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We report the synthesis of two B/O-containing nanographenes,
which feature the fusion of three or six planar B/O-heterocycles
onto one hexa-peri-hexabenzocoronene n-framework. Incorpora-
tion of the B/O-heterocycles not only leads to distorted geome-
tries, but also modulates the electronic structures and results in
gradually red-shifted absorptions and fluorescence.

Polycyclic aromatic hydrocarbons (PAHs) and synthetic nanogra-
phenes (NGs) have received great attention owing to their intri-
guing topological structures and widespread applications in
electronics, spintronics and bioimaging." Incorporating hetero-
cycles is an efficient strategy not only to construct diverse struc-
tures but also to modulate the electronic nature and properties.”
Indeed, a variety of heterocyclic NGs containing B, N, O, P or S
atoms have been dramatically developed, which display interest-
ing optical and electronic properties.®> Moreover, nonplanar or
contorted PAHs possess unusual conformations, molecular stack-
ing modes and functions, such as disturbed n-r stacking, which
is of importance for supramolecular assembly or semiconductors
employing intermolecular electronic interactions.” Therefore, the
construction of distorted heterocyclic NGs has emerged as an
attractive research topic from both the synthetic chemistry and
materials science point of view.

Hexa-peri-hexabenzocoronene (HBC), owning a planar
configuration with a diameter of over 1 nm, is one of the most
representative NG molecules.” Introducing non-hexagonal
rings or defective edges into the HBC scaffold has afforded
various structure-extended NGs with amazing nonplanar
topologies.® For instance, chiral NGs and even graphene
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nanoribbons containing single/multiple helical regions have
been developed as a novel series of circularly polarized lumi-
nescence emitters.®”? Severely contorted or negatively curved
NGs based on HBC have also been synthesized, which display
attractive electronic structures and molecular assembly
behaviours.® However, HBC-based heterocyclic NGs are rarely
explored, though incorporation of heterocycles onto HBC may
modulate its molecular conformation and alter its physical
properties. Typically, hexa-peri-hexabenzoborazinocoronene
bearing an internal B;N; ring, prepared using solution-phase
and on-surface synthetic chemistry, exhibits a larger energy gap
in comparison to all-carbon HBC.”

Working in a research area of heterocyclic analogs of poly-
cyclic hydrocarbons, we recently reported rapid m-extension of
conjugated organoboranes as an effective methodology for
creating nanoscale B-doped PAHs.® One example is a new kind
of pristine B-doped molecular ribbon, which not only has
contorted geometries with up to 2.2 nm in length but also
displays unexpected photochromism properties and charge-
transporting properties. In this study, we disclose hybridization
of HBC and B/O-heterocycles to design distorted heterocyclic NGs
(Fig. 1). Two B/O-containing NGs (HBC-3BO and HBC-6BO) that
feature the fusion of three or six planar B/O-heterocycles (PBO) onto
one HBC n-framework were synthesized. These B/O-heterocycles

HBC

HBC
+ 3PBO

HBC
+ 6PBO

Fig. 1 Molecular design of HBC-3BO and HBC-6BO.
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produce distorted configurations owing to the formation of multi-
ple helical regions, and moreover, modulate their electronic struc-
tures and thus optical properties, as revealed by detailed theoretical
and experimental studies.

Scheme 1 shows the synthesis of these two B/O-containing NGs,
in which the B/O-heterocycle was first reported by Hatakeyama
et al. and was recently employed to develop B-containing organic
diradicaloids.”"° A cyclotrimerization reaction of alkyne derivative 1
with Co,(CO); as the catalyst afforded key precursor 2 in 25% yield.
Intramolecular cyclodehydrogenation (i.e., the Scholl reaction) of 2
with an excess of FeCl; produced HBC-3BO in 75% yield as an
orange-yellow solid. For HBC-6BO, the branched alkyl chains were
used to enhance its solubility. The cyclotrimerization reaction was
similarly performed on 3 to form 4. In the cyclodehydrogenation
reaction of 4, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
and trifluoromethanesulfonic acid (TfOH) were used to efficiently
generate HBC-6BO as a pink solid in 45% yield, whereas FeCl,
led to a mixture of fully and partially fused products."” These two
B/O-containing NGs have good stability and can be purified by
silica gel column chromatography under ambient conditions.

The structures of HBC-3BO and HBC-6BO were confirmed by
NMR spectroscopy and high-resolution mass spectrometry (HRMS).
The HRMS spectra exhibit intense signals at m/z = 1602.8214 for
HBC-3BO and 3020.8801 for HBC-6BO along with clear isotopic
distributions, which agree well with the calculated molecular mass
and simulated patterns of their molecular formula of C;;4H;¢5B306
and Cyy0H,40Bs010, respectively (Scheme 1). The well-resolved
"H NMR spectra of HBC-3BO and HBC-6BO were recorded in
Ce¢Ds and C,D,Cl, at room temperature, respectively. It is notable
that HBC-3BO and HBC-6BO exhibit only four and three different
signals in the aromatic region, respectively, which are clearly
assigned to the protons. These simple proton signals also demon-
strate their highly symmetric structures in solution.

