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Incorporating nitrogen into carbon-based materials can signifi-
cantly modify their electronic properties. A comprehensive
understanding of the structural and physical characteristics of
aza-polycyclic aromatic hydrocarbons (aza-PAHs) is crucial for
developing innovative materials. In this study, four aza-PAHs
were synthesized using a combination of the Povarov reaction
and intramolecular cyclization reaction by direct C� H arylation.

The synthesized compounds were evaluated in terms of the
crystal structure, photophysical properties, frontier energy
levels, and hole-blocking properties in organic light-emitting
diode (OLED). The intramolecular cyclization by direct C� H
arylation afforded a condensed azaperylene molecule that
exhibited long-wavelength absorption and emission, attributed
to the high HOMO level resulting from π-extension.

Introduction

Aza-polycyclic aromatic hydrocarbons (aza-PAHs) are known for
their unique optical and semiconducting properties.[1–6] The
introduction of nitrogen atoms lowers the frontier orbital
energy level of polycyclic aromatic hydrocarbons, enhancing
their stability against oxidative degradation.[7–10] These features
make aza-PAHs promising candidates for optoelectronic appli-
cations such as organic field-effect transistors (OFETs)[11–14] and
organic light-emitting diodes (OLEDs).[15–22] Various synthetic
strategies have been developed for aza-PAH production.[23–25]

Recently, the Povarov reaction has been employed for the
synthesis of aza-PAHs.[26–29] Initially used for synthesizing
quinoline derivatives from aromatic amines, aldehydes, and
alkenes (or alkynes).[30,31] Our group previously reported double
and triple Povarov reactions involving aromatic diamines and
triamines to obtain phenanthroline and triazatriphenylene
derivatives, respectively.[26–28] Based on the previous results, we
anticipated that the Povarov reaction of 1,5-naphthalenedi-
amine would synthesize diazachrysene derivatives with ex-

tended π-conjugation (Figure 1 and Scheme 1). Chrysene, the
parent skeleton of diazachrysene, is known for its high charge-
carrier mobility and has been utilized in OFETs and OLEDs.[32–35]

Incorporating nitrogen atoms into chrysene is anticipated to
enhance its electron-transporting properties by lowering the
energy levels. Azachrysene derivatives have been synthesized
by several methods, including the Conrad–Impah reaction,[36]

one-pot multicomponent reaction,[37] and photocatalytic
synthesis.[38] On the other hand, intramolecular cyclization
reactions, commonly used for π-conjugation extension, have
been successful in producing new materials.[39–45] We hypothe-
sized that the intramolecular cyclization of azachrysene would
yield π-extended aza-PAHs. In general, intramolecular cycliza-
tion reactions are conducted using oxidative aromatic
coupling,[46–48] alkali-metal-mediated reduction coupling,[49,50] or
transition-metal-catalyzed coupling reactions.[41,51–53]
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Figure 1. Top row: structures of chrysene and diazachrysene. Bottom row:
synthetic strategy for a condensed azaperylene molecule.
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Each method offers distinct advantages for tailoring the
optoelectronic properties of these materials. In intramolecular
cyclization reactions of aza-PAHs, oxidative aromatic coupling is
unsuitable due to their high oxidation potentials, while alkali-
metal-mediated reduction reactions require harsh reaction
conditions. Therefore, transition-metal-catalyzed coupling reac-
tions represent the most viable approach. In this study, we
employed an intramolecular direct C� H arylation reaction,[53–58]

which requires only halogen groups for bond formation.
Gorodetsky et al. reported the utility of this method in
synthesizing nitrogen-containing rubicene and tetrabenzopen-
tacene derivatives.[41] The primary objective of this study was to
synthesize tetraphenyl-4,10-diazachrysene derivatives by the
Povarov reaction and elucidate their physical properties. A
secondary objective was to synthesize and characterize a
condensed azaperylene molecule through the intramolecular
cyclization of a diazachrysene derivative with Br substituents
using a direct arylation reaction. In this study, we present the
synthesis, physical properties, and electronic structure of aza-
PAHs with extended π-conjugation.

