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Highly contorted superhelicene hits near-infrared circularly
polarized luminescence

A new superhelicene structure exhibits Near Infrared
Circularly Polarized Luminescene (NIR-CPL) both in solution
and thin films, together with upconversion-based Two
Photon Absorption (TPA-UC). The emission is shifted to the
NIR due to the combination of helicenes and a tropone unit.
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Herein we describe a novel superhelicene structure consisting of three hexa-peri-hexabenzocoronene
(HBC) units arranged in a helical geometry and creating two carbo[5]helicenes and a carbo[7]helicene.
The central HBC bears a tropone moiety, which induces a saddle-helix hybrid geometry into the 3D
structure of the prepared nanographene. The introduction of multiple helicenes and the position of the
tropone unit trigger near-infrared circularly polarized luminescence (NIR-CPL, up to 850 nm, |gym| = 3.0
x 107%) combined with good photoluminescence quantum yields (¢r = 0.43) and upconverted emission
based on two-photon absorption (TPA). Compared to previously reported superhelicenes of similar size,
higher quantum yields, CPL brightness, and red-shifted absorption and emission spectra are achieved.
Besides, chiroptical properties of enantiopure thin films were evaluated. These findings place this novel
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Introduction

Carbohelicenes are chiral motifs arising from the helical
arrangement of ortho-fused benzenoid rings."* These chiral
systems have been widely studied over decades due to their
appealing structures and the optical and chiroptical properties
resulting from them.® Nevertheless, single non-functionalized
helicenes lack important features for their use as near-
infrared (NIR) chiral luminescent materials in optoelectronic
devices, such as red shifted absorbance and fluorescence, or
high photoluminescence quantum yields.*'® Heteroatom-
doped™ or functionalized' ™ helicenes have been extensively
investigated as an alternative to improve such properties.
Remarkably, the implementation of helicenes as a component
in chiral emissive electroluminescent organic semiconductors
has been successfully proved.'*'**® So far, only one helicene-
based polymer with NIR-CPL properties has been reported,*
whereas most of the NIR-CPL emitters are based on lanthanide
or transition metal-based complexes,***® which often show low
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use as a chiral luminescent material in optoelectronic devices.

quantum yields or stability issues. Purely organic compounds
can be used to circumvent these drawbacks; however NIR-CPL,
emitters based on organic molecules are still scarce.””*

Recently, the linkage of more than one carbohelicene into
a single m-system in an appropriate fashion has been high-
lighted as a strategy to improve the limited properties of single
carbohelicenes.?**¢ Thus, the fusion of carbohelicenes into
different topologies allows us to design and tune the resulting
optical and chiroptical properties of multiple-helicene-
containing compounds.*” Higher chiroptical responses are ex-
pected if the arrangement of the different helicenes improves
the angle between the electric and magnetic transition dipole
moments, increasing the dissymmetry g factor. Another strategy
to improve the properties of pristine helicenes involves the
extension of their m-conjugated system. In this regard, the
family of superhelicenes, i.e. HBC-based helicenes,*® has been
growing fast during the last few years, and a wide variety of
members can be found in the literature.®®** Despite an
improvement in the optical properties, with red shifted absor-
bance and emission spectra, the obtained fluorescence
quantum yields are usually poor due to the strong - stacking
arising from the large conjugated polycyclic surfaces. Never-
theless, it has been recently shown that the deliberate incor-
poration of a superhelicene into a fluorescent polymeric
scaffold led to an amplification of its chiroptical response,*
opening the door to highly-efficient chiral electroluminescent
materials.

Our research group, primarily interested in the preparation
and study of the optical and chiroptical properties of heptagon-
containing superhelicenes,**** is directing its synthesis efforts
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Fig. 1 Main features of pristine carbo[n]lhelicenes, multiple carboln]
helicenes, and 3 x HBC-based undecabenzol7]superhelicenes, and
the structure and novel features of the herein reported compound 1,
(M,M,P)-1 enantiomer are shown (chirality descriptors for [5], [7] and [5]
helicene, respectively).

towards a future implementation of our HBC-based helical
nanographenes in NIR chiral luminescent materials. Thus, we
have designed a novel structure consisting of three HBC units,
containing two extended carbo[5]helicenes, an extended carbo
[7]helicene, and a seven-membered ring. The superhelicene 1
(Fig. 1) was designed to improve the low photoluminescence
quantum yields of the two undecabenzo[7]superhelicenes
previously reported by Wang** and by our research group*” (¢p =
0.090 and 0.098, respectively), and to reveal the influence of the
tropone unit position and the addition of multiple carboheli-
cenes on the optical properties of a superhelicene scaffold.

