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A significant impact of nitrogen substitution on
the solid-state electronic structure: a case of
1,3,6,8-tetrakis(methylchalcogeno)-2,7-
diazapyrene

Kirill Bulgarevich *a and Kazuo Takimiya *abc

Nitrogen substitution of carbon atoms in polycyclic aromatic hydrocarbons is a promising approach to

develop novel p-conjugated molecules, preserving a similar molecular shape and isoelectronic structure, both

of which are key to maintaining a solid-state electronic structure that governs optoelectronic properties. We

report here the synthesis and characterization of 1,3,6,8-tetrakis(methylthio)-2,7-diazapyrene (MT-azapyrene),

together with its selenium analogue, 1,3,6,8-tetrakis(methylseleno)-2,7-diazapyrene (MS-azapyrene), an

isoelectronic homologue of the ultrahigh-mobility organic semiconductor, 1,3,6,8-tetrakis(methylthio)pyrene

(MT-pyrene). For the synthesis of MT- and MS-azapyrene, we have newly developed 1,3,6,8-tetrachloro-2,7-

diazapyrene, which was then utilized in a nucleophilic aromatic substitution reaction with methylthiolate and

methylselenolate anions. Single-crystal X-ray analysis revealed the molecular and crystal structures of MT-

and MS-azapyrene; to our surprise, their crystal structures were characterized as one-dimensional inclined

brickwork structures, markedly different from the two-dimensional brickwork structures of the pyrene

counterparts, despite the similarity in molecular shape between the pyrene and azapyrene derivatives.

Because of the difference in the crystal structures, the carrier mobility of MT- and MS-azapyrene was far

lower, 0.30 cm2 V�1 s�1 and 0.40 cm2 V�1 s�1 (on average), respectively, than that of MT-pyrene (430 cm2

V�1 s�1). These results demonstrate that even subtle structural changes, such as nitrogen substitution, alter

the crystal structure and thus drastically alter transport properties.

Introduction

In the development of optoelectronic materials based on
p-conjugated systems, such as polycyclic aromatic hydrocar-
bons (PAHs), controlling the molecular electronic structure is
key to tuning the energy levels of frontier molecular orbitals
and the optical bandgap.1 Heteroatom substitution of carbon
atoms in PAH frameworks is one of the promising molecular
modifications.2–4 Among them, the substitution of carbon
atoms with nitrogen atoms is a prevailing approach,5–7 as it
preserves the isoelectronic structures and similar molecular
shapes after the substitution. Maintaining similar molecular
shapes is often crucial for preserving a similar packing struc-
ture in the solid state, which in turn determines the solid-state
electronic structure. This is well-exemplified by the nitrogen-

embedded derivatives of 6,13-bis(triisopropylsilylethynyl)-
pentacene (TIPS-pentacene),8,9 e.g., 6,13-bis((triisopropylsilyl)-
ethynyl)-5,7,12,14-tetraazapentacene (TIPS-TAP), which has a
similar brickwork (BW) crystal structure to that of TIPS-
pentacene, and one of the TIPS-TAP derivatives with the BW
crystal structure showed an impressive ultrahigh mobility of up
to 28 cm2 V�1 s�1.10

