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Extension of the -conjugated core of methylchalcogenolated 
polycyclic aromatic hydrocarbon: synthesis and characterization 
of 1,4,7,10-tetrakis(methylthio)- and tetramethoxy-coronene 
Prasanta Pal,a,b† Kirill Bulgarevich,a† Ryota Hanaki,c Kohsuke Kawabata,a,c Kazuo Takimiya,*a,b,c

Controlling the crystal structures of polycyclic aromatic hydrocarbons (PAHs) by regioselective methyl chalcogenolation is 
an effective strategy for realizing superior molecular semiconductors showing ultrahigh mobility, as exemplified by 
methylthiolated pyrene and peropyrene. Following the strategy, we designed and synthesized 1,4,7,10-
tetrakis(methylthio)coronene (MT-coronene) and 1,4,7,10-tetramethoxycoronene (MO-coronene) as potential candidates 
for high-performance molecular semiconductors. Since the coronene core is highly symmetric, the regioselective 
functionalization at the 1,4,7,10-positions seemed to be challenging, and thus, we tested two strategies for constructing 
such regio-selectively functionalized coronene derivatives; one was the direct functionalization of parent coronene via the 
iridium-catalyzed borylation reaction, and the other was the stepwise construction of the coronene core with functionalized 
naphthalene derivatives. Interestingly, the former was suitable for the synthesis of MT-coronene, whereas the latter was 
suitable for MO-coronene. The crystal structures of MT- and MO-coronene were significantly different from the -structure 
of their parent and classified into the brickwork and the sandwich herringbone structure, respectively. In accordance with 
the brickwork crystal structures with isotropic but small intermolecular HOMO overlaps, the MT-coronene-based single-
crystal field-effect transistors (SC-FETs) showed decent transistor responses with the carrier mobility of up to 0.5 cm2 V–1s–

1. On the other hand, the SC-FETs of MO-coronene, the solid-state electronic structure of which was zero-dimensional due 
to the sandwich herringbone structure, were far inferior to those of MT-coronene. Based on the crystal structures and 
theoretical calculations on MT- and MO-coronene, we analyzed the tendency of the intermolecular interactions and 
intermolecular HOMO overlaps in the solid state, which explains the performances of the coronene system as molecular 
semiconductors. Furthermore, we compared the solid-state structures of a series of methylthiolated PAHs, pyrene, perylene, 
peropyrene, and coronene, to figure out the differences in the performances as molecular semiconductors, which gave us 
new insights into the relationship between the molecular, packing, and electronic structure in the solid state, showing 
viewpoints for superior molecular semiconductors.

Introduction
The control of molecular arrangement in the solid state based 
on molecular design has been a challenging issue in molecular 
solid-related fields, including pharmaceuticals and organic 
electronics.1, 2 The optical3 and carrier transport properties4 of 
molecular electronic materials are affected not only by the 
molecular electronic structures but also by molecular 
arrangements in the solid state. In particular, carrier transport 
properties of molecular electronic materials are crucially 
influenced by the solid-state structure, i.e., the crystal structure 
of molecular materials. This is because the transport properties 

are the direct outcome of solid-state electronic structure, 
namely, the dimensionality and the extent of molecular orbital 
overlap.5 Thus, reliable and practical measures to control and 
predict the solid-state structures of given molecules have been 
eagerly pursued.6-10 

We have recently found that regio-selective 
methylchalcogenolation of arenes and heteroarenes is a 
powerful tool to control the crystal structures of molecular 
semiconductors.11 For example, the crystal structures of linear 
acenes12, 13 and heteroacenes14-16 changed from the 
herringbone structures of the parent compounds to the pitched 
-stacking structures by peri-methylchalcogenolation. On the 
other hand, the end-methylthiolation on acenes gave the 
brickwork crystal structures.17 Similar brickwork crystal 
structures were also realized by four-fold methylthiolation on a 
series of peri-condensed polycyclic aromatic hydrocarbons 
(PAHs), such as pyrene,18, 19 perylene,20 and peropyrene (Fig. 
1),21 and among them, the methylthiolated pyrene (MT-pyrene) 
and peropyrene (MT-peropyrene) gave single-crystal field-
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effect transistors (SC-FETs) showing ultrahigh mobility (~ 30 cm2 
V–1 s–1) and band-like transport behaviors. The characteristic 
feature of the brickwork crystal structures of these PAH 
derivatives is that they are mostly classified into triclinic P–1 
space group with Z = 1, which means that all the molecules in 
the crystal structures are related only by the translation 
symmetry operation. This hinted to us to simulate molecular 
packing structures by successively calculating bimolecular 
intermolecular interactions to find energetically stable mutual 
positions of molecular clusters in a three-dimensional manner. 
The resulting protocol for simulating the brickwork crystal 
structures, which we call “in silico crystallization”, turned out to 
be a useful tool for finding promising molecular semiconductors 
with a brickwork crystal structure21 and simulating polymorph 
candidates by introducing conditional branches for several 
typical patterns of brickwork-related crystal structures.22 