Results and discussion

The target nanographene was obtained following the synthetic
methodology developed by our research group, where the
preparation and extension of heptagon-containing HBCs (hept-
HBC) are performed by a combination of Co-catalyzed alkyne
cyclotrimerization and Scholl reactions.” In the present case,
a dibrominated diphenylacetylene partner (3) was required.
Compound 3 was achieved under the one-pot double Sonoga-
shira coupling conditions reported by Brisbois, Grieco and
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coworkers,* performed over 1-bromo-4-iodobenzene (2). The
alkyne cyclotrimerization reaction between 3 and 4 afforded the
heptagon-containing hexaphenylbenzene 5, which was con-
verted into its corresponding distorted hept-HBC 6 by oxidative
cyclodehydrogenation. The two brominated positions in 6 were
subjected to Sonogashira coupling with 4-tert-butylphenylace-
tylene, affording 7 in good yield (Scheme 1). Compound 7 was
subjected to a double Diels-Alder reaction with two equivalents
of 2,3,4,5-tetrakis-(4-tert-butylphenyl)-cyclopentadienone. The
oligophenylene 8, consisting of 115 carbon atoms, was subse-
quently placed wunder Scholl conditions, namely  tri-
fluoromethanesulfonic acid and 2,3-dichloro-5,6-dicyano-p-
benzoquinone (DDQ), giving rise to 1 (Scheme 1).

The recorded "H NMR spectrum of 1 in CDCl; consisted of
a mixture of isomers. Considering the configuration of the
helicene moieties, three possible diastereoisomers could be
formed during the last oxidative cyclodehydrogenation step,
namely (M,M,M)-, (M,M,P)- and (P,M,P)-1 (chirality descriptors
for [5], [7] and [5]helicenes, respectively), and their corre-
sponding enantiomers. Bearing the symmetry aspects in mind,
along with tropone flipping, the configurations (M,M,M/P,P,P)-1
and (P,M,P/M,P,M)-1 can be regarded as C,-symmetric struc-
tures, whilst diastereoisomer (M,M,P/P,P,M)-1 possesses C;
symmetry. Chiral stationary phase HPLC (CSP-HPLC) was used
to perform both diastereomeric and racemic resolution simul-
taneously (ESI, Fig. S257). In the chromatogram, four main
peaks were found, belonging to two pairs of enantiomers after

