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Dihalogenated 4,9-diazapyrenes have been shown to be promising reactive intermediates that could be
used to develop various diazapyrene-based n-conjugated systems and have great research prospects.
Since pyrene chemistry is strongly position-dependent, two synthesis methods, i.e. post-functionalization
(electrophilic substitution) and pre-functionalization (pre-introduction of halogen atoms), were developed
to synthesize three dihalogenated diazapyrene molecules substituted at different sites. Then, three iso-
meric co-oligomers of diazapyrene and bithiophene (1,6-, 2,7- and 3,8-PyNN-T2) were obtained through
Suzuki cross-coupling reactions. Their crystal structures, and optoelectronic and charge transport pro-
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3,8-PyNN-T2 exhibited hole mobility up to 1.14 cm? V™t 571, as observed in single crystal organic field-
effect transistors. Our work fills the gap in the study of halogenated diazapyrenes and provides powerful
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Introduction

Over the past decade, polycyclic (hetero) aromatic hydro-
carbons (PAHs) have attracted much attention in materials
science due to their excellent charge-transfer capabilities and
tunable photophysical and electrochemical properties.'™
Pyrene, the simplest representative of a peri-condensed PAH,
with intensive blue emission, pronounced =n-stacking capability
and very unique reactivity, is a widely investigated fluorogenic
motif and a common building block used to construct
expanded w-conjugated systems with high optoelectronic
performance.®® Thus, continuous efforts have been directed
toward the promotion and expansion of usable methods for
the synthesis of functionalized pyrene-based compounds.
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tools for further derivatization of diazapyrenes.

Among them, doping of nitrogen atoms into pyrene frame-
works could be considered as an effective strategy to regulate
their intrinsic physicochemical properties, resulting in their
application in the field of organic electronics, such as in
organic solar cells (OSCs), organic light-emitting diodes
(OLEDs), and organic field-effect transistors (OFETs)."” >

4,9-Diazapyrene, a typical nitrogen-containing pyrene with
two nitrogen atoms at the K-region of the pyrene skeleton, pos-
sesses a packing motif with strong m- interactions,” which
makes it a noteworthy candidate for potential application in
DNA intercalators, multi-stimuli-responsive smart materials,
and optoelectronic devices.>*>® However, literature on 4,9-dia-
zapyrene and its conjugation-extended derivatives is limited,
mainly due to challenges in synthesis. Moreover, the construc-
tion of m-conjugated materials with 4,9-diazapyrene as the
building block usually requires different halogenated inter-
mediates with selective substitution positions. It is of crucial
importance to understand how to modulate their electronic,
photophysical and charge-transfer properties. Thus, develop-
ing effective synthetic methods to obtain dihalogenated 4,9-
diazapyrene with varying substitution sites is highly desirable
and yet challenging.

Chen et al. reported the synthesis of a key intermediate,
2,7-dibromo-5,10-dimethyl-4,9-diazapyrene, through Bischler-
Napieralski cyclization of the corresponding amide
precursors.>*?® Inspired by their method to construct the 4,9-
diazapyrene core, we developed two effective synthesis strat-
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3,8-dichloro-4,9-diazapyrene (15)

3,8-PyNN-T2

Chart 1 Chemical structures of the target 4,9-diazapyrene derivatives in this work.

egies, post-functionalization (electrophilic substitution of dia-
zapyrene) and pre-functionalization (pre-introduction of
halogen atoms), to obtain three different dihalogen-substi-
tuted diazapyrene compounds (1,6-dibromo, 2,7-dibromo and
3,8-dichloro-4,9-diazapyrenes), and then through Pd-catalyzed
cross-coupling reactions, three isomerized co-oligomers of dia-
zapyrene and bithiophene were also further designed and syn-
thesized (Chart 1). Our work not only expands the chemical
diversity of diazapyrene compounds but is also the first to
report on the charge-transfer properties of diazapyrene-based
n-conjugated systems. Since pyrene chemistry is strongly posi-
tion-dependent, the present work contributes to a deeper
understanding of the basic structure-property relationship of
diazapyrene-based isomers.