To further extend the chemical space for molecular 
semiconductors with brickwork crystal structures, we applied 
the in silico crystallization protocol to the coronene derivatives 
such as 1,4,7,10-tetrakis(methylthio)coronene (MT-coronene) 
and 1,4,7,10-tetramethoxycoronene (MO-coronene) (Fig. 1). 
The simulated crystal structures and, thus, the estimated 
electronic structure in the solid state suggested that these 
methylchalcogenolated coronenes are promising molecular 
semiconductors (Fig. S1). We therefore choose MT-coronene 
and MO-coronene as the synthetic targets to explore the 
potential of the coronene system as a molecular semiconductor 
by elucidating their crystal structures and evaluating their SC-
FETs. 

Results and discussion
Regio-selective functionalization of coronene.

Coronene is a prototypical two-dimensionally extended PAH, 
and all the peripheral positions are chemically equivalent; thus, 
regio-selective functionalization seems to be a difficult task. Yet, 
there have been several references that claim regioselective 

bromination of parent coronene, e.g., the successful synthesis 
of 1,4,7,10-tetrabromocoroene23 or 1,4,5,8,9,12-
hexabromocoronene.24 All our attempts at direct bromination 
on coronene, according to these references, however, failed to 
afford such regio-selectively brominated coronene derivatives. 
On the other hand, the iridium-catalyzed direct borylation 
reaction25 on coronene was reported to give 1,4,7,10-
tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)coronene 
(1, Scheme 1) in low yields (10-20%).26 Later, 1 was utilized in 
the Suzuki-Miyaura cross-coupling reaction to develop a four-
perylene diimide-connected molecule as an electron acceptor 
for organic solar cell applications.27 In addition to the utility in 
the Suzuki-Miyaura cross-coupling reactions, aryl boronate 
ester is utilized as a precursor for other functional groups, such 
as halogen,28 hydroxy,29 and sulfide groups.30, 31 In fact, 2,5,8,11-
tetrakis(methylthio)perylene (MT-perylene, Fig. 1)20 was 
successfully synthesized from the corresponding pinacol 
boronate ester (Bpin) derivative.32 For these reasons, 1 seemed 
to be a promising precursor for MT-coronene and MO-
coronene, and thus, we examined the conversion of the four 
Bpin groups of 1 into methylthio and methoxy groups (Scheme 
1). By employing the copper-catalyzed deborylthiolation 
reaction,30, 31 the Bpin groups of 1 were successfully converted 
into methylthio groups to afford MT-coronene, though the 
isolated yield after thorough purification by repetitive vacuum 
sublimation was around 10%. The molecular structure of MT-
coronene was fully characterized by 1H NMR, high-resolution 
MS spectra, and single-crystal X-ray analysis (vide infra). 

In parallel, attempts have been made to convert 1 into MO-
coronene via the corresponding tetrahydroxy coronene (2) 
followed by methylation (Scheme 1).33 However, the poor 
solubility of the intermediates, such as di- and tri-hydroxy 
compounds, likely hampered the complete conversion of all 
four Bpin groups into the hydroxy groups, and the desired MO-
coronene was not obtained (see Supporting Information for 
details). On the contrary, regio-selectively methoxylated 
coronene derivatives, such as 1,2-dimethoxy, 1,2,5,6-

Fig. 1. Molecular structures of methylchalcogenated PAHs.