Scheme 1 Synthetic route towards the multiple-helicene-containing
nanographene 1. Reagents and conditions: (a) TMSA, PdCly(PPhs),,
Cul, DBU, MeCN, H;0, 80 °C, 24 h, 84%; (b) Co,(CO)g, toluene, 110 °C,
16 h, 30%; (c) DDQ, CF3zSO3zH, CH,Cl,, 0 °C, 10 min, 83%; (d) 4-tert-
butylphenylacetylene, PdCl(PPhs),, Cul, EtzN, THF, rt, 16 h, 80%; (e)
2.3,4,5-tetrakis-(4-tert-butylphenyl)-cyclopentadienone, Ph,0O,
259 °C, 64%; (f) DDQ, CF3SOzH, CH,Cl,, 0 °C, 10 min, 50%.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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comparison of their UV-vis spectra. Noteworthily, when
a toluene solution of 1 is refluxed for 16 h, a more under-
standable chromatogram is obtained, (ESI, Fig. S251) where two
chromatographic peaks with identical '"H NMR spectra were
found, confirming the presence of the C;-symmetric diastereo-
isomer. The two chromatographic peaks belonged to the ther-
modynamically more stable (M,M,P)-1 and (P,P,M)-1
enantiomers, supporting that the interconversion barrier
between the two diastereoisomers is easily surmountable at ca.
110 °C. Theoretical calculations (CAM-B3LYP/6-31G(d,p), gas
phase) support such an interpretation, predicting the C;-
symmetric pair to be the global minimum, while the relative
energy of the C,-symmetric pairs, (M,M,M/P,P,P)-1 and (P,M,P/
M,P,M)-1, were calculated to be 3.32 and 10.55 kcal mol™ " above
the global minimum, respectively. This diastereomeric distri-
bution can be rationalized by looking at the geometries of the
different diastereoisomers of compound 1. While the saddle
curvature induced by the inclusion of the seven-membered ring
is well accommodated in the geometry of the pair (M,M,P/
P,P,M)-1, for the C,-symmetric pairs (M,M,M/P,P,P)-1 and (P,M,P/
M,P,M)-1 the configuration of the [5]helicenes causes a partial
planarization of the central hept-HBC unit (ESI, Fig. S32 and
S347). This fact leads to an increase in the relative energies of
the C,-symmetric diastereoisomers, supporting the intercon-
version towards the C;-symmetric diastereoisomer upon heat-
ing. Moreover, suitable crystals for X-ray diffraction (XRD) were
grown by slow evaporation of a CH,Cl,/hexane solution of
(M,M,P/P,P,M)-1 at room temperature. The quality of the crystals
was low, but good enough for a preliminary structural analysis
of 1. In this sense, we found a good agreement between the
main features of the structure obtained from the XRD studies
and those calculated by DFT methods. From the DFT optimized
structure of (M,M,P)-1, the average torsion angle (¢, Fig. 2c) of
the [7]helicene moiety shows a value of 26.37°, a remarkably
high value (in good agreement with the obtained XRD data, ¢ =
25.05°). On the other hand, the [5]helicenes show a ¢ = 24.82°
and 25.46° according to DFT (¢ = 25.35° and 26.97° according
to XRD data), for the [5]helicene with the same and opposite
configurations to the [7]helicene, respectively (Fig. 2d). These
values are remarkably higher than those reported for pristine [5]
helicene (¢ = 22.10°)*> and [7]helicene (¢ = 21.97°).® The
presence of the [7] and [5]helicene moieties, together with hept-
HBC induces a negative curvature to one of the HBC units,
exhibiting a calculated bending angle (6, Fig. 2) of 29.11° (28.58°
according to XRD). The central hept-HBC unit shares seven
benzenoid rings with the three carbohelicenes. This fact is
observed as a pronounced curvature of the hept-HBC unit,
exhibiting an end-to-end distance (d, Fig. 2) of 9.41 A (9.43 A
from XRD), remarkably lower than the one reported for pristine
hept-HBC (10.63 A)* or the hept-HBC sharing a carbo[5]helicene
unit with HBC (10.87 A).*

Compound 1 exhibited good solubility in common organic
solvents, presenting a dark green color in low concentration
solutions (ca. 107® M) that turns nearly black at a higher
concentration (ca. 10~* M). (M,M,P/P,P,M)-1 showed a panchro-
matic absorption spectrum ranging from 250 to 700 nm with
defined maxima centered at 365 nm (¢ = 1.45 x 10° L

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a)
b)
c)
4
M-[8]
d)  Torsion angle () P-[5] M-7] M-[5]
(M,M,P)-1 - DFT 25.46° 26.37° 24.82°
Pristine helicenes 22.10° 21.97° 22.10°

Fig. 2 (a) DFT optimized geometry of (M,M,P)-1 (CAM-B3LYP/6-
31G(d,p), gas phase; lateral ‘Bu groups removed to reduce computa-
tional time); (b) side view; (c) [n]helicene structures extracted from the
optimized geometry; (d) values of the measured torsion angles from
the DFT optimized (M,M,P)-1 and XRD structures of pristine helicenes.

