottom-contact top-gate (BCTG)
architecture.>® 31b exhibited a highest electron mobility of
8.1 x 107 * em® V' 57, as expected from the low LUMO level.
The spin-coated active layer showed a polycrystalline nature
and small domain size (a few micrometres), resulting in rela-
tively low charge carrier mobility. However, other parameters of
these transistors, such as negligible hysteresis, linear injection
behaviour, moderate on/off ratios (>10%) and low threshold
voltages (Vy, = —(0.6 £+ 1.2) V), are good. Moreover, ambipolar
transport was observed (u, ~ 2 x 10~* em® V_' s7) at higher
drain voltages. Different from the above-mentioned compounds,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

the active layers of OFETSs based on 22a and 22b were fabricated
through vacuum deposition.”

The thin films of 22a showed a typical n-type behaviour
because of the four N atoms introduced in the aromatic skeleton.
The best electron mobility (i1.) was 6.04 x 10 * cm® V"' s~ ' with
an on/off ratio in the range of 10>. In contrast, films of 22b with
fewer N atoms in the aromatic skeleton showed totally different
charge transport behaviours. 22b is a typical p-type semiconductor
with a best hole mobility (u,) of 4.30 x 10 * em*> V' s " and a
moderate on/off ratio in the range of 10". The thin films of 22a
and 22b transport different types of carriers, which can be
attributed to the intrinsic stabilization of the HOMO and LUMO
caused by the differences of N atoms in the backbone. The LUMO
of 22a with two additional N atoms is aligned to a greater extent
with the Fermi energy of gold, which facilitated electron injection.
For the film of 22b, its HOMO matches well with the Fermi level of
gold electrodes, which can facilitate hole injection.

5. Conclusions

In this review, we summarized the synthetic routes, the rela-
tionships between the molecular structure and single crystal
stacking, and the device applications of larger azaacenes
(n = 6). Although these molecules have already shown some
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good performance in devices, there are still some limitations
and challenges: (i) most larger azaacenes are based on pyrene
units, thus, the development of new building blocks to con-
struct larger azaacenes is necessary; (ii) as the conjugated
skeleton extends, suitable single crystals for structural analysis
become more and more difficult to obtain; and (iii) the applica-
tions of azaacenes are limited to photo and electrical devices,
and their magnetic or other unknown properties are rarely
reported. Thus, we believe that the summary of synthetic
methods could provide some new ideas for the design and
synthesis of new higher azaacenes; the elaboration of the
relationships between the molecular structure and single crystal
stacking could enable researchers to create novel higher
azaacenes with the desired molecular packing model; and the
diversification of higher azaacenes could further extend their
applications in other fields and enhance their device
performance.
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