Results and Discussion

Synthesis

To synthesize 1,3,7,9-tetraphenyl-4,10-diazachrysene (1a), the
double Povarov reaction was performed under previously
reported conditions (Scheme 1).[26] The initial reaction between
1,5-naphthalenediamine and benzaldehyde, catalyzed by acetic
acid, yielded a diimine intermediate (Figure S1, Supporting
Information). Without isolating this intermediate, the reaction
with phenylacetylene was subsequently conducted in the
presence of BF3·OEt2 and DDQ (2,3-dichloro-5,6-dicyano-1,4-
benzoquinone). After purification by Soxhlet extraction, the

target product 1a was obtained in a 68% yield. The structure of
1a was confirmed using 1H NMR spectroscopy, mass spectrom-
etry, and elemental analysis (Figure S2). Similarly, a 3,5-difluor-
ophenyl-substituted diazachrysene derivative (1b) was synthe-
sized to compare physical properties. The solubility of 1b was
notably lower than that of 1a in common organic solvents such
as chloroform and toluene. A bromonaphthalene-substituted
diazachrysene derivative (1c) was designed for intramolecular
coupling, and t-Bu groups were introduced to the aryl groups
to improve solubility. Compound 1c was prepared in a 53%
yield using the same method. Intramolecular direct arylation
was investigated to optimize reaction conditions, yielding the
target compound 2 in a 36% yield (Scheme 1b). This is a
straightforward method for the synthesis of aza-PAHs with
extended π-conjugation. As the Povarov reaction[31] and the
direct arylation reaction[54–59] are highly functional group
tolerant, it is expected that a variety of related compounds can
be synthesized using this method. Due to its high thermal
stability, compound 2 was purified using Soxhlet extraction
followed by sublimation at 350 °C.

Single-Crystal X-Ray Structure Analysis

The molecular structure of 1a was determined using single-
crystal X-ray diffraction (Figure 2). The analysis revealed a highly
planar diazachrysene core. The phenyl group (α) adjacent to the
nitrogen exhibited a dihedral angle of 33.9° relative to the
diazachrysene core, with the other phenyl group (β) having a
larger dihedral angle of 51.7°, likely due to steric hindrance
between the C� H groups of the β phenyl group and the
diazachrysene core. The shortest distance between diazachry-
sene cores was 3.539 Å, indicating π-π stacking interactions in
the crystal.[60,61] Compared to the π–π stacking observed in
tetraphenyl-1,7-phenanthroline, synthesized similarly in a pre-

Scheme 1. (a) Synthesis of 4,10-diazachrysene derivatives by the Povarov reaction. (b) Synthesis of a condensed azaperylene molecule by direct arylation.
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vious study,[26,27] 1a demonstrated a greater degree of central
unit overlap due to the large π conjugation of diazachrysene
(Figure S7 and S8). The effective π–π stacking interactions in 1a
are reminiscent of smooth carrier transport.

Physical Properties

UV-vis absorption and emission spectra were measured to
investigate the physical properties of the diazachrysene deriva-

tives (1a, 1b) and condensed azaperylene molecules (2).
Figure 3 shows the spectra for solutions and films prepared by
vacuum deposition. The photophysical properties of 1a and 1b
were found to be similar. The highest occupied molecular
orbital (HOMO)-lowest unoccupied molecular orbital (LUMO)
gap for both compounds is 3.03 eV, which is narrower than the
gap observed in tetraphenyl-1,7-phenanthroline (3.55 eV) (Fig-
ure S7).[27] This narrowing is attributed to the extended π-
conjugation of the diazachrysene core. Compound 2 displayed
a redshift in both its maximum absorption wavelength (λmax)
and maximum emission wavelength (λem) compared to 1a, 1b,
and 1c (Figures 3 and S14). The π-extension achieved via
intramolecular cyclization reaction is responsible for this red
shift.[43–45] A previously reported analog without nitrogen atoms
(Figure S9) exhibited a λem of 534 nm, which is similar to that of
compound 2 (544 nm).[50] This similarity suggests that the long-
wavelength emission of compound 2 is likely due to the
conjugated structure of its core. In addition, a significant red
shift was observed especially in the thin film state, probably
due to strong π–π stacking interaction resulting from the
extended π-conjugation. The maximum emission wavelength of
2 reached 697 nm. Photoluminescence quantum yields (PLQYs)
in the thin film state are summarized in Table 1. The reason
compound 2 has the lowest PLQY is due to the energy gap law,
where a smaller band gap results in a lower PLQY.[62] The PLQY
of 1b is smaller than that of 1a because, as observed in the
AFM image in Figure S12, the stronger aggregation tendency of
1b leads to aggregation-induced quenching.[63] Although 1a
and 1b exhibited similar photophysical properties, their energy
levels differed significantly. The electron-withdrawing effect of
the F substituents in 1b resulted in lower HOMO and LUMO

Figure 2. Molecular structure and packing diagrams of 1a.

