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ABSTRACT: Pentagonal cyclization at the bay positions of armchair-edged graphenic cores can build molecular bowls without the
destruction of hexagonal lattices. However, this synthesis remains challenging due to unfavorable strain and the multiple reactions
required. Here, we show that a new type of graphenic molecular bowl with a depth of 1.7 Å and a diameter of 1.2 nm is constructed
by sextuple Se annulation at the bay positions of armchair-edged hexa-peri-hexabenzocoronene. This graphenic bowl is
functionalized with phenylseleno groups that stack into a discrete bilayer dimer in solution. Such a dimer exhibits high stability and
survives in the gas phase after laser ablation. Strikingly, the asymmetric one-dimensional supramolecular columns of graphenic bowl
with coherent stacking configuration are observed in the solid state, which results in a strong second harmonic generation with
prominent polarization dependence. Our findings present a concise synthesis of a giant molecular bowl with a graphenic core and
demonstrate the unique supramolecular assembly of extended graphenic bowls.

Bowl-shaped nanocarbons are a segment of curved carbon
nanomaterials that include fullerenes, carbon nano-

onions, and the cap of carbon nanotubes.1−3 As a result of
their asymmetrical π-conjugated systems, bowls exhibit
intriguing properties such as chirality,4−6 dynamic bowl
inversion,7−10 ferroelectricity,11−13 and supramolecular recog-
nition.14−21 The key to achieving the bowl shape is the
incorporation of pentagons into the carbon skeleton.22,23

Structurally, the pentagons are located at the inner core of the
carbon skeleton, as in the case of corannulene,24−27 which is
different from the honeycomb network of graphene.28

Alternatively, the construction of pentagons at the periphery
of the carbon backbone can result in a bowl-shaped structure
without the destruction of graphenic networks.29,30 For
example, the bowl-shaped molecule, sumanene,31,32 is
composed of a triphenylene core and three pentagons at the
periphery of the triphenylene (Figure 1). Triphenylene can be
regarded as the smallest cutout of graphenic networks with full
armchair edges. The pentagonal cyclization of the bay
positions in other armchair graphenic aromatic hydrocarbons33

such as hexa-peri-hexabenzocoronene (HBC) results in
extended graphenic molecular bowls. This strategy is an
alternative pathway to a class of molecular bowls composed of
a graphenic core and pentagonal peripheries. However, the
introduction of multiple pentagons into a planar graphenic
core is synthetically challenging because of unfavorable strain
and multiple pentagonal cyclizations.23 In this manuscript, we
use this strategy to synthesize a graphenic molecular bowl,
hexa-selenium annulated hexa-peri-hexabenzocoronene
(HSHBC).
The synthesis of HSHBC was feasibly achieved through the

nucleophilic substitution of perchlorinated HBC (PCHBC)
with diphenyl diselenide. The structure of HSHBC was
unequivocally identified using single crystal X-ray diffraction

(SCXRD). The SCXRD analysis reveals a bowl-shaped
structure with a depth of 1.7 Å and a diameter of 12 Å.
Remarkably, HSHBC with phenylseleno groups (1) assembles
into a discrete bilayer structure in solution as evidenced by
nuclear magnetic resonance (NMR) spectroscopies. Mass
spectroscopic measurements reveal that the bilayer dimer of 1
is stable in the gas phase as well. In the solid state, 1 stacks into
synclastic one-dimensional columns and forms polarized
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Figure 1. Pentagonal cyclization at the bay positions of armchair-
edged graphenic cutouts.
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crystals in the P6cc space group. The crystals of 1 exhibit a
strong second harmonic generation (SHG) response with
prominent polarization dependence.
Cyclizing the bay position with chalcogen atoms is a

promising way to introduce the pentagonal ring at the
periphery of aromatic hydrocarbons, as demonstrated by the
synthesis of trichalcogenasumanenes.34−37 The previous work
showed that the nucleophilic thiolation of PCHBC formed
three thiophene rings at the bay positions of the HBC core,
producing trisulfur-annulated HBC.38 The trisulfur-annulated
HBC still possesses a quasi-planar structure, and products with
further S annulation were not observed, probably due to the
high strain involved. Inspired by the easier formation of
triselenasumanene than trithiasumanene,34,35 the nucleophilic
thiolation of PCHBC was replaced by selenolation in an
attempt to achieve full annulation at the bay positions of HBC
core. Following this step, PCHBC was reacted with diphenyl
diselenide using DMI as the solvent in the presence of NaOH
(Figure 2a). After reaction, the product was isolated and

purified using the silica column and high-performance liquid
chromatography (HPLC) (see the Supporting Information
S1−S2). As expected, sextuple annulation of Se occurred at the
bay positions of HBC, while six phenylseleno groups were
substituted at the vertexes, yielding hexakis(phenylseleno)
HSHBC (1) (Figure 2a).
The purified product was analyzed by matrix-assisted laser