Results and discussion
Synthesis and structural characterization

Scheme 1 shows the synthesis routes for the target com-
pounds, including three 4,9-diazapyrene molecules with
different halogenated sites and the corresponding isomerized
n-conjugated co-oligomers (1,6-, 2,7- and 3,8-PyNN-T2).
Synthesis details and corresponding characterization spectra
are described and shown in the ESI.{ Since direct bromina-
tion of 4,9-diazapyrene has not been explored so far, we
firstly synthesized 4,9-diazapyrene starting from commer-
cially —available 1-nitro-2-(2-nitrophenyl)benzene  (1).*’
Through reduction with stannous chloride dehydrate and
then acylation using acetic anhydride as an activator and
formic acid as an acylation reagent, compounds 2 and 3 were
obtained in high yields beyond 90%. Next, an ionic liquid
(molten AICl;/NaCl) was used in the Bischler-Napieralski

7206 | Org. Chem. Front, 2024, 1, 7205-7213

cyclization to obtain 4,9-diazapyrene (4) in a yield of 71%.
Finally, the bromination reaction was conducted using NBS
in concentrated sulfuric acid, which resulted in the highly
selective synthesis of 1,6-dibromo-4,9-diazapyrene (5) in a
yield of 70% after recrystallization from chloroform. For 2,7-
dibromo-4,9-diazapyrene, the synthesis route provided by
Chen et al. was modified.”® When acetic anhydride/formic
acid was used to synthesize compound 9, only a single-con-
version product could be obtained. So, we further attempted
to use zinc oxide as a catalyst and formic acid as an acylation
reagent.”® To our delight, we found that the double-
conversion product 9 was achieved in a yield of 64%. Under
the same Bischler-Napieralski cyclization conditions, 2,7-
dibromo-4,9-diazapyrene (10) was obtained in a yield of 40%.
Compound 12 was obtained using the dicarboxylic acid coup-
ling method from the inexpensive commercial 3-chloro-2-
nitrobenzoic acid 11.>° However, under the reduction con-
ditions using stannous chloride dehydrate, the yield of com-
pound 13 was relatively low because of the formation of a by-
product, 4,7-dichlorobenzo[c|cinnoline. Therefore, iron
powder was chosen as the reduction reagent, and no such by-
product was found.>® The yield of 13 could be improved to
93%. Then, acylation using zinc oxide/formic acid delivered
compound 14 in a yield of 92%. Under the same Bischler-
Napieralski cyclization conditions, 3,8-dichloro-4,9-diazapyr-
ene (15) was obtained in a yield of 56%. After the successful
synthesis of the three different dihalogen-substituted diaza-
pyrene compounds, we proceeded to the synthesis of three
isomerized m-conjugated co-oligomers as the final targets.
Using Pd(PPh;3), as the -catalyst, Suzuki-Miyaura cross-
coupling reactions of dibromo-diazapyrenes and 5-octyl-5"-
[4,4,5,5-tetramethyl-1,3,2-dioxaborolanyl]-2,2"-bithiophene
were carried out to obtain 1,6-PyNN-T2 and 2,7-PyNN-T2,

This journal is © the Partner Organisations 2024
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Scheme 1 Synthetic routes to 1,6-PyNN-T2, 2,7-PyNN-T2, and 3,8-PyNN-

respectively. Using Buchwald-G3-XPhos as the pre-catalyst, 3,8-
PyNN-T2 molecule could be prepared from its corresponding
dichloro-derivative.”® The three isomerized co-oligomers were
purified through double vacuum sublimation.

The structures of the three target molecules were verified by
NMR spectroscopy, matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS), elemental
analysis and single-crystal X-ray analysis (vide infra).
Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were also performed. All compounds exhibi-
ted good thermal stability with a weight loss of 1% at approxi-
mately 420 °C (Fig. S301), consistent with the behavior of the
pyrene-based analogues such as 1,6-bis(5-octyl-2,2"-bithio-
phen-5-yl)pyrene (BOBTP), which showed 1% loss of the mass
at 408 °C.*' As shown in the DSC curves, 1,6-PyNN-T2, 2,7-

This journal is © the Partner Organisations 2024

Y

3,8-PyNN-T2 (50%)

T2.

PyNN-T2 and 3,8-PyNN-T2 exhibited melting points of 168, 150
and 204 °C, respectively (Fig. S317).