Figure 3. a: UV-vis absorption spectra of 1a, 1b, and 2 (in toluene, 5.0×10� 6 M); b: UV-vis absorption spectra of 1a, 1b, and 2 (film state); c:
Photoluminescence spectra (in toluene, 5.0×10� 6 M); d: Photoluminescence spectra (film state).
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energy levels than 1a. However, since both the HOMO and
LUMO levels were affected similarly, the optical HOMO-LUMO
gaps remained comparable in 1a and 1b. The HOMO and
LUMO levels of a phenyl-substituted chrysene have been
reported to be � 5.79 and � 2.53 eV, respectively (Figure S10).[64]

Compound 1a had lower HOMO and LUMO levels than the
reference compound, revealing the effect of nitrogen incorpo-
ration. The HOMO level of compound 2 was higher than that of
compound 1a, though their LUMO levels were comparable.
This elevated HOMO level is responsible for the narrow optical
band gap in compound 2. The high HOMO level of compound
2 is further discussed in the density functional theory (DFT)
calculations section.

DFT Calculation

To investigate the electronic structures of compounds 1a, 1b,
and 2, DFT calculations were performed at the B3LYP/6–31G(d)
level of theory. The calculated HOMO of 1a and 2 are shown in
Figure 4. For compound 2, the HOMO was also distributed at
sites extended by the intramolecular cyclization. In contrast, the
HOMO of 1a was not distributed to the phenyl groups, likely
due to the significant twisting of the phenyl group, which was
also observed in its crystal structure (Figure 2, β phenyl group).
The aromaticity of 2 was evaluated using nucleus-independent
chemical shift (NICS) calculations (Figure 5).[65,66] The results
showed that ring b exhibited low aromaticity, consistent with
observations for perylene. In addition, the 1H NMR chemical
shifts of compound 2 and perylene showed high similarity
(Figure S15). Based on these results, compound 2 can be
viewed as a nitrogen-containing perylene derivative with a
condensed structure sharing one edge.

Evaluation as a Hole-Blocking Material in OLED

Compounds 1a and 1b were evaluated as hole-blocking
materials in OLED devices due to their relatively low HOMO
levels and the possibility of large-scale synthesis (Figure 6).
OLEDs with identical device configurations to those in previous
studies were fabricated to enable direct performance compar-
isons with previously synthesized compounds (see Experimental
section for details). The OLED device containing 1a exhibited
an external quantum efficiency (EQE) of 1.43%, whereas the

device containing 1b did not function as expected. The failure
of the device with 1b was attributed to the inability of the
compound to form a uniform film due to its high cohesion
(Figure S12). The high cohesion of 1b was also confirmed in the
lower solubility in toluene (c=1.1×10� 5 M) than 1a (c=

4.2×10� 4 M). The EQE of the device without 1a showed an EQE
of only 0.32%,[26,27] confirming that 1a functioned as a hole-
blocking material. The EQE value of the device with 1a (1.43%)
was lower than that of the device containing 1,7-phenanthro-
line derivative (2.4%).[26,27] The higher HOMO level of 1a
(� 6.03 eV) compared to the 1,7-phenanthroline derivative
(� 6.38 eV) likely accounts for its low performance of 1a as a
hole-blocking material. While it was expected that the extended
π-conjugation of diazachrysene would improve device perform-
ances through improved carrier mobility, the HOMO level

Table 1. Physical properties of 4,10-diazachrysene derivatives.

Solution state [a] Thin-film state

λabs/nm λem/nm λabs/nm λem/nm PLQY/% [b] Eg, opt/eV
[c] HOMO/eV [d] LUMO/eV [e]

1a 388 395 394 457 19 3.03 � 6.03 � 3.00

1b 387 395 394 461 13 3.03 � 6.42 � 3.39

2 496 533 544 521 563 697 2 2.07 � 5.04 � 2.97

[a] in toluene, 5.0×10� 6 M. [b] Photoluminescence Quantum Yield (PLQY). [c] Obtained from the absorption edge. [d] Obtained by photoelectron yield
spectroscopy. [e] ELUMO = Eg,opt + EHOMO.