XMeMeX

XMeMeX

XMeMeX

MeX XMe

X = O: MO-pyrene
X = S: MT-pyrene
X = Se: MS-pyrene

X = O: MO-coronene
X = S: MT-coronene

SMeMeS

SMeMeS

MT-peropyrene

SMeMeS

MeS SMe

MT-perylene

Scheme 1. Synthesis routes of MT-coronene and MO-coronene from 
tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)coronene (1).
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tetramethoxy, and 1,2,5,6,9,10-hexamethoxycoronene, were 
synthesized via the formation of the coronene core from 
appropriately methoxylated benzene derivatives.34 Inspired by 
this strategy, we designed the synthesis of MO-coronene from 
a dimethoxylated naphthalene derivative (Scheme 2). The key 
steps in the synthesis were the photochemical ring-closing 
reaction of a dinaphthylethene derivative to afford 
benzo[ghi]perylene derivative35, 36 and the construction of the 
final ring at its bay position via the Diels-Alder reaction followed 
by a decarboxylation reaction.37 Following this strategy, we 
carried out the synthesis from 2,7-dimethoxy-3-
naphthaldehyde (3),38 which was readily converted into (E)-1,2-
bis(3,6-dimethoxynaphthalen-2-yl)ethene (4) by the action of 
low-valent titanium.39 The photocyclization reaction of 4 gave 
tetramethoxybenzo[ghi]perylene (5) in a good isolated yield. 
The construction of the coronene core was accomplished via 
the Diels-Alder reaction in the presence of chloranil, followed 
by the decarboxylation reaction. Although the isolated yield of 
MO-coronene at the final step was not high, the present 
synthesis method is valuable since this can be an alternative 
method for the synthesis of regioselectively alkoxylated 
coronene at the 1-, 4-, 7-, and 10- positions. The molecular 
structures of MO-coronene and its precursor 5 were fully 
characterized by 1H NMR, high-resolution MS spectra, and 
single-crystal X-ray analysis (see Supporting Information). Also, 
the single-crystal X-ray analysis explicitly confirmed their 
molecular and crystal structures (Fig. 2, Fig. S5, and Table S2-S6). 

It is worth mentioning that a similar stepwise strategy was 
also tested to synthesize MT-coronene, starting from 3,6-
dibromonaphthalen-2-ol (6) (Scheme S1).40 The synthesis from 
6 was performed to obtain (E)-1,2-bis(3,6-
bis(methylthio)naphthalen-2-yl)ethene (11), which was then 
converted into the methylthio derivative of benzo[ghi]perylene 
(12) by a photochemical ring-closing reaction similar to the 
synthesis of 5. Despite our intensive efforts, the conversion of 

12 to MT-coronene via the Diels-Alder reaction, followed by a 
decarboxylation reaction, was not successful. The reason for the 
failure of the conversion in the case of MT-coronene was not 
clear, but we speculate the substitution effects on the reactivity 
of benzo[ghi]perylene: in the case of MO-coronene, the high 
electron-donating ability of the methoxy groups enhanced the 
reactivity of 5 as the diene in the Diels-Alder reaction, resulting 
in the formation of the adduct, whereas it is likely that the 
methylthio groups of 12 with the inferior electron donating 
nature to that of methoxy group could not facilitate the 
reactivity of 12 as the diene in the Diels-Alder reaction (Fig. S2).

Crystal structures of MT-coronene and MO-coronene

Desiraju et al. systematically discussed the relationship 
between the molecular and crystal structures of PAHs and 
pointed out that reducing the number of hydrogen atoms on 
PAH cores relative to the carbon atoms changes the crystal 
structures from the herringbone (more hydrogen atoms) via 
sandwich herringbone to -structure (fewer hydrogen atoms).41 
The key concept in this scheme is that the molecular factors that 
contribute to either the CH- edge-to-face or the face-to-face 
-stacking contacts, which are defining factors of the crystal 
structure of PAH molecules, originate in the molecular 
structure. In these relations, our previous results on the crystal 
structure change from the sandwich herringbone structures of 
pyrene,18, 19 perylene,20 and peropyrene21 into brickwork 
structures by methylchalcogenolation can be explained as 
follows: the methylchalcogeno groups introduced on the PAH 
cores shield hydrogen atoms available for intermolecular CH- 
edge-to-face contacts, rendering the resulting derivatives to 
interact intermolecularly through the face-to-face -stacking 
contacts only, resulting in the brickwork crystal structure with 
no CH- edge-to-face intermolecular contacts. 