desorption/ionization-time-of-flight (MALDI-TOF) mass
spectrometry (Figure 2b). The MALDI-TOF mass spectrum
possesses a single peak with a mass/charge ratio value of
3829.49 Da. The found mass and isotopic pattern exactly
match the molecular formula of the dimer of 1 (C78H30Se12)2.
This result indicates that 1 forms dimers by supramolecular
assembly, and this dimer is stable enough to survive laser
ablation. As the laser power increases, an additional peak
appears at 1915.24 Da, which is assigned to the monomer 1.
The peak intensity of the monomer increases with greater laser

power, indicating that the dimer (1)2 dissociates into
corresponding monomers as a result of laser ablation, which
is consistent with the supramolecular binding of (1)2.
The structure of 1 was further investigated by 1H NMR

spectroscopy. Its 1H NMR spectrum consists of five peaks with
an intensity ratio of 2:3:2:1:2 (Figure 3a, Figure S1), clearly

different from the monomeric structure of 1. We speculate that
(1)2 is the dominant species in solution, as observed in the gas
phase in mass spectra (Figure 2b). In the 1H−1H correlated
spectroscopy (COSY) NMR spectrum (Figure 3b), the five
peaks are grouped into two sets of signals, corresponding to
two kinds of phenyl rings that belong to the two different
layers in (1)2, which agrees with the 13C and 13C−1H COSY
spectra (Figures S2−S3). The 2D nuclear Overhauser effect
spectroscopy (NOESY) NMR spectra (Figure S4) demon-
strated the short interactions between phenyl rings from
different layers, confirming the stacked structure. The bilayer
architecture of (1)2 was further corroborated by diffusion-
ordered 2D-NMR spectroscopy (DOSY) (Figure S5). The 1H
signals were at the same diffusion band with a diffusion
coefficient (D) at 2.17 × 10−10 m2/s, which is close to that of
the reported bilayer nanographene39 (C96)2 (Mw = 3784.3, D
= 2.37 × 10−10 m2/s) (Figure S5b), suggesting their
comparable molecular weight. Variable-temperature and
variable-concentration 1H NMR spectra did not show obvious
changes, indicating that the bilayer structure of (1)2 is highly
stable (Figures S6−S7).
(1)2 shows three absorption bands that peak at 440, 481,

and 550 nm, red-shifted by 90 nm, compared with pristine
HBC. The absorption bands can be assigned to the β, p, and α
bands, respectively. The extinction coefficient of (1)2 was
measured to be 1.83 × 105 M−1 cm−1 at 440 nm. The optical
energy gap (Eopt), derived from the p-band,40 was 2.58 eV for
(1)2, smaller than that of HBC (3.18 eV). The decreased
energy gap of (1)2 originates from the extended conjugation
due to multiple Se annulation. (1)2 emitted an orange
fluorescence at 563 nm (Figure S8), but the quantum yield
is quite low (0.2%), owing to the heavy atom effect of Se.
Concentration-dependent absorption and emission spectra
exhibit negligible alteration as well (Figure S9), validating the
stability of dimeric (1)2 in the solution. (1)2 has two reduction
waves at −1.65 and −2.37 V vs Fc+/Fc and three oxidation

Figure 2. Synthetic route and mass spectra of 1. (a) Synthetic route
for 1. (b) Mass spectra of 1 with different desorption laser powers.
The isotopic distributions of the mass peak are shown as the insets.

Figure 3. NMR characterization of 1. (a) 1H NMR spectrum of (1)2
measured in C2D2Cl4. Signal assignment is aided by 2D NMR
spectroscopy. (b) 1H−1H COSY NMR spectrum of (1)2 measured in
C2D2Cl4.
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waves at 0.95, 1.29, and 1.61 V vs Fc+/Fc (Figure S11 and
Table S1). The first reduction for (1)2 is about 0.47, 0.45, and
0.31 V more positive than that of hexa-dodecyl-HBC,41 hexa-
tert-butyl-HBC,42 and dodeca-fluorine substituted HBC,43

respectively. The better electronic accepting of (1)2 is probably
due to stabilization of the negative charges by the annulated Se
atoms and peripheral phenylseleno groups. The electro-
chemical energy gap of (1)2 was estimated to be 2.60 eV, in
consistence with its Eopt.
The structure of 1 revealed by SCXRD (Figure 4 and