1,3,6,8-Tetrakis(methylthio)pyrene (MT-pyrene, Fig. 1a) is
one of the best molecular semiconductors, showing an ultra-
high mobility (430 cm2 V�1 s�1) and band-like transport
properties.11 Such superior electronic properties are endorsed
by its two-dimensional (2D) electronic structure in the solid
state, thanks to the BW crystal structure.12 However, molecules
similar to MT-pyrene, such as 2,5,8,11-tetrakis(methylthio)-
perylene (MT-perylene),13 1,3,6,8-tetrakis(methylseleno)pyrene
(MS-pyrene),14 1,4,7,10-tetrakis(methylthio)coronene (MT-
coronene),15 and 1,3,5,7-tetrakis(methylthio)dibenzo[cd,gh][2,5]-
diselenapentalene (MT-DBDSP),16 crystallized into a structure
slightly different from that of MT-pyrene. The subtle changes
in molecular arrangement in the crystal structures did not
ensure efficient molecular orbital overlap and/or the formation
of a 2D electronic structure in the solid state, resulting in rather
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poor transport properties.17 The only two examples that retain
similar electronic structures to MT-pyrene11 are 1,3,8,10-
tetrakis(methylthio)peropyrene (MT-peropyrene)18 and 1,3,6,8-
tetramethoxypyrene (MO-pyrene, Fig. 1),14 the former of which
showed an ultrahigh mobility of up to 30 cm2 V�1 s�1 in the SC-
FETs. The latter molecule, MO-pyrene, on the other hand,
despite its isostructural nature with MT-pyrene, exhibited infer-
ior transport properties compared to MT-pyrene, owing to the
methoxy group with an oxygen atom, which is not well-suited for
enhancing intermolecular orbital overlap.

Recently, Miyake et al. reported the synthesis and crystal
structure of 1,3,6,8-tetramethoxy-2,7-diazapyrene (MO-azapyrene,
Fig. 1a), which is isostructural with MO-pyrene, with similar
crystallographic parameters (Fig. 1b).19,20 The solid-state electro-
nic structures and transport properties (Fig. S1) were also similar
to those of MO-pyrene,14 strongly implying that the perturbation
from the nitrogen atom in the azapyrene core should be negli-
gible in solid-state electronic structures (Fig. 1b). These

considerations prompted us to examine the methylthiolated
2,7-diazapyrene derivative, namely, 1,3,6,8-tetrakis(methylthio)-
2,7-diazapyrene (MT-azapyrene, Fig. 1a), which possesses an
isoelectronic structure with MT-pyrene (Fig. 1c), as a candidate
for another ultrahigh-mobility molecular semiconductor. Here,
we describe the synthesis and characterization of MT-azapyrene
and its selenium analogue, methylselenolated azapyrene (MS-
azapyrene, Fig. 1a), via the corresponding tetrachlorinated
azapyrene.

Experimental
Synthesis

1,2-Bis(2,6-dichloro-5-methylpyridin-3-yl)ethene (3): a solution
of 3-bromomethyl-2,6-dichloro-5-methylpyridine (2, 5.33 g,
21 mmol) in toluene (ca. 20 mL) was concentrated under
reduced pressure to remove residual water. The residue was
placed under vacuum, back-filled with argon, and redissolved
in dry tetrahydrofuran (THF, 50 mL). The solution was cooled to
�78 1C using a dry-ice/hexane bath, and a 26% (w/w) solution of
lithium bis(trimethylsilyl)amide (LiHMDS) in THF (17 mL,
22 mmol) was added dropwise over 10 min, maintaining the
internal temperature below �55 1C. After stirring for 15 min at
�78 1C, the cooling bath was removed, and the reaction
mixture was allowed to warm to room temperature. The mixture
was poured into water (ca. 100 mL) and extracted with dichlor-
omethane (3 � 200 mL). The combined organic layers were
concentrated under reduced pressure, affording a colorless
crystalline solid. The solid was collected from the flask using
methanol, filtered, washed with acetone, and dried under
vacuum to give compound 3 (3.00 g, 83%).

1H NMR (CDCl3, 400 MHz): d 7.87 (s, 2H), 7.30 (s, 2H), 2.437
(s, 3H), 2.436 (s, 3H). 13C NMR (CDCl3, 100 MHz): d 149.7, 146.1,
137.7, 132.1, 129.8, 126.6, 19.1. HRMS (APCI) m/z: [M]+ calcd for
C14H10

35Cl4N2 345.9593; found 345.9592.
2,4,7,9-Tetrachloro-1,10-dimethyl-3,8-phenanthroline (4): a

solution of compound 3 (1.02 g, 2.9 mmol) and iodine (0.20
g, 0.80 mmol) in toluene (1.3 L) was irradiated with a high-
pressure mercury lamp while air was bubbled through the
mixture for 2 h. After irradiation, the reaction mixture was
extracted with aqueous sodium sulfite solution to remove
residual iodine, and the organic layer was concentrated under
reduced pressure. The resulting solid was collected from the
flask using methanol, filtered, washed successively with water
and acetone, and dried under vacuum to afford compound 4 as
a yellow solid (0.87 g, 86%).