Parent coronene, which crystallizes into the -structure (Fig. 
2a), still keeps the core hydrogen atoms that can contribute to 
the CH- intermolecular contacts (Fig. 2d). Upon 
methylchalcogenolation that shields the core hydrogen atoms, 
it is natural to consider that the crystal structures change into 
brickwork structures. In fact, the crystal structure of MT-
coronene was, as expected, a typical brickwork structure with 
P–1 space group (Fig. 2b), as observed for MX-pyrenes (X = O, S, 
Se), MT-peropyrene, and MT-perylene.11 However, the packing 
motif in MT-coronene is notably different from that in MX-
pyrenes and MT-peropyrene: the intramolecular spacing 
between the two methylthio groups is large enough to 
accommodate one methyl moiety of the adjacent MT-coronene 
molecule, resulting in a characteristic zig-zag packing (Fig. 2e). 
This is similar to the packing patterns of MT-perylene and 
2,3,6,7-tetrakis(methylthio)naphthalene (Fig. S6),17 which have 
similar spacing (two benzene rings) between the methylthio 
groups.

In sharp contrast, the crystal structure of MO-coronene was 
classified as a sandwich herringbone structure with the P21/n 
space group (Z = 4) (Fig. 2c). This was totally unexpected, as 
substituting hydrogen atoms on the PAH core by 
methylchalcogeno groups always reduced the number of 

Scheme 2. Stepwise synthesis of MO-coronene from 2,7-dimethoxy-3-
naphthaldehyde (3). 
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hydrogen atoms available for intermolecular CH- edge-to-face 
contacts, as discussed above. However, we found that the 
present methoxylation on coronene practically increases the 
hydrogen atoms that participate in the intermolecular CH- 
edge-to-face contacts. The Hirshfeld surface mapped with de 
(distance external to the surface) apparently demonstrated that 
the hydrogen atoms contributing to the CH- edge-to-face 
contacts are three for MO-coronene (Fig. 2f) and two for parent 
coronene (Fig. 2d). This is likely due to the size of the methoxy 
groups, which are not large enough to shield the peri-hydrogen 
atoms (2-, 3-, 8-, and 9- positions) from the -faces of the 
adjacent molecules. Furthermore, one of the methyl hydrogen 
atoms in the methoxy groups participates in the CH- edge-to-
face contacts, making the sandwich herringbone structure 
favorable (Fig. 2c, 2f). Similar cooperative participation of the 
methyl hydrogen atoms, together with aromatic core hydrogen 
atoms, in intermolecular CH- interactions was already 
observed in the case of pitched -stacking structures of 
methoxylated and methylthiolated acenes and 
acenedithiophenes at the end part of the molecules.12, 13, 15, 16 
As the methoxy groups have a more compact size and tend to 
take a co-planar structure with -cores,42 they could be useful 
for controlling crystal structures by regio-selective 
methoxlation. Particularly, the appearance of the sandwich 
herringbone structure in MO-coronene implies that edge-to-
face CH- interactions can be induced by the methoxy groups, 
which widens the utility of methoxy groups for controlling 
crystal structure. 

These experimental crystal structures of MT-coronene and 
MO-coronene (Fig. 2) did not match the simulated crystal 
structures by in silico crystallization (Fig. S1). In the case of MO-
coronene, the participation of the methyl hydrogen atoms in 
the CH- intermolecular interaction that likely induces the 
formation of the sandwich herringbone structure was initially 
unexpected, and, thus, this is the direct cause for the difference 
between the simulated and experimental crystal structure. On 
the other hand, the failure to simulate the MT-coronene crystal 

structure by in silico crystallization, despite its crystallizing into 
a brickwork structure, is related to the formation of voids in the 
simulated crystal structures, which cannot be adequately 
accounted for. This is a limitation of the current in silico 
crystallization protocol, and we are now working to improve it.