Single crystal structure analysis

After many attempts, the single crystal structure of 1,6-
PyNN-T2 was obtained by slow diffusion of methanol into its
dilute chloroform solution at room temperature. The single
crystals of 2,7-PyNN-T2 and 3,8-PyNN-T2 were obtained by
slowly evaporating chlorobenzene solution under ambient con-
ditions. They were used for X-ray crystal structure analysis. All
of the crystallographic data are provided in Tables S1-3 (ESIf).
The three isomeric co-oligomers exhibited distinct molecular
configuration and packing motifs. For clarity, the octyl chains
and H atoms were omitted. The structure of 1,6-PyNN-T2 was
solved and refined in the triclinic P1 space group. As shown in

Org. Chem. Front,, 2024, 1, 7205-7213 | 7207
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Fig. 1 Molecular conjugated backbone configurations (a), the packing diagrams and transfer integrals (b) and the intermolecular C—H---N inter-

actions (c) of 1,6-PyNN-T2.

Fig. 1a, the conjugated backbone of 1,6-PyNN-T2 showed large
dihedral angles between the diazapyrene unit and thiophene
unit of 61° and 49° for Form A and B, respectively, implying
the poor conjugation of this molecule. Meanwhile, the di-
hedral angles between thiophene units were about of 6° for
both forms. The molecules of 1,6-PyNN-T2 were packed in an
unusual motif, as shown in Fig. 1b, in which the arrangement
of the diazapyrene units was nearly parallel along the b axis
and the bithiophene moieties form a herringbone packing
motif in the ab plane. After further analysis, it is found that
this packing motif was mainly driven by the formation of the
C-H:--N bonding network, resulting from the shorter contact
distances of 2.49 A (Form A) and 2.42 A (Form B) than the sum
of the van der Waals radii of the N and H atoms (2.70 A), and
large bond angles beyond 160°, as shown in Fig. 1c.

The molecule 2,7-PyNN-T2 crystallizes in a monoclinic (P2,/
n) structure. Different from the 1,6-PyNN-T2 molecule, 2,7-
PyNN-T2 has an almost planar conjugated backbone, with a
small dihedral angle of 7° between the diazapyrene unit and
thiophene unit and 2° between thiophene units, as shown in

(@) 70

s

1, =102meV; t, =<1 meV

Fig. 2a. The former dihedral angle was similar to that of 2,7-
bis(5-hextyl-thiophen-2-yl)pyrene (DHT-P).>”> These molecules
packed in a slipped cofacial n—x stacking manner with an inter-
planar separation of 3.52 A along the a axis.

3,8-PyNN-T2 crystals belong to the C/c space group. Non-
covalent intramolecular N — S interactions were formed with
the conjugated backbone, demonstrated by the shorter contact
distances of ~2.8 A (both Form A and B) than the sum of the
van der Waals radii of N and S atoms (3.35 A). This effect orig-
inates from the presence of the low-lying C-S ¢* orbitals on S
atoms, creating the phenomenon called c-holes, which have a
positive electrostatic potential and are available for interaction
with electron-donating atoms, especially N and 0.>* Compared
to the 1,6-isomer, the trade-off of the locking effect of N — S
interactions and the repulsive effect of spatially adjacent
H-atoms made the smaller dihedral angles of ~12° between
the diazapyrene unit and thiophene wunit. The 3,8-
PyNN-T2 moieties pack in a herringbone (HB) motif in the ab
plane with a T-shaped HB angle of approximately 34° (deter-
mined from the dihedral angle between the least-squares

12°

m?‘

tp=44meV; 1, =32 meV; 1; =19 meV

Fig. 2 Molecular conjugated backbone configuration (top) and the packing structure diagrams and transfer integrals (bottom) of 2,7-PyNN-T2 (a)

and 3,8-PyNN-T2 (b).
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planes of the nearest neighbours including all non-hydrogen
atoms in one molecule), as shown in Fig. 2b.