Figure 4. Highest occupied molecular orbital (HOMO) of compounds 1a and
2, obtained by density functional theory (DFT) calculation at the B3LYP/6–
31G(d) level of theory.
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significantly influenced the overall efficiency of the device
performance.

Conclusions

In this study, four aza-PAHs were synthesized by the Povarov
reaction and intramolecular cyclization reaction employing
direct C� H arylation. Single crystal X-ray structure analysis of
1,3,7,9-tetraphenyl-4,10-diazachrysene (1a) revealed the high
planarity of the diazacrylene backbone and the presence of π–π
stacking. Compound 1a exhibited good film-forming properties
and acted as a hole-blocking material in OLEDs. The intra-
molecular cyclization of the diazachrysene derivative with Br
substituents by direct arylation reaction resulted in the
formation of π-extended aza-PAHs bearing 10 fused benzene
rings. Due to its large π-conjugation, this compound displayed
long-wavelength absorption and emission, with a maximum
emission wavelength of 697 nm in the film state. DFT
calculations were used to estimate the electronic structure,
demonstrating that the compound could be regarded as a
fused ring of perylene containing nitrogen. The condensed
azaperylene motif represents a novel structural configuration
among aza-PAHs. This study provides a fundamental under-
standing of the synthesis of π-extended aza-PAHs and their
structure-property relationships, contributing to for the design
for organic optoelectronic materials.

Experimental Section

Synthesis of 1a

A mixture of 1,5-diaminonaphthalene (475 mg, 3.00 mmol), benzal-
dehyde (637 mg, 6.00 mmol) and acetic acid (1 drop) in dried
ethanol (15 mL) was stirred at 78 °C for 2 h under nitrogen
atmosphere. After the reaction, volatiles were removed under
vacuum. The phenylacetylene (988 μL, 9.00 mmol), 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ, 1498 mg, 6.60 mmol), BF3·OEt2
(889 μL, 7.20 mmol), and dried toluene (30 mL) were added to the
mixture. The reaction mixture was stirred at 90 °C for 72 h under
nitrogen atmosphere. After the reaction, toluene and BF3·OEt2 were
removed under vacuum at 60 °C. The crude product was transferred
to a Soxhlet extractor and washed with methanol for 9.5 h and
then acetone for 2 h at the reflux temperature. The product was
extracted with CHCl3 at the reflux temperature. After the removal of
CHCl3, light yellow solid (1a) was obtained (1065 mg, yield 68%).
The analytically pure sample was obtained by sublimation
purification. 1H NMR (400 MHz, CDCl3) δ=9.61 (d, 1H, J=8.8 Hz),
8.40 (d, 2H, J=7.2 Hz), 8.16 (d, 1H, J=9.2 Hz), 8.04 (s, 1H), 7.67 (d,
2H, J=6.4 Hz), 7.56 (m, 6H). Anal. Calcd. for C40H26N2: C, 89.86; H,
4.90; N, 5.24; Found: C, 89.69; H, 4.85; N, 5.21. MALDI-TOF-MS Calcd.
for C40H26N2 (M

+) 534, Found 534.

1b: Light yellow solid (804 mg, yield 44%). 1H NMR (600 MHz,
CDCl2CDCl2, 373 K) δ=9.54 (d, 1H, J=9.0 Hz), 8.13 (d, 1H, J=

9.6 Hz), 7.91 (m, 3H), 7.57 (m, 5H), 6.90 (m, 1H). Anal. Calcd. for
C40H22F4N2: C, 79.20; H, 3.66; F, 12.53; N, 4.62; Found: C, 79.44; H,
3.62; N, 4.79.

1c: Light yellow solid (1024 mg, yield 53%). 1H NMR (600 MHz,
CDCl3) δ=9.52 (d, 1H, J=9.0 Hz), 8.30 (d, 2H, J=9.0 Hz), 8.03 (dd,
1H, J=1.2, 8.4 Hz), 8.05 (s, 1H), 8.04 (dd, 1H, J=0.8, 5.2 Hz), 7.76
(dd, 1H, J=1.3, 7.3 Hz), 7.67 (t, 1H, J=7.6 Hz), 7.53 (dd, 1H, J=1.4,
7.0 Hz), 7.57 (d, 1H, J=9.0 Hz), 7.54 (d, 2H, J=8.6 Hz), 7.38 (t, 1H,
J=7.8 Hz), 1.38 (s, 9H). Anal. Calcd. for C56H44Br2N2: C, 74.34; H, 4.90;

Figure 5. Nucleus-independent chemical shift (NICS(1)) values (ppm) of
compound 2 and perylene obtained by DFT calculation at the B3LYP/6–
31G(d) level of theory.