Solid-state electronic structures and SC-FETs of MT- and MO-
coronene
The crystal structure of MT-coronene was a two-dimensional 
brickwork structure with a large overlap of -faces in one -
stacking direction, and moderate overlap in the other -stacking 
direction (Fig. 2b). Based on the crystal structure, we calculated 
intermolecular orbital overlaps (transfer integrals, ts) in the 
brickwork layer: to our disappointment, the values were not 
high: 20.9 and 20.4 meV for the two -stacking directions (Fig. 
3a).43 These ts were much lower than that in the -stacking of 
parent coronene (170 meV).44 On the other hand, the ts in the 
two -stacking directions were similar to each other, indicating 
high two-dimensionality in the solid-state electronic structure, 
despite its one-dimensional-like -stacking structure (Fig. 2b). 
The carrier mobility simulated based on the hopping model 
(hop) was 0.5 cm2 V–1 s–1 (Fig. 3a),45 which is similar to that of 
MT-perylene (1.0 cm2 V–1 s–1),20 but much lower than that of 
MT-pyrene (4.3 cm2 V–1 s–1). 18 

The intrinsic carrier transport properties of MT-coronene 
were experimentally evaluated using SC-FETs (Fig. 3b), 
fabricated with thin-plate single crystals of MT-coronene grown 
by the physical vapor transport method.46 The SC-FETs showed 
typical p-channel characteristics, and the hole mobilities 
extracted from the saturated regime (experimental mobility, 
exp) were 0.5 cm2 V–1 s–1, in good agreement with the hop. The 
non-ideal carrier injection in the OFET characteristics could be 
attributed to the relatively large ionization energy of MT-
coronene (5.3 eV) measured by photoemission spectroscopy 
(Fig. S3). The exp of MT-coronene was similar to that of MT-
perylene (0.3 cm2 V–1 s–1),20 but much lower than that of MT-
pyrene and MT-peropyrene (30 cm2 V–1 s–1).18, 21 The good 

Fig. 2. Crystal structures of parent coronene (a), MT-coronene (b, e), and MO-coronene (c). Hirshfeld surface mapped with de (distance external to the surface) 
for coronene (d) and MO-coronene (f). White dotted circles depicted on the Hirshfeld surfaces represent the CH- edge-to-face intermolecular contacts (d, f, 
left). Assignment of hydrogen atoms involved in the intermolecular contacts: the red ones are involved in the CH- edge-to-face intermolecular contacts, whereas 
the blue ones are shielded by the methoxy groups (d, f, right).

a

b

a b c

d e f
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agreement between the hop and exp of MT-coronene implies 
that the carrier transport mechanism could obey the hopping 
model. To further confirm this, we carried out the measurement 
of the temperature dependence of the carrier mobility (Fig. 3d). 
Interestingly, the carrier mobility of MT-coronene showed 
almost no temperature dependence in the range of 230-300 K. 
Thus, the carrier transport in MT-coronene is likely on the 
boundary between band-like and hopping transport.

On the contrary, the electronic structure of MO-coronene 
was significantly different from that of MT-coronene. The 
intermolecular HOMO overlaps in the crystal structure of MO-
coronene is typical for sandwich herringbone structures; a very 
large t greater than 160 meV is calculated for the -stacking 
dimer, whereas negligible ts are calculated for between dimers 
(up to 4 meV, Fig. S7). Thus, the solid-state electronic structure 
of MO-coronene is described as zero-dimensional, indicating 
almost no possibility for efficient carrier transport.47 In fact, the 
SC-FETs of MO-coronene showed the mobility of ca. 10–3 cm2 
V–1 s–1 (Fig. S7), which is consistent with the expected electronic 
structure based on the experimental crystal structure. No other 
polymorphs were expected to exist for both MO- and MT-
coronene based on the out-of-plane XRD measurement of the 
SCs (Fig. S4). 

The crystal structure of parent coronene with the -structure 
is characterized by a one-dimensional electronic structure with 
a large HOMO overlap in the -stacking columnar direction (t = 
170 meV).44 Thus, it can be said that the present methoxylation 
on coronene changes the crystal structure and solid-state 
electronic structure from one-dimensional (parent coronene) 
to zero-dimensional (MO-coronene). This relationship is totally 
opposite to those of a range of methylthiolated PAHs such as 
pyrene, perylene, and propyrene, where the sandwich 

herringbone structure of parents (zero-dimensional) changes 
into two-dimensional brickwork crystal structures.11

Solid-state electronic structure of a series of methylthiolated PAHs
With MT-coronene, one of the largest methylthiolated PAHs, in 
hand, we are now able to systematically compare the solid-state 

Fig. 3. Evaluation of MT-croronene as a semiconducting material. (a) Calculated ts and estimated mobility based on the hopping model. (b) Transfer and (c) output 
characteristics of SC-FET of MT-coronene measured in air. (d) Transfer characteristics measured at various temperatures in a vacuum. (e) Temperature dependence 
of carrier mobility. 