Based on the packing structures of the three isomeric mole-
cules, the transfer integral (¢) values were calculated to investi-
gate the potential charge-transport capability as p-type organic
semiconductors (vide infra).>*>® It was found that the mole-
cular configurations and packing structures have significant
impact on transfer integrals. As expected from the 1D n-x
stacking structure of 2,7-PyNN-T2 with its almost planar back-
bone, the larger ¢ of 102 meV (¢) can be formed in the n-n
stacking direction, indicating 1D charge-transport capability.
The 1,6-PyNN-T2 had a significantly larger ¢ value of 28 meV
(t41) and 12 meV (z,) in the transverse direction but only 2 meV
(¢3) along the column direction. This situation may have origi-
nated from the obvious distorted conjugated backbone and
would result in anisotropic 2D charge-transport properties.
Meanwhile, the HB molecular arrangement of 3,8-PyNN-T2
with a more planar backbone configuration results in a larger ¢
in the transverse and column directions (¢ = 44 meV, ¢, =
32 meV and t; = 19 meV) than those of the 1,6-isomer, demon-
strating favorable 2D charge-transport properties.

Photophysical and electrochemical properties

The photophysical properties of these PYNN-T2 molecules were
studied using UV-visible absorption spectroscopy (Fig. 3a). The

1.2
(a) ——— 1.6-PyNN.T2 solution
——2.7-PyNN-T2 solution
1.0+ -PyNN-12 solution

+ 1L6-PyNN-T2 [ilm
NN-12 film
-PyNN-12 film

400 500
Wavclength (nm)

700
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spectra of their diluted chloroform solutions showed two
absorption bands. The higher energy transitions (presumably
1 — 1*) can be observed in the range of 300-350 nm, while the
lower energy transitions (presumably n — z*) can be found in
the spectral range between 350 and 500 nm. The n — ©* tran-
sition can be associated with the presence of heteroatoms (S or
N) within the conjugated backbones.’”*® Depending on the
different substituted positions of 4,9-diazapyrene, distinct
absorption behaviours can be observed for the three isomers.
1,6-, 2,7- and 3,8-PyNN-T2 have two peaks at 321 and 448 nm,
339 and 393 nm, and 328 and 492 nm, respectively (Table 1).
The corresponding optical band gaps (E,) were estimated from
the onset of the UV-vis absorption spectra as 2.43, 2.72, and
2.21 eV, respectively. The pyrene-based analogue BOBTP also
showed two absorption peaks at 322 nm and 410 nm in a
diluted chloroform solution, with E, of 2.52 eV.*>' These results
suggested that the incorporation of nitrogen atoms could
reduce the energy gap in analogous diazapyrene derivatives.
Compared to their behaviour in the solution phase, the
absorption peaks exhibited a certain degree of blue shift in the
thin film. Among the three co-oligomers, the shift of 3,8-
PyNN-T2 is the largest and is approximately 60 nm, while the
shifts are about 20 and 10 nm for 1,6- and 2,7-PyNN-T2,
respectively. This phenomenon could be attributed to the for-
mation of H-aggregation in the films, which was usually

(®)

; FciFe'

_LePNNT2 S
27-PyNN-T2 T

3,8-PyNN-T2 /

0.6 0.9 1.2
Potential (V vs SCE)

0.0 0.3

Fig. 3 UV-vis absorption spectroscopy of 1,6, 2,7- and 3,8-PyNN-T2 in CHClz (1 x 107> M) (a) and cyclic voltammograms of 1,6-, 2,7- and 3,8-

PyNN-T2 measured in CH,Cl, with 0.1 M BusNPF¢ as electrolyte (b).

Table 1 Thermal, photophysical and electrochemical properties of 1,6-PyNN-T2, 2,7-PyNN-T2 and 3,8-PyNN-T2

Amax [NM]
Compound Tm “[°C] TqP[eC] Solution Film E,“[eV] Eromo * [€V] Erumo ¢ [eV]
1,6-PyNN-T2 168 424 321, 448 320, 430 2.43 -5.40 -2.97
2,7-PyNN-T2 150 425 339, 393 340, 380 2.72 -5.34 —2.62
3,8-PyNN-T2 204 424 328, 492 330, 430 2.21 -5.17 —-2.96

“ Melting point determined from DSC heating curves. ” 1% weight loss temperature determined from TGA measurements. ° Optical energy gaps
(Eg) calculated from solution spectra according to the equation Eg = 1240/Agnset €V. 4 Calculated according to Exomo = —(4.80 + EINS) eV, where
ESMset represents oxidation onset, versus Fe/Fe” couple. © Eyymo = E; — Enomo-
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related to exciton coupling between adjacent molecules in
close-packed structures, as revealed by crystal structure ana-
lysis. Moreover, the varying degrees of blue shift presumably
implied the different extent of intermolecular interactions.