1H NMR (CDCl3, 400 MHz): d 8.15 (s, 2H), 2.52 (s, 6H). 13C
NMR (CDCl3, 100 MHz): d 147.9, 146.9, 137.4, 128.9, 127.1,
125.2, 21.3. HRMS (APCI) m/z: [M]+ calcd for C14H8

35Cl4N2:
343.9436; found 343.9418.

1,10-Bis(bromomethyl)-2,4,7,9-tetrachloro-3,8-
phenanthroline (5): carbon tetrachloride (50 mL) was degassed
by bubbling argon through the solvent for 20 min. Compound 4
(1.25 g, 3.6 mmol), azobisisobutyronitrile (AIBN, 0.023 g,
0.14 mmol), and N-bromosuccinimide (NBS, 1.77 g, 9.9 mmol)

Fig. 1 (a) Molecular structures of methylchalcogenolated pyrenes and
azapyrenes. (b) Crystal structures of MO-azapyrene and MO-pyrene with
transfer integral values in the p-stacking layer indicated. (c) Distribution of
the HOMO of MT-pyrene and MT-azapyrene.
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were then added. The reaction mixture was refluxed under a
nitrogen atmosphere for 16 h. After cooling to room tempera-
ture, the mixture was poured into water (ca. 100 mL) and
extracted with dichloromethane (2 � 200 mL). The combined
organic layers were concentrated under reduced pressure. The
resulting yellow-green crystalline solid was collected from the
flask using methanol, filtered, washed with methanol, and
dried under vacuum to give compound 5 (0.92 g, 51%).

1H NMR (CDCl3, 400 MHz): d 8.28 (s, 2H), 5.06 (d, J = 10.6
Hz, 2H), 4.86 (d, J = 10.6 Hz, 2H). 13C NMR (CDCl3, 100 MHz): d
150.3, 149.0, 133.6, 127.7, 127.4, 126.0, 27.5. HRMS (APCI) m/z:
[M]+ calcd for C14H6

79Br2
35Cl4N2 499.7646; found 499.7645.

1,3,6,8-Tetrachloro-2,7-diazapyrene (1c): compound 5 (0.67 g,
1.3 mmol) was placed in a dry flask, which was sealed, evacuated,
and back-filled with argon. Dry tetrahydrofuran (THF, 100 mL)
was added, and the solution was cooled to �78 1C using a dry-
ice/hexane bath. In a separate flask, also sealed, evacuated, and
back-filled with argon, THF (50 mL) was added and cooled to
�78 1C, followed by the addition of LiHMDS (26 w/w% solution
in THF, 2.3 mL, 3.0 mmol). The solution of 5 was then added
dropwise to the LiHMDS solution over 10 min. The combined
solution was stirred for an additional 15 min at �78 1C and then
allowed to warm to room temperature. The reaction mixture was
poured into water and extracted with dichloromethane (3 � 100
mL), and the combined organic layers were concentrated under
reduced pressure. The resulting solid was collected from the
flask using methanol, filtered, washed with acetone, and dried
under vacuum to afford compound 1c as a green-yellow solid
(0.34 g, 75%).

1H NMR (TCE-d2, 400 MHz, 130 1C): d 8.54 (s, 4H) 13C NMR
(TCE-d2, 100 MHz, 130 1C): d 144.6, 129.5, 125.8, 123.9. HRMS
(APCI) m/z: [M]+ calcd for C14H4

35Cl4N2 339.9129; found
339.9139.