Fig. 4. Definition of mutual positions of molecules in the solid state. The first 
molecule (black in colour) is placed at the origin on the xy-plane of the 
Cartesian system so that the molecular long axis aligns with the x-axis, and 
the positions of the -stacking molecules are defined by the coordinates of 
the center of gravity of the molecules. The y-axis projection (top) and the z-
axis projection (bottom). 
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packing structure and electronic structures of a series of 
methylthiolated peri-condensed PAHs, namely, MT-pyrene, MT-
perylene, MT-peropyrene, and MT-coronene. We thought that 
this could also explain the reasons for the poor intermolecular 
orbital overlaps and, thus, the carrier mobility in MT-coronene 
compared to that in MT-pyrene, MS-pyrene, and MT-
peropyrene. For this purpose, we inspected the -stacking 
structures of methylchalcogenolated PAH series through the 
quantitative comparison of the relative positions of molecules 
in the brickwork layer. Fig. 4 shows the way of describing the 
experimental crystal structures quantitatively: one molecule in 
the crystal structure is placed at the origin on the xy-plane of 
the Cartesian system so that the molecular long axis aligns with 
the x-axis,21, 22 and the center of gravity of two -stacking 
molecules are denoted as (x1, y1, z1) and (x2, y2, z2) from the 
origine, respectively, which are summarized in Table 1.

Table 1 shows a trend of structures with high hop (> 4 cm2 V-

1 s-1), all of which have small |y1| (< 0.4 Å) and x1 being around 
5.5 Å (e.g., MT-pyrene, MS-pyrene, and MT-peropyrene). 
Generally, hop is dominated by the largest ts in the system, and 
the position at around (x1, y1) = (5.5, 0) Å seems to realize 
efficient intermolecular orbital overlap in the 
methylchalcogenolated PAH series. Note that the values of z1 
and z2 are not critically important for hop. Another trend is that 
the structures of high exp (~ 30 cm2 V–1 s–1) have small |y2| (< 
0.4 Å) in addition to the above trend for x1 and y1. The small y2 
is likely important for realizing large ts in the second -stacking 

directions, which in turn results in the high two-dimensionality 
of the electronic structure. The high two-dimensionality is 
crucial for realizing the band-like transport in the solid state, 
and in fact, the band-like transport was experimentally 
confirmed for MT-pyrene and MT-peropyrene brickwork 
structures. In sharp contrast, the (|x1|, |y1|) of MT-coronene 
and MT-pelyrene are (3.6, 1.5) and (3.3, 1.1) Å, respectively, 
indicating that these are out of the first trend, and the |y2|s are 
larger than 2 Å, also indicating falling off from the second trend. 
These analyses clearly indicate that the mutual molecular 
positions in the brickwork layer of MT-coronene are not optimal 
for efficient carrier transport.  

To further understand the relationship between the -
stacking configurations in methylchalcogenolated PAHs and the 
intermolecular orbital overlaps, we created two-dimensional 
transfer integral maps (2D t-maps) for these molecules by 
systematically calculating ts of -stacking dimers with various 
mutual positions: for each molecule in the series placed on the 
origin as above, a copy of the molecule was placed at (0.0, 0.0, 
3.5) Å. The second molecule was then moved on a grid with 
steps of 0.4 Å in the x and y directions while computing ts 
between the two molecules. In other words, we calculated ts 
for artificial -stacking dimers with (x1, y1, z1) = (0.4 × n, 0.4 × m, 
3.5) Å, where n and m are integers. Fig. 5 shows the results of 
this computation for MT-coronene, MT-pyrene, MS-pyrene, 
MT-perylene, and MT-peropyrene. We can observe that the ts 
with different signs, depicted as blue and orange circles, are 

Table 1. Displacements of the -stacking molecules in brickwork structures of methylchalcogenated PAHs.

