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Helicenes, featuring unique helical structures, have a long history as three-dimensional polycyclic aromatic
hydrocarbons (PAHs). Incorporation of heteroatoms into helicenes may alter their electronic structures and
achieve unexpected physical properties. Here, we disclose fusion of boron-doped m-systems onto
helicenes as an efficient strategy to design boron-doped carbohelicenes. Two boron-doped double [6]
carbohelicenes were synthesized, which possess the CsgB, and CggB, polycyclic w-skeletons containing
two [6]helicene subunits, respectively. The CggB, molecule thus represents the largest-size helicene-
based boron-doped PAH. A thorough investigation reveals that the helicene moieties and boron atoms
endow the polycyclic -systems with delocalized electronic structures, and well-tunable ground-state

and excited-state photophysical properties. It is notable that the CsgB, molecule displays excited-state
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) have received much
attention because of their intriguing optical, electronic and
magnetic properties, as well as potential applications in organic
light-emitting diodes (OLEDs), organic field-effect transistors
(OFETs), organic solar cells (OSCs), etc."™® Owing to the great
advance of synthetic chemistry, various m-extended PAHs with
well-defined sizes, edge structures and conformations have
been successfully developed, in which their electronic struc-
tures and physical properties are mainly determined by their
topological conjugated structures.®™*® In particular, by control-
ling the zigzag, armchair and/or cove edge states, stimulated
emission (SE) behaviors and amplified spontaneous emission
(ASE) properties have been remarkably achieved in PAHs,
demonstrating that they will be a promising class of optical-gain
materials for organic lasers, photonics and optoelectronics.'”>°
However, as large-size topologies and zigzag edge structures
usually lead to open-shell electronic states and non-
fluorescence nature,**>* such ASE-active PAHs are still rare
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in PAHs, demonstrating the promising utility of boron-doped carbohelicenes for laser materials.

and limited to only a few examples, such as dibenzo[hi,st]ova-
lene, zigzag-edged nanographenes and molecular ribbons.**>*
Therefore, it is needed to develop new ASE-active PAH systems,
and moreover, this research may further promote the develop-
ment of PAH chemistry and materials.

Helicenes, helically ortho-fused polyaromatics, have a long
history as three-dimensional PAHs.* Their helical structures can
induce unique intrinsic chirality despite the absence of asym-
metric carbons and chiral centers, and thereby bestow interesting
nonplanarity, optical rotation and dynamic behaviors, as well as
other physical-organic properties.**> Until now, m-extension of
simple helicenes, e.g. [5]helicene and [6]helicene, has led to
a variety of helicene systems with amazing topological structures,
including elongated helicenes, multiple helicenes and expanded
helicenes, such as A B (ref. 34) and C (ref. 29) (Fig. 1a).*™*
Moreover, their outstanding optical, electrical and chiroptical
properties, as well as synthetic chemistry and material applica-
tions have been intensively studied. Nevertheless, aside from
these wonderful helicene research studies, the new space of
helicene systems still needs to be explored.

Boron atoms have one less electron than carbon atoms, and
feature a characteristic vacant p-orbital. Boron-doping of PAHs
as a powerful strategy has generated a large family of boron-
doped PAHs, which not only displayed some unusual proper-
ties, such as Lewis acidity, control over supramolecular poly-
merization, photo-responsive fluorescence and dynamic
modulation of (anti)aromaticity and diradical properties, but
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(a) Schematic illustration for w-extension and boron-doping of helicenes, and representative examples of -extended helicenes and

boron-doped helicenes. (b) Design strategy for boron-doped carbohelicenes and chemical structures of 1 and 2 (this work). Ry = OnBu; R, = tBu;

Tip = 2,4,6-triisopropylphenyl; Mes = 2,4,6-trimethylphenyl.

also were employed as organic catalysts and optoelectronic
materials.**** However, owing to the inherent high reactivity of
the boron moiety and complicated multi-step syntheses, the
design and synthesis of boron-doped PAHs with large-size -
frameworks and/or well-tuned edge structures remains
challenging.**>* For instance, only a few pristine boron-doped
helicene derivatives (such as D and E) have been
developed.”>™” Moreover, most of them are based on [4]heli-
cene, and until very recently, only one boron-doped [6]helicene
F was constructed.”” We recently developed several large-size
boron-doped PAHs via implementing controllable cyclization
on conjugated organoboranes.”®** Among them, two boron-
doped [4]carbohelicenes exhibit intriguing ASE activity in the
blend films.**> We thus envisioned that precise control over
topological structures of boron-doped PAHs may afford not only
more sophisticated 7-scaffolds but also organic emitters with
desirable ASE performance.