1,3,6,8-Tetrakis(methylthio)-2,7-diazapyrene (MT-azapyrene):
a dry flask was charged with compound 1c (0.20 g, 0.59 mmol)
and dry N,N-dimethylformamide (DMF, 30 mL). Methyl
3-(methylthio)propionate (0.6 mL, 5 mmol) and potassium tert-
butoxide (tBuOK, 0.55 g, 5 mmol) were added under a flow of
nitrogen. The reaction mixture was stirred at 100 1C for 16 h. After
cooling to room temperature, the mixture was poured into water
(ca. 100 mL), and the resulting precipitate was collected by
filtration, washed successively with methanol and acetone, and
dried under vacuum to give MT-azapyrene (0.15 g, 65%) as a dark
brown solid.

A portion of the product (85 mg) was purified by sublimation
to afford yellow needle-shaped crystals, which were further
purified by sequential hot solvent washing (methanol, hexane,
and acetone), followed by hot extraction with xylene and two
additional rounds of sublimation, yielding a device-grade
material (32 mg).

1H NMR (TCE-d2, 400 MHz, 120 1C): d 8.07 (s, 4H), 2.92 (s,
12H) 13C NMR (TCE-d2, 100 MHz, 120 1C): d 152.3, 121.8, 121.1,
120.2, 13.2. HRMS (APCI) m/z: [M]+ calcd for C18H16N2S4

388.0191; found 388.0183.
1,3,6,8-Tetrakis(methylseleno)-2,7-diazapyrene (MS-azapyrene):

a dry flask was charged with compound 1c (0.10 g, 0.30 mmol) and

dry N,N-dimethylformamide (DMF, 20 mL). Methyl 3-(methylse-
leno)propionate (0.30 mL) and potassium tert-butoxide (tBuOK,
0.20 g, 1.8 mmol) were added under a flow of nitrogen. The
reaction mixture was stirred at 100 1C for 16 h. After cooling to
room temperature, the mixture was poured into water (ca. 100
mL), and the resulting precipitate was collected by filtration,
washed successively with methanol and acetone, and dried under
vacuum to give MS-azapyrene (0.088 g, 51%) as a dark brown solid.

A portion of the product (63 mg) was purified by sublimation
to afford orange needle-shaped crystals, which were further
purified by sequential hot solvent washing (methanol, hexane,
and acetone), followed by hot extraction with xylene and two
additional rounds of sublimation to give a device-grade mate-
rial (20 mg).

Due to the limited solubility of MS-azapyrene, no mean-
ingful 13C NMR spectrum could be acquired even in TCE-d2 at
130 1C.

1H NMR (TCE-d2, 400 MHz, 100 1C): d 8.02 (s, 4H), 2.81 (s,
12H). HRMS (APCI) m/z: [M]+ calcd for C18H16N2

76Se4 563.8077;
found 563.8091.

Crystal growth and single-crystal X-ray analysis

Single crystals for single-crystal X-ray analysis and single-crystal
FETs were grown by microspacing sublimation under a nitro-
gen atmosphere (2 mm gap, 30 min), using heater temperatures
of 320 1C and 340 1C for MT- and MS-azapyrene, respectively.21

Single-crystal X-ray analyses were carried out on a Rigaku
Oxford Diffraction XtaLAB Synergy Custom DW system with a
HyPix-6000HE detector (CuKa radiation, wavelength: 1.5418 Å,
multilayer confocal optics). The structures were solved using
the SHELXT program.22 Non-hydrogen atoms were refined
anisotropically.23 All calculations were carried out by using
the crystallographic software package Olex2 (ver. 1.5.0).24 The
crystal data are summarized in the SI (Tables S1–S3).

Single-crystal field-effect transistors

Heavily doped n-type Si wafers with thermally grown SiO2 layers
(200 nm) were cleaned by sonication in acetone for 10 min
twice, followed by ultraviolet-ozone treatment for more than 30
min. CYTOP (AGC, 3 wt%) solution in CT-SOLV180 (AGC) was
spin-coated on the wafer at 3000 rpm for 1 min, and the wafer
was dried at 180 1C on a hot plate in the air.25 The thickness of
the CYTOP film (B90 nm) was measured using AFM (NanoNavi
IIs/NanoCute), and the wafer with the CYTOP layer was used as
the substrate for the device fabrication. On top of the substrate,
the thin crystals (ca. 100 nm) were laminated by hand, and the
source and drain electrodes were defined by painting colloidal
graphite (EM Science). The SC-FET devices were evaluated
under ambient conditions.