Compound x1 a y1 a z1 a x2 a y2 a z2 a hop
b exp

b Ref. CCDC No.
MT-coronene 3.62 –1.47 3.48 –9.10 2.36 3.46 0.5 0.5 This work 2446627

MT-pyrene 5.51 0.12 3.48 –8.73 0.28 3.70 4.3 30 18 2076078
MS-pyrene 5.55 –0.33 3.52 –8.77 –2.05 3.59 7.2 7.3 19 2302656

MT-perylene 3.33 –1.08 3.38 –9.46 2.67 3.49 1.0 0.2 20 2269569
MT-peropyrene 5.72 0.02 3.43 –12.79 0.40 3.70 9.5 30 21 2256597

a Å. b cm2 V–1 s–1.

Fig. 5. Distribution of transfer integrals for -stacking of (a) MT-coronene, (b) MT-pyrene, (c) MS-pyrene, (d) MT-perylene, (e) MT-peropyrene. Axes represent the 
relative displacement of two molecules in Å. The orange and blue circles correspond to different signs of ts, while the radii of the circles are proportional to the 
magnitude of ts. Only the plots in the first quadrant are depicted, and the rest are omitted due to symmetry. Red crosses represent (|x1|, |y1|), (|x2|, |y2|) of the 
experimental brickwork structures. The distributions of HOMO of the corresponding molecules are shown at the bottom. All calculations were done using 
Gaussian16 at B3LYP/6-31g(d) level.

a b c d e
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distributed almost parallel to the x-axis (molecular long axis) at 
approximately 2.2 Å intervals in the y-axis direction of all 
molecules, except for MT-perylene (vide infra). For MT-
coronene, reflecting its two-dimensionally extended -core 
structure, an additional orange stripe exists at y = ca. 9 Å, 
implying its potential, even in the case of a large offset along 
the y-axis direction, for efficient intermolecular HOMO overlap. 
The above intervals (2.2 Å) roughly correspond to the spacing of 
the nodes in the distribution of HOMO of these molecules (Fig. 
5, bottom). When the -stacking molecule shifts in the y-axis 
direction by such spacing, the relative positions of HOMOs in 
the molecules shift, resulting in the change of sign of ts. When 
the shift is about half of the node spacing, the intermolecular 
HOMO overlap becomes very poor, resulting in regions where 
ts are almost zero. 

The distribution of ts for MT-perylene is markedly different 
from that for the other molecules in the series, which reflects 
the difference in the distribution of HOMO (Fig. 5d). In MT-
perylene, the nodes of HOMO are aligned both in the molecular 
long- and short-axis direction, and thus, the phases switch both 
in the x- and y-axis directions. This results in a characteristic 
checkerboard-like distribution pattern of ts in MT-perylene. 
This implies that the molecular mutual positions with relatively 
high ts with the same sign in MT-perylene are very limited, 
which means that the potential of perylene core as a molecular 
semiconductor is not high.

On the other hand, for MT-coronene, we can see that if the 
y1 and y2 could be restricted to almost 0, ts greater than 100 
meV could be realized (Fig. 5a), like in experimental structures 
of MT-pyrene, MS-pyrene, and MT-peropyrene (Fig. 5b, 5c, and 
5e). In fact, structures with small y1 and y2 were among the 
simulated polymorph candidates by in silico crystallization for 
MT-coronene (Fig. S1). Moreover, the regions of very large ts (> 
100 meV) also exist in y1 and y2 of ca. 2.2 and ca. 4.5 Å. However, 
the experimental crystal structure did not make use of these 
advantages of MT-coronene. In the experimental structure, the 
y1 = –1.47 Å lands almost in between the orange and blue stripes, 
resulting in low ts of ca. –20 meV. The small x1 = 3.62 Å “pushes” 
the second -stacking molecule relatively far in the x-axis 
direction (x2 = –9.10), where the ts start to diminish. Thus, 
although the y2 = 2.36 Å is close to ideal (ca. 2.2 Å), the ts of the 
second -stacking molecule also becomes moderately low (–21 
meV) and of very similar value to the first -stacking one. These 
analyses clearly show that further molecular design is needed 
to land the molecules in the -stacking configuration at the “hot 
spots” in the 2D t-map to fully extract the potential of the PAH 
cores. 