Single crystals of HBC-3BO suitable for X-ray structural analysis
were obtained by slow diffusion of CH;OH into its CHCI; solution.
Twenty-five hexagons are fused together to form a large skeleton
that features the fusion of three PBO moieties onto HBC with the
formation of six cove regions. Thus, a distorted geometry with the
(B, P, M, M, M, and M) conformation is obtained due to the steric
repulsion in the cove regions (Fig. 2).
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Fig. 2 (a) Single-crystal structure of HBC-3BO (50% probability for ther-
mal ellipsoids). (b) Optimized structure of HBC-6BO’, calculated at the
B3LYP/6-311G(d) level. The alkyl groups were omitted in HBC-3BO for
clarity and in HBC-6BO’ for simplified calculations.

Torsional angles of these helical regions range from 6.5(17)°
to 23.4(15)°, indicative of the moderately contorted topology of
the framework and facile conversion from one conformation
to others (Fig. S1, ESIT). Despite the distorted configuration,
HBC-3BO shows a slipped face-to-face packing mode, accom-
panied by a large n-n overlap and a small n—r stacking distance
of 3.35 A (Fig. S3, ESIt). For HBC-6BO, we did not obtain its
single crystals due to the flexible branched alkyl chains. We
thus optimized its model compound HBC-6BO’ for structural
analysis. According to the density functional theory (DFT)
calculations (B3LYP/6-311G(d) level), there are fourteen possi-
ble stereoisomers caused by B/O-containing [5]-helicenes, and
notably, the waggling (P, M, P, M, P, and M) conformation has
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Scheme 1 Synthesis of HBC-3BO and HBC-6BO. Insets are their HRMS and *H NMR spectra.
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Fig. 3 (a) The UV/Vis absorption and fluorescence spectra of HBC-3BO
and HBC-6BO in toluene (1 x 107> M™Y. Insets are the photographs of
their toluene solutions under room light (left) and irradiation with UV
light (right). The transient absorption (TA) spectra of (b) HBC-3BO and
(c) HBC-6BO in toluene.

the lowest total energy (Fig. S8, ESIt). Six PBO moieties adopt

n “up-down” arrangement with an enhanced torsional angle
of 38.3°." In addition, the B/O-containing [5]-helicene, as the
structural fragment of HBC-6BO’, has a theoretically estimated
activation energy (AG") of 20.8 kecal mol " for conformational
conversion, which is slightly smaller than that (24.1 keal mol ™)
of all-carbon [5]-helicene (Fig. S9, ESIt). These relatively small
AG' values suggest that the conformations of HBC-6BO may
show facile interconversion in solution, which is consistent
with the "H NMR result.

The optical properties of these B/O-containing NGs are
greatly influenced by the B/O-heterocycles. As shown in Fig. 3,
HBC-3BO and HBC-6BO in toluene display yellow and purple
colors, respectively, and well-resolved vibronic absorption spec-
tra. While HBC-3BO exhibits a main adsorption band with
maxima (Aaps) at 438/467 nm along with shoulder peaks at
416/495/523 nm, HBC-6BO shows a absorption maxima at
514/545 nm and shoulder peaks at 481/567/590 nm. According
to the onset adsorption, the optical band gap (E,°™) values are
calculated to be 2.44 eV for HBC-3BO and 2.10 eV for HBC-6BO.
Strong green and red fluorescence is observed for their toluene
solutions, respectively. In the fluorescence spectra, HBC-3BO
has maximum emission peaks (Jey) at 529/568 nm and
weak tails at 503/613 nm, whereas HBC-6BO exhibits one
main emission band at 602 nm along with shoulder peaks at
627/658 nm. The fluorescence quantum yields and lifetimes are
determined to be 18% and 4.6/21.4 ns for HBC-3BO and 20%
and 5.7/10.2 ns for HBC-6BO (Fig. S6, ESIt). In comparison to
HBC containing six ¢-butyl groups (¢tBu-HBC), HBC-3BO and
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HBC-6BO display significantly red-shifted absorption bands by
78 and 154 nm, respectively (Table S1, ESIt)."”> Moreover, from
tBu-HBC to HBC-3BO and HBC-6BO, the main emission bands
are bathochromically shifted by 36 and 109 nm, respectively,
along with increased fluorescence quantum yields. The remark-
ably red-shifted absorption and emissions for B/O-containing NGs
can be attributed to the great electronic effects of B/O-heterocycles
(vide infra).