The electrochemical properties of three isomers were
studied by cyclic voltammetry (CV). Fig. 3b shows their irre-
versible oxidation peaks in CH,Cl, solutions, which indicates
that electron transfer at the electrode surface is slower com-
pared to mass transport and even if there are electrochemically
reactive substances present on the surface of the work elec-
trode, it is difficult to them to react completely.** Some diaza-
pyrene derivatives and pyrene-thiophene derivatives also
exhibited this irreversible oxidation characteristic.>**"3?
Accordingly, the HOMO energy levels of 1,6-, 2,7- and 3,8-
PyNN-T2 were calculated as —5.40, —5.34, and -5.17 eV
(Table 1), respectively, from the onset oxidation potential with
reference to Fc'/Fc (—4.8 eV). The LUMO energy levels were cal-
culated based on the absorption edges, and were —2.97, —2.62
and —2.96 eV, respectively. The low-lying HOMO and LUMO
energy levels of diazapyrene-based co-oligomers demonstrate
their potential application as p-type semiconductors.*®*!

Density functional theory calculations

In order to further understand their electronic structure, the
electronic distribution of the HOMO and LUMO of the three
molecules was calculated at the B3LYP/6-31G(d,p) level using
Gaussian 09 software. For simplifying the calculations, long
octyl chains were replaced with methyl groups. The optimized
molecular geometries and HOMO and LUMO distribution dia-
grams of the three molecules are shown in Fig. 4. The 1,6-sub-
stituted molecule exhibited partial distortion with torsion
angles of 44° between the diazapyrene unit and thiophene
unit, and 17° between the thiophene units in the gas state. In
contrast, the 2,7- and 3,8-PyNN-T2 molecules exhibited planar
structures. For 1,6- and 3,8-PyNN-T2 molecules, the HOMO
and LUMO delocalized over the whole molecule. For the 2,7-

View Article Online
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PyNN-T2 molecule, the electron density distribution of the
HOMO is also delocalized similar to that of the first two, while
that of the LUMO localized in the central diazapyrene portion.
Depending on the different substituted positions of 4,9-diaza-
pyrene, the HOMO levels increased in the order of 1,6-, 2,7-
and 3,8-PyNN-T2. Meanwhile, the LUMO levels decreased in
the order of 2,7-, 1,6- and 3,8-PyNN-T2. Following this change
in trend, the 3,8-PyNN-T2 molecule exhibited the narrowest
band gap, which was also in good agreement with the experi-
mental results.

Charge transport properties

To characterize the semiconducting charge carrier transfer
properties of the three isomeric molecules, bottom-gate and
top-contact organic field-effect transistor (OFET) devices were
fabricated on the octadecyltrimethoxysilane (OTMS)-modified
SiO,/Si substrates by vapor deposition at the optimal substrate
temperature (Ts). Details of device fabrication can be found in
the ESL.{ The OTFTs were measured under ambient conditions
in the dark. Neither 1,6-PyNN-T2 nor 2,7-PyNN-T2 displayed
measurable field effect characteristics, despite the fact that
their calculated HOMO energy levels and transfer integrals
from single crystal data appear favorable for p-channel trans-
port. The out-of-plane and in-plane XRD patterns for 1,6- and
2,7-PyNN-T2 films are shown in Fig. S34.f Compared to the
single crystal diffraction data, the packing structures of both
molecules in the films were different from those in the single
crystals, which may have a negative impact on charge carrier
transfer. In addition, the nonplanar n-conjugated molecular
geometry of 1,6-PyNN-T2 molecules may inhibit effective inter-
molecular interactions in the process of film formation.
Moreover, AFM studies of films of 2,7-PyNN-T2 revealed a mor-
phology that does not seem to be suited for conduction (see
the ESIf). All OFETs based on vacuum deposited 3,8-
PyNN-T2 molecules exhibited p-type transport characteristics
(Fig. 5a and S32at). As listed in Table S4,f the highest hole