Theoretical calculations

Molecular geometry optimization was carried out using the
Gaussian16 program package.26 Reorganization energy (l) of
the molecules was calculated by using the adiabatic potential
energy surface method using the Gaussian16 program package.
Intermolecular electronic coupling (transfer integral, V) in
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different molecular dimers extracted from the single-crystal
structures was calculated using the Amsterdam Density Func-
tional (ADF) program.27 With ls and Vs known, anisotropic
theoretical mobilities were calculated in accordance with the
literature.28

Results and discussion
Synthesis using 1,3,6,8-tetrachloro-2,7-diazapyrene

2,7-Diazapyrene derivatives have recently been focused on as
potential optoelectronic materials,19,20,29,30 and thus, various
methods for the synthesis of a range of derivatives have been
developed. For the synthesis of MT-azapyrene, 1,3,6,8-tetra-
functionalized 2,7-diazapyrenes, such as tetrapivaloxy (1a,
Scheme 1a)19 and tetratriflato29 derivatives (1b, Scheme 1a),
seem to be the potential precursors. The former proved unsui-
table as a substrate for the substitution reaction with methylthio
groups, either via aromatic nucleophilic substitution or via
catalytic coupling reaction with a tin sulfide reagent (see the
SI). On the other hand, for the synthesis of the tetratriflato
derivative (1b), potassium graphite, a key reducing agent, is
required and is not readily available in our laboratory. Addition-
ally, for practical reasons in our laboratory environments (stabi-
lity and handling in air), the halogenated derivatives, such as
1,3,6,8-tetrachloro-2,7-diazapyrene (1c), were considered the
optimal precursors for MT-azapyrene.

We thus designed a synthesis route to 1c from a functiona-
lized pyridine derivative, 3-bromomethyl-2,6-dichloro-5-
methylpyridine (2),31,32 which was readily synthesized by the
Diels–Alder reaction of 3,5-dichloro-2H-1,4-oxazin-2-one with
propargyl bromide (Scheme 1b). Compound 2 was first treated
with lithium hexamethyldisilazide (LiHMDS)33 to afford trans-
1,2-bis(2,6-dichloro-5-methylpyridin-3-yl)ethene (3), which was
then cyclized into the tetrachlorodiazaphenanthrene derivative
(4).34 After the bromination of the methyl groups to give the
corresponding bis(bromomethyl)diazaphenanthrene derivative
(5), the second LiHMDS treatment gave the desired 1c as a
stable and less soluble crystalline solid. 1c was found to be a

particularly stable intermediate, showing clean weight loss
without residual decomposition in TG analysis (Fig. S7a).

The introduction of methylthio groups was finally accom-
plished by a nucleophilic aromatic substitution reaction, using
an in situ-generated methylthiolate anion derived from commer-
cially available methyl 3-methylthiopropionate and potassium
tert-butoxide.14 Similarly, the methylseleno derivative (MS-
azapyrene) was synthesized by treating 1c with methyl 3-
methylselenopropionate14 with potassium tert-butoxide. Note that
MT- and MS-azapyrene are remarkably stable and decompose less
than the corresponding pyrene analogs in TG analysis (Fig. S7b).

Compared to the one-pot synthesis of 1a and 1b from
naphthalene tetracarboxylic diimide,19,20,29 the present multi-
step synthesis of 1c has drawbacks, but the ease of handling
and amenability to the introduction of the sulfur- (and sele-
nium-) based functional groups could make 1c a useful alter-
native reactive intermediate for various 1,3,6,8-substituted 2,7-
diazapyrene derivatives.