Supporting Information S3) shows the distinguishable bowl-

shaped structure with sextuple Se annulation at the bay
positions. The incorporation of pentagons at the bay positions
of armchair graphenic molecules convert the planar skeleton
into bowls. The depth of the bowl of 1 is 1.74 Å, much deeper
than that of corannulene25 (0.87 Å) and sumanene32 (1.11 Å)
due to the enlarged molecular size. Theoretical calculations
indicate that the bowl-inversion barrier of 1 is about 22 kcal/
mol, larger than that of sumanene44 and corannulene,7 as result
of its increased depth. Notably, 1 forms one-dimensional
columns along the c-axis in the crystalline state rather than the
dimeric stacking observed in the solution or gas phase (Figure
4c, Figure S12). In the stacking structure of 1, a series of Se···π
(3.59 Å) and Se···Se (3.64 Å) short contacts were observed
(Figure S13). The intermolecular interactions in (1)2
visualized by the independent gradient model based on the
Hirshfeld partition (IGMH) method (Figures S14−S15) reveal
the attractive Se···π and Se···Se interactions. The theoretical
calculations of interaction energies also confirmed the strong
interactions between phenylseleno groups (Supporting In-
formation S4). The Se-involved intermolecular interactions,
associated with interlayer π−π interactions, could account for
the interlayer stacking of 1 both in the solution and in the solid
state.45,46

The stacked columns of 1 align in the same direction,
leading to a noncentrosymmetric space group P6cc for the
crystals of 1. Therefore, their SHG properties were investigated
(Figure 5a). The crystals of 1 have an elongated hexagonal
prism shape, and the long axis of elongated hexagonal prism
crystal aligns with the packing direction of the supramolecular
column (Figure 5b) determined by SCXRD. Thermogravi-
metric analysis (TGA) (Figure S16) showed the thermal
stability of 1 up to 360 °C under inert atmosphere. These
crystals were fabricated by spin coating onto a fused silica
substrate (Figure 5b). Under excitation at frequency ω, the
second-order susceptibility χ2ω brings about nonlinear polar-
ization p2ω = ε0χ2ωEωEω, where ε0 is the permittivity of free
space and Eω is the incident electric field. With a 1380 nm

femtosecond pulse-laser excitation, the crystals of 1 exhibit a
sharp peak at 690 nm as expected for SHG (Figure 5c).
To quantify the SHG of the crystals of 1, the SHG

intensities of a WS2 monolayer and a hBN monolayer were
measured for comparison. Usually, the 2D monolayer materials
possess stronger SHG intensity than materials in the bulk or
those consisting of a few layers.47,48 The crystals of 1 and WS2
monolayer were measured using a pump fluence of 37.8 mJ/
cm2, while a fluence of 84 mJ/cm2 was used for the hBN
monolayer because its SHG response is weak compared to that
of 1. Strikingly, a strong SHG for the crystal of 1 was observed,
which is a few times higher than that for the WS2 monolayer.
The damage threshold power for the crystal of 1 using the
1380 nm laser is similar to that of the WS2 monolayer.
However, the hBN has a larger damage threshold power, but a
weaker SHG intensity (Figure 5d). To determine the
relationship between SHG and the packing direction of the
crystal of 1 in Figure 5b, polarization-dependent SHG
measurements were conducted. These experiments revealed a
great contrast in the parallel component of SHG intensity
along the packing direction of 1 (Figure 5e). In the
wavelength-dependent two-photon excitation experiments
with the excitation wavelength tuned from 760 to 930 nm,
the SHG intensity of 1 exhibits a peak at ∼800 nm (Figure 5f),
which is correlated to its absorption spectrum (Figure S8).
In conclusion, a graphenic molecular bowl was concisely

synthesized, and sextuple Se annulation at the bay positions

Figure 4. Crystal structure of 1. (a, b) Side and top view of 1 without
peripheral phenylseleno groups. (c) Side view of the crystal packing of
1. The thermal ellipsoids are set at a probability level of 50%. The
peripheral phenyl rings are omitted for clarity.

Figure 5. SHG performance of 1. (a) Side-view illustration of crystal
of 1 and its optical SHG. (b) Optical image of crystal 1. (c) SHG
spectra of 1, WS2 monolayer, and hBN monolayer under 1380 nm
pulsed-laser excitation, respectively. (d) Measured SHG intensity of 1,
WS2 monolayer, and hBN monolayer as a function of the excitation
power under 1380 nm excitation, respectively. (e) Polarization-
dependent SHG patterns measured on the crystal of 1. (f)
Wavelength-dependent SHG intensity of 1. The wavelength-depend-
ent SHG measurements were calibrated with the z-cut fused silica
sample.
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was achieved by a one-pot reaction. The synthesis of 1
demonstrates the strategy of constructing graphenic bowls by
pentagonal cyclization of the bay positions of armchair-edged
aromatic hydrocarbons. The structural investigations of 1
revealed a unique bilayer stacked assembly of 1 in solution and
gas phase, compared to other buckybowls, due to the enhanced
interlayer interactions. 1 in the crystalline state forms synclastic
one-dimensional columns, breaking the centrosymmetric
symmetry, which consequentially gives its crystals significant
SHG responses with a high polarization dependence. As a
whole, synthesis of 1 could inspire the investigations of other
graphenic nanocarbon bowls and provide a brand-new bowl-
shaped building block for host−guest chemistry and non-
centrosymmetric organic materials.
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