The excited-state dynamics were investigated by performing
transient absorption (TA) spectroscopy measurements on HBC-
3BO and HBC-6BO in toluene. As shown in the TA spectra
(Fig. 3b and c), broad excited-state absorption (ESA) bands
are observed at 480-740 nm for HBC-3BO and 560-740 nm
for HBC-6BO. The ground-state bleach (GSB) signals appear at
425-480 nm for HBC-3BO and at 520-550 nm for HBC-6BO,
which match well with their low-energy absorption peaks of the
steady-state absorption spectra, respectively. While the stimu-
lated emission (SE) signal is observed at 528 nm as a negative
and overwhelming bump for HBC-3BO, such a signal of
HBC-6BO cannot be detected probably because of the complete
overwhelming by its ESA band.'* The excited-state lifetimes (t)
are determined to be 17.6 ps and 21.8 ns for HBC-3BO and
61.0 ps and 24.8 ns for HBC-6BO, respectively, based on the
fitting of the decay profiles by a two-exponential function
(Fig. S7, ESIf). These short and relatively long lifetimes can
be ascribed to internal conversion and radiative relaxation
processes, respectively.'

To elucidate the effects of the B/O-heterocycles on the
electronic structure of HBC, we performed density functional
theory (DFT) calculations at the B3LYP/6-311G(d) level of theory
on the model compounds HBC, HBC-3BO’' and HBC-6BO’.
Their Kohn-Sham molecular orbitals from HOMO-2 to
LUMO+1 are shown in Fig. 4. While the LUMO and LUMO+1
as well as the HOMO and HOMO—1 in HBC are well delocalized
on the n-skeleton and almost identical in energy, the HOMO—2
with a lower energy is localized on its peripheral region. From
HBC to HBC-3BO/, the distributions of the HOMO, HOMO—1
and HOMO-2 are slightly modulated only with elevated ener-
gies by 0.3-0.6 eV. In contrast, the LUMO and LUMO+1 are
lowered by 0.3 eV in energy along with their distributions
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Fig. 4 Kohn-Sham molecular orbitals of HBC, HBC-3BO and HBC-6BO.
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extending to the B/O-heterocycles, in which the vacant p orbital
of the B atom contributes significantly. From HBC-3BO’ to
HBC-6BO’, the LUMO and LUMO+1 are further decreased by
0.3 eV in energy accompanied by the perturbed distributions,
and the HOMO, HOMO—1 and HOMO-—2 have almost identical
energy due to the obviously increased energy by 0.22 eV for the
HOMO-2. As a result, from HBC to HBC-3BO' and HBC-6BO’, the
energy gap is gradually decreased. These changes indicate that
incorporation of the B/O-heterocycles onto HBC significantly
impacts its electronic structure, especially the electronic energy
levels and distributions of molecular orbitals, which can be
attributed to the synergetic effects of the electron-accepting B
atoms and electron-donating O atoms in the B/O-heterocycles.

To gain insight into the absorption properties of these B/O-
containing NGs, we conducted time-dependent DFT (TD-DFT)
calculations on HBC-3BO' and HBC-6BO’. The absorption band
at 438/467 nm of HBC-3BO is assignable to the allowed electro-
nic transitions of S, — S3, Sy — S4, So — Ss and S, — Sg
(Fig. S10, ESIf). For HBC-6BO, the absorbance observed
around 514/545 nm is assigned to the transitions of S5 — Ss
and S, — S (Fig. S11, ESIT). The theoretical spectra including
energies, wavelengths and oscillator strengths agree well with
the experimental results. It is noteworthy that their LUMO and
LUMO+1 are all involved in these electronic transitions. It is
thus suggested that the B atom in the B/O-heterocycle plays
an important role in producing the red-shifted absorption of
B/O-containing NGs.

In summary, we synthesized two B/O-containing nanogra-
phenes, HBC-3BO and HBC-6BO, which feature the fusion of three
or six planar B/O-heterocycles onto one HBC n-framework. Incor-
poration of the B/O-heterocycles leads to multiple helical regions,
thus producing their obviously distorted geometries. Moreover,
these B/O-heterocycles greatly impact on the electronic structure
of HBC and thus give rise to the gradually red-shifted absorptions
and fluorescence of B/O-containing NGs, for instance, the max-
imum emission peak is 493 nm for tBu-HBC, 529 nm for HBC-3BO
and 602 nm for HBC-6BO. This study thus proves that hybridiza-
tion of B/O-heterocycles and m-systems is a promising strategy
toward the construction of distorted heterocyclic NGs together with
modulations of the electronic structures and properties, which may
be applied to the production of sophisticated © materials.
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