Crystal structures and single-crystal field-effect transistors (SC-
FETs) of MT- and MS-azapyrene

The crystal structures of MT- and MS-azapyrene are depicted in
Fig. 2, along with their corresponding pyrene derivatives. The
crystallographic data are summarized in Tables S1 and S2. As
already mentioned, MO-azapyrene and MO-pyrene are isostruc-
tural to each other (Fig. 1b);20 however, to our surprise, the
crystal structures of MT- and MS-azapyrene are significantly
different from those of the pyrene derivatives. The crystal
structures of MT- and MS-azapyrene belong to the P%1 space
group, with two half-molecules in the asymmetric unit (Z = 2),
and are classified as inclined brickwork (iBW) structures. The
structures are similar to those of one of the polymorphs of MT-
peropyrene (also P%1 with Z = 2).35 A similar iBW structure was
also observed in one of the polymorphs of MS-pyrene, although
with a different space group (P21/n, Fig. 2).14 Crystallographic
measurements performed under varied temperatures indicate
similar volumetric thermal expansion for MT- and MS-
azapyrene (B1.3 � 10�4 Å3 K�1), which is typical of organic

Scheme 1 (a) Potential precursors of MT- and MS-azapyrene. (b) Synthesis of MT- and MS-azapyrene via the corresponding 1,3,6,8-tetrachloro
derivative (1c).
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molecular crystals dominated by weak intermolecular interac-
tions. The expansion is slightly anisotropic, with the smallest
change observed along the c-axis.

This structural divergence directly affects intermolecular
electronic coupling (transfer integral) in the solid state.
Because the P%1 structures with Z = 2 contain two crystallogra-
phically non-equivalent p-stacking layers, the intermolecular
transfer integrals of HOMO were evaluated for all non-
equivalent p-stacking molecular pairs (Fig. 2a and b).27 For
MT-azapyrene, the major (minor) p-stacking directions exhibit
transfer integrals of 36.7 and 25.4 meV (15.4 and 17.0 meV).
These values are considerably lower than those in the crystal
structure of MT-pyrene (114 and 44.2 meV)11 and are somewhat
similar to other iBW polymorphs observed in the methylchal-
cogenated series, such as the minor polymorph of MS-pyrene
(19.0 and 1.3 meV).14 The characteristic feature of the iBW
structures observed in these compounds is that one of the p-
stacking molecules dominates the overlap area of the p-
stacking layer, i.e., one-dimensional (1D) structure, but at the
same time, there is a significant offset in the molecular short-
axis direction, which significantly decreases intermolecular
orbital overlap, despite the large overlap area (Fig. 2).15 The
crystal structure of MS-azapyrene is virtually identical to that of
MT-azapyrene with similarly low values of the transfer integrals
in the p-stacking layers: 29.7 and 12.2 meV for the major p-
stacking direction and 5.7 and 8.5 meV for the minor p-stacking
direction.

Photoelectron yield spectroscopy measurements gave ioni-
zation potentials of 5.40 and 5.45 eV for MT- and MS-azapyrene,
respectively, indicating that the HOMO levels remain within a
suitable range for p-type OFET operation (Fig. S4). The UV-vis

absorption spectra show similar absorption maxima for the
azapyrene derivatives (lmax = 446 and 449 nm for MT- and MS-
azapyrene, respectively) with optical band gaps of 2.61 and 2.62
eV (Fig. S5), confirming that the electronic structures of the
azapyrene derivatives remain close to those of the corres-
ponding pyrene analogues despite the incorporation of nitro-
gen atoms into the p-core and the substantial differences in
their crystal packing (Fig. S6, Table S4).14