=il LN ‘ " R Ag & I ;"; ' 2 ‘:'"," . (3 - .
4 "aQ?:":é‘ﬂ 2L 8‘:".: s }G:..osso“;"o{
5 233 -2.10 e
- -2.48
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=
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&
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R LD D T et
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Fig. 4 Calculated molecular orbitals and frontier orbital levels of 1,6-PyNN-T2, 2,7-PyNN-T2 and 3,8-PyNN-T2. The calculation was performed at

the B3LYP/6-31G(d,p) level.
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Fig. 5 Typical transfer characteristics of OFET with vacuum deposited 3,8-PyNN-T2 (a) and single-crystal OFET device based on 3,8-PyNN-T2 with

its optical microscopy image (b).

mobility of the OFET devices with 3,8-PyNN-T2 was up to
0.17 ecm® V™' 57" at T of 90 °C, along with a threshold voltage
(V1) of =7 V. The high hole mobility of 3,8-PyNN-T2 is consist-
ent with its better molecular planarity and favorable 2D
packing structure compared to the other two isomers. The
diffraction peaks of the films of 3,8-PyNN-T2 largely resembled
those of the bulk single crystal. As shown in Fig. 6a, two peaks
at 260 = 2.7 and 5.3° appeared in the out-of-plane direction with
a d-spacing of 33.3 and 16.7 A, which was close to half of the
c-axis length obtained from the single crystal data. They could
be assigned as (002) and (004), indicating that the ab plane
was parallel to the substrate surface. Furthermore, from the in-
plane diffraction patterns (Fig. 6b), two peaks at 20 = 16.5 and
23.1° can be assigned to (023) and (220), which are from HB
packing along the column and transverse directions. The peak
at 20 = 20.6° with a d-spacing of 4.3 A originated from the
ordered alkyl chain stacking. The micro/nano-sized single
crystal devices, as shown in Fig. S33 and Table S5,f were
further fabricated to improve charge transport capability due
to the low trap density. The typical transfer and output curves
of single crystal OFET devices are shown in Fig. 5b and S32bf
and they exhibited almost ideal transfer characteristics. The

% 20 2
2 Theta (degree)

(b) (220)

alkyl packing

Intensity {a.u)

1 20 25
2Theta (degree)

Fig. 6 Out-of-plane (a) and in-plane (b) X-ray diffraction (XRD) patterns
of 3,8-PyNN-T2 thin film prepared by vacuum deposition.

This journal is © the Partner Organisations 2024

highest mobility was up to 1.14 cm® V™' s™". Meanwhile, it
could also be observed that single crystal devices have a lower
Vr of —2 V than the devices fabricated by vapor deposition. To
the best our knowledge, the charge transfer properties of 3,8-
PyNN-T2 are the first reported so far for a diazapyrene-based
conjugated system.

Conclusion

In summary, we have developed a new strategy to synthesize
three different dihalogenated (Br or Cl) 4,9-diazapyrenes,
which involves post-functionalization (direct electrophilic sub-
stitution of diazapyrene) and pre-functionalization (pre-intro-
duction of halogen atoms) by the Bischler-Napieralski cycliza-
tion of rationally designed amide precursors. Based on these
valuable intermediates, three isomeric co-oligomers of 4,9-dia-
zapyrene and dithiophene were prepared by Suzuki-Miyaura
cross-coupling reactions. Single crystals suited for X-ray diffrac-
tion have been grown, revealing polymorphism for the three
compounds. Depending on the different substituted positions
of 4,9-diazapyrene, the three isomers exhibited distinct absorp-
tion behaviours and electronic energy structures, as deter-
mined by UV-vis absorption spectroscopy, cyclic voltammetry
and DFT calculations. Single-crystal OFETs have been fabri-
cated and the highest hole mobility of 1.14 cm® V™' s7' was
obtained for 3,8-PyNN-T2. As we have shown in this first study,
the 4,9-diazapyrene molecules have potential for further
derivatization, paving the way for accessing novel organic
semiconductors.
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