Herein, we disclose fusion of boron-doped m-systems onto
helicenes as an efficient strategy to design boron-doped carbo-
helicenes. Two boron-doped double [6]carbohelicenes 1 and 2
(Fig. 1b) that feature fully fused Cs3B, and Cg¢B, T-conjugated
frameworks containing two [6]helicene subunits, respectively,
were successfully synthesized. Thus, we achieved a combination
of helicene and boron-doped m-systems and created the largest-
size record of helicene-based boron-doped PAHs. Their molec-
ular geometries, aromaticity and electronic structures, as well as
ground-state and excited-state photophysical properties have
been studied in detail. Notably, the CsgB, molecule displays
stimulated emission behavior and amplified spontaneous
emission properties in the various blend films and even pure

12820 | Chem. Sci, 2024, 15, 12819-12826

film, which have rarely been achieved in PAHs. Therefore, this
study provides not only two new examples of boron-doped car-
bohelicenes, but also opens a new direction for the design of
functional helicenes and efficient ASE-active PAHs using orga-
noboron chemistry.

Results and discussion

As shown in Scheme 1, the target B-doped carbohelicenes 1 and
2 were synthesized starting from two key B-containing building
blocks 3 and 4, which were first reported by Feng's group and
our group, respectively.®>* The Suzuki-Miyaura cross-coupling
reactions between 3/4 and 2,5-di-(4-tert-butylphenyl)-1,4-bis-
bpin-benzene produced the precursors 5/7. The oxidative
cyclization reaction of 5 with 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) and CH3SO;H in dry CH,Cl, led to the
cyclization of rings B and G, and generated a partially fused
product 6. The Scholl reaction with FeCl; was then performed
on 6, yielding compound 1 via the cyclization of rings A and D.
Based on these synthetic results, we treated compound 7 with
FeCl; and directly prepared the desired product 2 with a larger
size. Compounds 1 and 2 were purified using silica gel column
chromatography without any special precautions (Fig. S1t). As
determined by high-resolution mass spectrometry (HRMS), only
one intense peak is observable in their HRMS spectra, and the
experimental isotopic distributions agree well with the stimu-
lated data, thus confirming the molecular formula of CosHggB,
for 1 and C;3,Hq,B,0, for 2 (Fig. S2+).

The conformations of B-doped carbohelicenes 1 and 2 were
studied by density functional theory (DFT) calculations at the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of 1 and 2. Reagents and conditions: (a) 2,5-di-(4-tert-butylphenyl)-1,4-bis-bpin-benzene, Pd(PPhsz)s, Sphos, KzPOy,
toluene : CszoH . Hzo; (b) DDQ, CH3SO3H, CHzclz, 0 °C; (c) FeCl3, CH3NOZ, CHzclz, 25 °C.

B3LYP/6-311G(d) level of theory. For 1, there are three possible
stereoisomers, including 1-(P,P), 1-(P,M) and 1-(M,M) (Fig. 2 and
S47). The optimized geometries of 1-(P,P) and 1-(M,M) have the
CssB, m-frameworks, which are composed of two [6]helicene
substructures and two B-containing m-systems with the B atoms
doped into the zigzag edges (Fig. S5T). The dihedral angles are
ca. 58° for the terminal rings of [6]helicene moieties, leading to
their highly twisted conformations. As shown in the energy
diagram, the enantiomers 1-(P,P) and 1-(M,M) are thermody-
namically more stable than 1-(P,M) with the meso form by
2.2 kecal mol . Additionally, the clean proton signals in the "H
NMR spectrum of 1 are consistent with the theoretical data of 1-
(P,P) (Fig. S31). These results indicate that 1-(P,P) and 1-(M,M)
were obtained as the sole products in the synthetic process. The
interconversion from 1-(P,P) to 1-(P,M) proceeds through the
transition state (1-TS1) with face-to-face oriented terminal rings
of [6]helicene subunits. The activation free energy
(45.7 keal mol ™ ?) for 1-TS1 is much higher than that of [6]hel-
icene, also higher than that of [7]helicene, and comparable with
that of double [6]helicene B.** These B-doped carbohelicenes
thus may preserve the rigidity of helicenes and thereby bestow
high isomerization barriers. For 2, its optimized (P,P)-geometry
has the CgeB, m-framework, comprising two [6]helicene
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Fig. 2 Energy diagram for the isomerization from 1-(P,P) to 1-(P,M),
calculated at the B3LYP/6-311G(d) level of theory.
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substructures and two larger B-centered 7-systems (Fig. S5T). To
our knowledge, compound 2 represents the largest-size
helicene-edged B-doped PAHs.