To do so, the key is to focus on the intermolecular overlap of 
the HOMOs, not just the overlap area of the -planes (see Fig. 
S8). In this viewpoint, the isotropically extended -core, i.e., 
coronene, tends to largely overlap with the PAH core parts by 
strong face-to-face intermolecular interaction driven by the 
dispersion force. On the other hand, peropyrene, a similarly 
extended PAH consisting of the same 26 carbon atoms, with a 
rectangular shape, affords -stacking structures in two 
directions, allowing the effective intermolecular overlap of 
HOMOs. This means that the shape of the PAH cores is a key 

parameter for the packing and electronic structures in the solid 
state. In addition, the relative size of the -core and 
substituents, methylthio groups in the present case, is likely 
another key parameter, as can be deduced from the 
comparison of MT-coronene and MT-pyrene. The molecular 
structure of MT-coronene can be viewed as an extended 
structure of MT-pyrene along the y-axis direction (Fig. 5), which 
implies that the intermolecular interaction in this direction can 
be affected, leading to offsets in the y-axis direction in MT-
coronene.48

Conclusions
In summary, we have synthesized and characterized MT-
coronene and MO-coronene as molecular semiconductors with 
largely -extended PAH cores modified with methylchalcogeno 
groups. For their syntheses, we examined two different 
synthetic routes: a short-step four-fold methylchalcogenolation 
of coronene via the corresponding 1,4,7,10-borylated coronene 
(1) and a stepwise construction of the coronene core from 
methoxylated or methylthiolated naphthalene derivatives. 
Interestingly, these two routes were found to be 
complementary: the former route was suitable for the synthesis 
of MT-coronene, while the latter was for MO-coronene. The 
crystal structure of MT-coronene, as we expected, was revealed 
to be a brickwork structure, similar to other methylthiolated 
PAHs, such as MT-pyrene, MT-perylene, and MT-peropyrene. 
However, intermolecular HOMO overlaps calculated based on 
the crystal structure were unexpectedly small, only up to ca. 20 
meV, even with such a large -conjugated core as coronene. 
According to the small orbital overlap, the carrier mobility 
evaluated by SC-FET was up to 0.5 cm2 V–1s–1, which was almost 
comparable to that of methylthiolated perylene, but was 
inferior to those of the pyrene and peropyrene counterparts. 
Further unexpected result was the crystal structure of MO-
coronene, which was classified into a sandwich herringbone 
structure. In its crystal structure, the methyl hydrogen atoms in 
the methoxy group contribute to forming edge-to-face 
intermolecular interactions together with the aromatic 
hydrogen atoms in the coronene core, which implies that the 
methoxy groups are not large enough to shield the aromatic 
hydrogen atoms in such a largely -extended core like 
coronene. 
Furthermore, we compared the solid-state electronic structures 
of a series of methylthiolated peri-condensed PAHs, pyrene, 
perylene, peropyrene, and coronene, to understand the 
differences in the performances as molecular semiconductors, 
which gave us new insights into the relationship between the 
molecular structures and the packing and thus electronic 
structure in the solid state, showing viewpoints for designing 
superior molecular semiconductors: the key is not to widen the 
overlap area of -planes by extension of -conjugation of 
molecules but to design the effective intermolecular overlap of 
the frontier orbitals, where the position and symmetry of node 
and antinode of the frontier molecular orbitals should be taken 
into account. In addition, the mutual positions of molecules in 
the solid state shall be determined as the energetically stable 
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positions, in other words, the optimal positions defined by the 
intermolecular forces. Such positions are not always the optimal 
positions for efficient orbital overlap. The present comparisons 
of methylthiolated PAHs clearly showed that even with similar 
molecular structures, the areas and positions of “hot spots” are 
different and not easily predictable from the molecular 
structure itself. Thus, the key lesson we derived from the 
comparison of the series of methylthiolated PAHs is that we 
should select molecules whose energetically favorable positions 
in the solid state provide the optimal position for intermolecular 
orbital overlap. In this sense, simulating crystal structures will 
be a key technology in the development of molecular 
semiconductors. 
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