To evaluate how these structural changes manifest in device
performance, we fabricated single-crystal FETs (SC-FETs) using
MT- and MS-azapyrene crystals grown by microspacing subli-
mation under atmospheric pressure.21 The crystals were lami-
nated onto CYTOP-coated (90 nm thick) SiO2/Si substrates
(total gate dielectric capacitance of 8.9 nF cm�2),25 and the
source-drain electrodes were painted on the crystal ends with
water-based colloidal graphite, resulting in the bottom-gate/
top-contact FETs. The devices were evaluated in the air. The
out-of-plane X-ray diffraction of the SC-FETs confirmed that all
diffraction peaks correspond to the b- and c-axes out-of-plane
orientations of the iBW structures, indicating no polymorph-
ism in both compounds (Fig. S8). Fig. 3a and b represent the
output (top) and transfer (middle) characteristics of MT- and
MS-azapyrene SC-OFETs, respectively, measured at gate (Vg)
and drain (Vd) voltages of up to –30 V. The devices showed
nearly ideal characteristics with almost no hysteresis for both
compounds, but the carrier mobility was low: 0.30 � 0.07 cm2

V�1 s�1 and 0.40 � 0.08 cm2 V�1 s�1 for MT- and MS-azapyrene,
respectively (10 and 7 devices, respectively). Based on the
hopping model with transfer integrals (Fig. 2) and reorganiza-
tion energies of 220 and 183 meV, respectively, the theoretical
mobilities for MT- and MS-azapyrene were estimated as 0.27
and 0.32 cm2 V�1 s�1, respectively (Fig. 3a and b, bottom, Fig.
S9).28 Temperature-dependent measurements of the SC-FET
devices further support the hopping transport mechanism.
For both MT- and MS-azapyrene, the mobility decreased with
decreasing temperature in the 320–230 K range. Arrhenius
analysis yielded activation energies of 0.070 eV for MT-
azapyrene and 0.033 eV for MS-azapyrene (Fig. S10), which
are consistent with thermally activated hopping transport.
These results indicate that methylchalcogenated azapyrene
derivatives are far less promising as organic semiconductors
than their corresponding pyrene derivatives, primarily because
of their iBW structures in the solid state.

Estimation of the cause of the crystal structure change

A similar crystal-structure change from the BW structure has
been observed in MT-pyrene-related molecules, even in isoelec-
tronic structures, e.g., MS-pyrene and MT-DBDSP. In these
selenium-containing molecules, the molecular shapes are fairly
affected by the incorporated selenium atoms. For example, with
long C–Se bonds in the methylseleno groups in MS-pyrene, the
space between the two methylseleno groups at 1,3- and 6,8-
positions is slightly larger than that in MT-pyrene, and to avoid
void formation in the crystal structure, the displacement along
the short molecular axis effectively fills the space.14 On the
other hand, the MT-DBDSP molecule has three chalcogen

Fig. 2 Crystal structures of MT/MS-azapyrenes (a) and (b) and the corres-
ponding MT/MS-pyrenes (c)–(e). MS-pyrene has two polymorphs: major
(d) and minor (e). Transfer integrals in two p-stacking directions are
indicated by red and blue arrows with corresponding values. The additional
non-equivalent p-stacking directions in MT/MS-azapyrenes (a) and (b) are
indicated by purple and black arrows with corresponding values.
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atoms on each side of the molecule, i.e., two sulfur atoms from
the methylthio groups and the core selenium atom, which
causes steric congestion at the edges of the molecule, leading
to a displacement along the short molecular axis.16 In the
present azapyrene case, however, the molecular shape is almost
identical to that of the pyrene counterpart (Fig. S2), suggesting
that a simple steric/shape-based origin is unlikely.

Recently, the different crystal structures of organic semicon-
ducting molecules have been rationalized by the intermolecular

quadrupole interactions,36–39 and, thus, we also examined this
scheme to explain the crystal structure change (Table S5).
However, no clear differences were identified that could
account for the observed change in packing motifs.