To illustrate the electronic structures of B-doped carboheli-
cenes, we investigated the aromaticity of 1 and 2 along with the
partially fused 6, using nucleus independent chemical shift
(NICS) and anisotropy of the induced current density (ACID)
calculations at the B3LYP/6-311+G(d) and B3LYP/6-311G(d)
levels, respectively.®* The optimized (P,P)-geometries of 1 and
2 were employed as the model structures for the calculations. As
shown in Fig. 3, largely negative NICS(1),, values are observed
for rings A/B/D/F/H (in red) in 6 and 1, and rings A/B/D/F/H/M
(in red) for 2, suggestive of their essence of aromatic sextet
rings. The corresponding molecular forms of 6, 1 and 2 shown
in Scheme 1 mainly contribute to their electronic structures. In
the ACID plots, the m electrons of 6 display obviously localized
and clockwise ring current circuits, thus indicating its typical
local aromaticity. For 1, its 7 electrons are mainly delocalized
along the periphery with a clockwise current, and also flow
along the new C-C bonds between rings A and D. It is notable
that the 7 electrons cross over the central ring B, which acts as
a special bridge that effectively connects the two B-containing
m-skeletons. Thus, different from 6, B-doped carbohelicene 1
exhibits unusual crossed-circle aromaticity and efficient -
delocalization. For 2, clockwise ring currents along the larger-
size periphery and bypassing through ring B are observed,
indicating the contribution of m-extension to molecular
aromaticity. It can be concluded that the central hexagon in
these two B-doped helicenes is a crucial bridge, which links two
B-containing moieties and contributes to the formation of two
helical substructures, further producing delocalized w-elec-
tronic structures.

Reflecting efficient m-conjugated structures, B-doped carbo-
helicenes 1 and 2 exhibit red-shifted and broad absorption
bands. In toluene, 1 shows an absorption band that covers the
range of 300-630 nm and the longest absorption maximum
(Aabs) at 591 nm (Fig. 4a and S7,7 and Table 1). For 6, it shows an
absorption band around 300-530 nm with one intense peak at

Chem. Sci., 2024, 15, 12819-12826 | 12821
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Fig. 3 Calculated NICS(1)z7 values and ACID plots (contribution from 1 electrons only) of (a and d) 6, (b and e) 1 and (c and f) 2. The tBu, Mes and

OMes groups are removed for clarity.

453 nm and a shoulder band at 490 nm. Compared with that of
6, the absorption spectrum of 1 is red-shifted exceeding 100 nm,
despite the formation of only two more C-C bonds, thus high-
lighting the importance of its efficient m-conjugation. In the
absorption spectrum of 2, a broader absorption band around
300-740 nm is observed, along with a A,,s of 700 nm. The
unchanged time-dependent absorption spectra reveal their high
ambient stability (Fig. S91). Based on the absorption onsets, the
optical band gap (Eg™) is estimated to be 2.41 eV for 6, 1.99 eV
for 1 and 1.68 eV for 2, respectively. On the other hand, toluene
solutions of 6 and 1 emit bright green and red fluorescence,
respectively, with a maximum emission wavelength (A.;,) and
fluorescence quantum yield (@) of 513/547 nm and 0.21 for 6
and 618/650 nm and 0.22 for 1. The fluorescence bands exhibit
small solvent effects on the solvent polarity (Fig. S77). For 2, the
fluorescence is not detected in its solution. The photophysical
properties of 1 are distinct from those of all-carbon double [6]
helicene B (A4ps, 506 NM; Aepy, 525 nm in chloroform) and B-
doped double [5]carbohelicene Cs¢B, (Aaps, 477 NM; Aepm,
504 nm in toluene),**' thus demonstrating the significant
effects of B-doping and m-electron delocalization.