Figure 6. (a) Current density–luminance–voltage characteristics. (b) External
quantum efficiency (EQE) versus current density of the OLED device with
compound 1a. Configuration: Glass/ITO/PEDOT:PSS (40 nm)/Green light-
emitting spiro-copolymer (33 nm)/1a (40 nm)/LiF (1 nm)/Al (100 nm).
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Br, 17.66; N, 3.10; Found: C, 74.45; H, 4.84; N, 3.01. MALDI-TOF-MS
Calcd. for C56H44Br2N2: (M

+) 904, Found 904.

Synthesis of 2

A mixture of 1c (54 mg, 0.06 mmol), Pd(OAc)2 (2.7 mg, 0.012 mmol),
tricyclohexylphosphonium tetrafluoroborate (8.8 mg, 0.024 mmol),
and potassium carbonate (66 mg, 0.48 mmol) in dried dimethylace-
tamide (6.8 mL) was stirred at 130 °C for 72 h under nitrogen
atmosphere. After the reaction, dimethylacetamide was removed
under vacuum at 60 °C. The crude product was transferred to a
Soxhlet extractor and washed with methanol and n-hexane at the
reflux temperature until the extracted solution exhibited no
coloration. The crude product was extracted with CHCl3 at the
reflux temperature. The diluted solution of the products in CHCl3
was purified by passing through silica gel. The product was isolated
by recrystallization by heating solution in o-dichlorobenzene to
150 °C and returning to room temperature. The analytically pure
sample was obtained by sublimation purification at 350 °C. 2: dark
red solid (16.2 mg, yield 36%). 1H NMR (600 MHz, CDCl2CDCl2,
373 K) δ=10.11 (s, 1H), 8.63 (d, 1H, J=6.0 Hz), 8.54 (s, 1H), 8.37 (d,
3H, overlap, J=7.8 Hz), 7.85 (d, 1H, J=7.2 Hz), 7.78 (d, 1H, J=

9.0 Hz), 7.67 (d, 2H, J=7.8 Hz), 7.63 (t, 1H, J=6.3 Hz), 7.56 (t, 1H, J=

6.9 Hz), 1.47 (s, 9H). Anal. Calcd. for C56H42N2: C, 90.53; H, 5.70; N,
3.77; Found: C, 90.49; H, 5.47; N, 3.71. MALDI-TOF-MS Calcd. for
C56H42N2: (M

+) 742, Found 742.

Fabrication and Characterization of OLEDs

OLEDs were fabricated in the following configuration: ITO/PEDOT:
PSS/emitting layer (Green light-emitting spiro-copolymer)/electron-
transporting and hole-blocking layer (1a)/LiF/Al. The patterned
indium tin oxide (ITO) glass (conductivity: 10 Ω/square) was pre-
cleaned in an ultrasonic bath of acetone and ethanol and then
treated in an ultraviolet-ozone chamber. A thin layer (40 nm) of
PEDOT:PSS was spin-coated onto the ITO at 3000 rpm and air-dried
at 110 °C for 10 min on a hot plate. The substrate was then
transferred to a N2-filled glove box where it was re-dried at 110 °C
for 10 min on a hot plate. A toluene solution of Green light-
emitting spiro-copolymer (4 mg/1 mL) was subsequently spin-
coated onto the PEDOT:PSS surface to form the light-emitting layer
with the thicknesses of 33 nm and the light-emitting layer was
dried at 80 °C for 10 min. 1a (40 nm), LiF (1 nm) and Al (100 nm)
were then deposited onto the active layer with conventional
thermal evaporation at a chamber pressure lower than 5×10� 4 Pa,
which provided the devices with an active area of 2×2 mm2.
Current-voltage characteristics and luminance of the OLED were
simultaneously measured using an ADCMT 6245 DC voltage current
source/monitor (ADC CORPORATION) and an LS-100 luminance
meter (KONICA MINOLTA, INC.), respectively. The EL spectra were
measured using an array spectrometer (MCPD-9800–311 C, Otsuka
Electronics Co, Ltd.).

Supporting Information Summary

Electronic Supplementary Information (ESI) available: Supple-
mentary figures, computational details, and crystallographic
data in CIF. CCDC 2393382.
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