To probe a possible electronic driving force, we examined
the atomic partial charges of the isolated molecules calculated
using the Gaussian program at the B3LYP/6-31G(d) level
(Fig. 4). The charge distributions are very similar in the pyrene
and azapyrene series for each methylchalcogeno derivative. The
notable difference is the charge of the nitrogen atom (0.3 units
more negative) compared to the corresponding carbon atom at
the 2-position of the pyrene core. In the crystal structure of MT-
pyrene, the p-stacking layer features an almost complete over-
lap of the carbon atom at the 2-position of one molecule with
the corresponding carbon atom of a neighboring molecule
(Fig. 2). Such a configuration can be disfavored in MT- and
MS-azapyrene because the corresponding position is occupied
by a nitrogen atom with a large negative partial charge, which
would increase electrostatic repulsion.

The present charge distribution analysis also explains why
MO-azapyrene preserves the brickwork packing motif similar to
that of MO-pyrene. The oxygen atom in the methoxy substituent
carries a substantial negative charge (approximately �0.5), while
sulfur and selenium atoms are weakly positive and nearly neutral,
respectively. As a consequence, only in the MO derivatives, the
oxygen atoms, regardless of the core atom at the 2-position, form
an array of negatively charged sites along the molecular short axis
(Fig. 4). This arrangement of atomic charge favors a packing
motif in which the negatively charged array is aligned with the
relatively positive central region of a neighboring molecule,
resulting in very similar packing structures for MO-pyrene and
MO-azapyrene, despite the presence of the ring nitrogen atom.

The present analysis indicates that the introduction of
strongly polarizable heteroatoms, such as nitrogen atoms in
the core or oxygen atoms in the substituents, can modify local
electrostatic interactions and thereby alter the preferred pack-
ing structure even when the overall molecular shape and
electronic structure remain largely unchanged. These insights
provide a useful perspective for crystal structure design by
controlling heteroatom placement and local charge distribu-
tion in molecular structures.

Conclusions

A practical multistep route to 1,3,6,8-tetrakis(methylthio)-2,7-
diazapyrene (MT-azapyrene) and its selenium analogue (MS-
azapyrene) via the halogenated precursor 1,3,6,8-tetrachloro-
2,7-diazapyrene (1c) was developed. Despite the stepwise synth-
esis, compared to previously reported azapyrene derivatives
with reactive functional groups at the 1, 3, 6, and 8 positions,
1c is remarkably stable, easy to handle in air, and highly
reactive toward aromatic nucleophilic substitution reactions,
making it a valuable and general intermediate for the prepara-
tion of functionalized azapyrene derivatives.

Single-crystal X-ray analysis revealed that both MT- and MS-
azapyrene crystallize into iBW structures, which are distinct

Fig. 3 Output (top) and transfer (middle) characteristics and simulated
anisotropic mobility based on the hopping model of MT- (a) and MS- (b)
azapyrene. The bottom plot was generated using the transfer integral
values of 36.7 and 15.4 meV for MT-azapyrene and 29.7 and 5.7 meV for
MS-azapyrene.

Fig. 4 Substituent- and core-dependence of atomic partial charges
calculated for MX-pyrene and MX-azapyrene derivatives (Gaussian;
B3LYP/6-31G(d)). The labels highlight the representative charges on the
heteroatoms (O, S, and Se), the ipso carbon bonded to the substituent, and
the core atom at the 2-position (corresponding to the nitrogen substitu-
tion position in azapyrene). The color scale ranges from red (negative
potential) to green (positive potential), in atomic units.
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from the 2D BW structures of MT-pyrene and MO-azapyrene,
despite their similar molecular and electronic structures. As a
consequence of adopting the 1D iBW structure with small
orbital overlaps, MT- and MS-azapyrene exhibited low carrier
mobilities (0.30 � 0.07 and 0.40 � 0.08 cm2 V�1 s�1, respec-
tively). These results demonstrate that even such subtle nitro-
gen substitution drastically alters the crystal structure and thus
transport properties.

To understand the significant crystal-structure change
caused by nitrogen substitution of MT- and MS-pyrene, we
focused on atomic partial charges, which suggest that the local
charge distribution in molecular structures can cause crystal-
structure changes. We thus hope that the insights emerging
from the present work on azapyrene derivatives will deepen the
molecular design strategy to improve crystal packing in the
solid state and further enhance transport properties.
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