Time-dependent density functional theory (TD-DFT) calcu-
lations were performed at the B3LYP/6-311G(d) level of theory to
further reveal their absorption properties and electronic struc-
tures. The LUMOs and HOMOs of 6 and 1 are delocalized over
their polycyclic frameworks, respectively (Fig. 4b). From 6 to 1,
the HOMO level is enhanced by 0.16 eV and the LUMO level is
decreased by 0.41 eV, leading to the decreased energy gap,
which can be ascribed to the effect of w-extension on 1. The all-
carbon analogue 1C was employed for comparison. From 1C to
1, the LUMO and HOMO energies are lowered by 0.71 and
0.36 eV, respectively, and the energy gap is decreased by 0.35 eV.
These changes are attributed to the B atoms in 1, whose vacant
p-orbitals obviously contribute to the LUMO and HOMO, thus
implying the vital role of B-doping in the electronic structure of
carbohelicene. Compared with 1, 2 exhibits higher LUMO and
HOMO energies by 0.19 and 0.55 €V, respectively, along with
a narrower band gap. According to the TD-DFT calculations, the
calculated transition energies, wavelengths and oscillator
strengths reproduce well with the experimental spectra of 6, 1
and 2. It is notable that all of their low-energy absorption bands
involve the HOMO — LUMO transitions, in which the B atom
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Fig. 4
(right). (b) TD-DFT calculations of 6, 1, 1C and 2 at the B3LYP/6-311G(d)
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(a) Absorption (blue) and fluorescence (red) spectra of 6, 1 and 2 in toluene, along with their photographs under daylight (left) and UV-light

level of theory and their Kohn—Sham HOMOs and LUMOs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of the photophysical properties of 1, 2 and 6

Jabs” [NM]  ema” M em™]  Aer® [nm] Asg? [nm] Aase” [nm]
6 490/453 1.45 x 10* 513/547 — —
1 591/548 2.83 x 10* 618/650 675 676
2 700/623 1.13 x 10* — — —

“ In toluene solution (1 x 10~° M). ? Doped into the polystyrene film
(20 wt%).

contributes to the LUMOs (Fig. $14-S16%). For 2, its HOMO is
mainly localized on the central region of the m-skeleton,
whereas the LUMO is obviously distributed on the B-containing
moieties. This suggests that the non-emission essence of 2 is
ascribed to its intramolecular charge transfer process. More-
over, the calculated low-energy absorption of 1C appears at
518 nm (Fig. S171). This demonstrates that B-doping and -
extension greatly impact the red-shifted absorption properties
of B-doped carbohelicenes.

To gain insight into their excited-state photophysical prop-
erties, we performed femtosecond transient absorption (fs-TA)
characterization on 6, 1 and 2. In the widerange fs-TA
spectra, 6 and 2 in toluene exhibit ground-state bleach (GSB)
signals around 459/492 nm and 640/705 nm, respectively, which
agree well with their characteristic absorption signals in the
steady-state absorption spectra (Fig. 5). Excited-state absorption
(ESA) bands are observed at 500-750 nm for 6 and 475-615 nm
for 2. By contrast, 1 exhibits a distinctive fs-TA spectrum. Two
peaks at 510/547 nm and one overwhelming band around 584~
623 nm are observable, which are tentatively ascribed to the GSB
regions. The ESA bands appear at 450-495 and 715-750 nm. It is
notable that one unexpected negative bump at 675 nm is
observed. As this signal is not present in the steady-state
absorption spectrum but seems to be the long-wavelength tail
of the fluorescence spectrum, we can assign it to the stimulated
emission characteristic of 1.'®**° Thus, compound 1 features
unique SE behavior in the excited state. We further conducted
fs-TA measurements on the 1/polystyrene (PS) blend film
(20 wt%) and the pure film of 1. The two films show not only
GSB signals around 600 nm but also weak SE bands around
675 nm. Such preserved SE performance may be owing to less
non-radiative decays in the inert PS matrix film, and weak
molecular aggregation and an inhibited intermolecular charge-
transfer process in the pristine film (Fig. S10, vide infra).
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The intriguing excited-state SE behavior of 1 promotes us to
explore its amplified spontaneous emission properties, because
ASE is not only a photonics process where the spontaneous
emission is amplified owing to the optical-gain action but also
a basic requirement for lasing materials.®**” The ASE charac-
teristics of the 1/PS blend film (20 wt%) are shown in Fig. 6a and
b. Enhancing the pump laser energy over a certain threshold
leads to the appearance of an emission peak at 676 nm, which
obviously increases and narrows, finally resulting in a small full
width at half maximum (FWHM) of 6.5 nm. This emission
wavelength agrees with the SE signal in the fs-TA spectrum, and
moreover, the dependence of FWHM versus pump energy and
the nonlinear gain of emission peak intensity versus pump
energy are obtained. These results undoubtedly verify the ASE
activity of 1, and the threshold is determined to be 120 kW
cm 2. This threshold value is relatively high, but comparable to
that of several large-size PAHs and our reported boron-doped
molecular carbon (Table S57).242¢62 Furthermore, almost no
changes are observed for the ASE intensities of this 1/PS blend
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Fig. 6 (a) Photoluminescence spectra of the 1/PS blend film (20 wt%)
taken at different laser energies. (b) Dependences of FWHM and
emission peak intensity on the laser energies of the 1/PS blend film
(20 wt%). (c) Absorption spectra (blue) and ASE spectra (red) for the
blend and pure films of 1.
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Fig.5 Femtosecond transient absorption spectra of (a) 6 in toluene, (b) 1 in toluene, (c) the 1/PS blend film (20 wt%) and (d) the pristine film of 1,

as well as (e) 2 in toluene.
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film upon irradiation for 20 min under air at a laser energy of
500 kW cm™? (Fig. S121), indicative of its remarkable photo-
stability. To our knowledge, it is the first example of ASE-active
[n]helicene (n = 6). For 6 and 2, they do not display any ASE
signals, in consistence with their unobserved excited-state SE
behaviors.

Finally, to reveal the remarkable effects of double [6]helicene
substructures, we studied the photophysical properties of 1 at
various film states. The blend films with different doped
concentrations and the pure film exhibit very similar absorption
spectra with the long-wavelength absorption peak around
590 nm (Fig. 6¢), which is also almost identical to that of 1 in
toluene. Moreover, the emission peaks of its films and solution
all appear at ca. 619 nm (Fig. S87). The fluorescence quantum
yields of the 3 wt%, 20 wt% and 50 wt% blend films are 0.40,
0.72 and 0.56, respectively, which are higher than that of the
pure film (@ = 0.17) and the solution (@r = 0.22). These results
suggest that the molecules are well dispersed and fixed into the
PS matrix, leading to the restricted vibration of helicene moie-
ties and the rotation of the tip groups, which can minimize non-
radiative decay channels of the excited state. For the pure film,
the helicene substructures along with the peripheral substitu-
ents effectually inhibit intermolecular 7-m stacking and
molecular aggregation, further depressing the intermolecular
charge-transfer process and preventing fluorescence quenching
to a certain extent. We then conducted ASE measurements on
the blend and pure films of 1. These films show the typical
dependences of FWHM and emission peak intensity versus
pump energy. The ASE wavelengths are red-shifted from 672 nm
to 688 nm (Fig. S117), and the fluorescence band around
650 nm is quenched for the 50 wt% blend and pristine films.
These fluorescence changes are probably due to the formation
of a small portion of excimers at higher concentration.”>* The
threshold value is estimated to be 258 kW cm™> for the 3 wt%
blend and 120 kW cm > for the 50 wt% blend. The radiative
constants (k;) for the 3 wt%, 20 wt% and 50 wt% blend films
were determined to be 6.40 x 10" s, 1.70 x 10 s™' and 1.30 x
10% s7' (Fig. S13%), respectively. It is thus concluded that
a higher radiative rate may lead to a smaller threshold value.
Notably, the ASE properties can be achieved for the blend films
with distinct doped concentrations and even pristine films of 1.
Until now, for the reported ASE-active PAHs, the preparation of
the blend films with low concentration is highly required to
recover SE behavior and realize ASE properties.'®****° In this
study, B-doped carbohelicene 1 displays ASE properties in the
various blend films and even pure film. Such robust ASE
performance has never been reported for the family of helicenes
and has also been rarely observed in PAHs. This demonstrates
that B-doped carbohelicenes are very promising to develop film-
insensitive ASE-active materials for organic lasers and
photonics.

Conclusions

We succeeded in the synthesis of two boron-doped double [6]
carbohelicenes, which were designed by fusion of boron-doped
T-systems onto helicenes. They have fully fused CsgB, and CgeB,
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m-conjugated frameworks containing two [6]helicene subunits,
respectively. Thus, they can be regarded as a combination of
helicene and boron-containing m-systems, and moreover, the
CgeB, molecule represents the largest-size helicene-based B-
doped PAH. The helicene substructures and boron atoms
endow the polycyclic m-systems with delocalized electronic
structures and well-tunable ground-state and excited-state
photophysical properties. Notably, the CsgB, molecule
displays stimulated emission behavior and amplified sponta-
neous emission properties in the blend films and even pure
film, along with good photostability. Therefore, the results
demonstrate the potential of boron-doped carbohelicenes as
robust ASE-active materials. This study provides a design
strategy for functional helicenes using organoboron chemistry,
which can be applied to the construction of more sophisticated
photonic materials.
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