mol " em ™), 505 nm (¢ = 6.00 x 10* L mol™ " cm™ ") and a red
shifted broad band extending up to 700 nm (Fig. 3a). This low-
energy band is mainly dominated by a pure HOMO — LUMO
transition according to TD-DFT (CAM-B3LYP/6-31G(d,p), gas
phase), which was calculated at 617 nm (Fig. 3c). These red-
shifted absorbance wavelengths are comparable to those
measured for the green nanographene propeller reported by
Wang and co-workers.* Upon excitation at 370 nm, an extended
emission spectrum along the 600-850 nm range was obtained,
with a maximum centered at 697 nm. The Stokes shift was quite
low, not exceeding 50 nm. In the previous undecabenzo[7]hel-
icenes, the HOMO and LUMO orbitals are located at the central
flat HBC unit, while in (M,M,P/P,P,M)-1 they fall all over the
helicene moieties (Fig. 3c). This fact could originate through
space interactions, causing red-shifted absorption and emis-
sion.** Furthermore, the optical HOMO-LUMO gap, taken from
the crossing point between the absorbance and emission
spectra, was estimated to be 1.95 eV, in perfect agreement with
the measured electrochemical bandgap (1.95 eV, ESI, Fig. S317).

Chem. Sci., 2022, 13, 10267-10272 | 10269
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Fig. 3 (a) Experimental OPA (gray), OPE (turquoise, dashed), TPA (red)

and TPE (red, dashed) spectra of (M,M,P/P,P,M)-1. Measured in CHCls
atca. 1 x 107% M, Jexc = 370 nm for OPE, Aeye = 900 nm for TPE; (b)
experimental ECD spectra of (M,M,P)-1 (red) and (P,P,M)-1 (turquoise)
measured in CHClz at ca. 1 x 107® M, and experimental CPL spectra
(Aexc = 370 nm) of (M,M,P)-1 (pale red, dashed) and (P,P.M)-1 (pale
turquoise, dashed) measured in CHClz at ca. 1 x 107° M; (c) HOMO
and LUMO orbitals, and information of the TD-DFT calculated (CAM-
B3LYP/6-31G(d,p)) lowest energy transition. The OPE spectrum is
cropped at long wavelengths due to the use of a short path filter to
block the multiphoton laser at the entrance of the photodetector.

The fluorescence quantum yield (¢r = 0.43 in CHCIl;) was
estimated to be four times higher than the ones reported for the
two undecabenzo-[7]superhelicenes (0.098 and 0.090),">*” with
a monoexponential fluorescence lifetime (7) of 6.1 ns. Similar
values were obtained in dimethyl sulfoxide, a solvent of higher
polarity (ESI, Table S2 and Fig. S27 and S28%). The obtained
value for 7 is three times lower compared to the previous
undecabenzo[7]superhelicene®” (t = 18 ns). This fact suggests
that the increment in the ¢ is due to a faster radiative relaxa-
tion for (M,M,P/P,P,M)-1. Excitation with a femtosecond laser
above 820 nm wavelength caused the simultaneous absorption
of two NIR-photons, leading to emission at higher energies. The
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upconverted emission spectrum is depicted in Fig. 3a (TPE).
The TPE spectrum exhibited a similar maximum when
compared to its one-photon emission (Fig. 3a, OPE) spectrum,
suggesting that the final relaxed excited states upon one- and
two-photon excitation are the same. The log-log plot of the
emission intensity as a function of excitation power showed
a slope of ~2 confirming the two-photon nature of the excita-
tion process (ESI, Fig. S297). The two-photon absorption spec-
trum (Fig. 3a, TPA) showed a maximum at higher energies with
TPA cross-sections of ca. 110 GM at 820 nm. Estimation of the
TPA cross-section below 820 nm is not possible due to inter-
ference from direct one-photon absorption. In addition, the
lower energy limit for the measurement of the TPA spectra is
dictated by the operation range of the Ti : sapphire laser (730-
900 nm).

The abovementioned CSP-HPLC racemic resolution of the
pair (M,M,P/P,P,M)-1 allowed the chiroptical property study.
Thus, the ECD spectra of a chloroform solution at a concentra-
tion of 1 x 107° M of (M,M,P)- and (P,P,M)-1 were recorded
(Fig. 3b). Mirror-image ECD spectra were obtained for both
enantiomers, with a strong bisignated signal at 390 nm,
exhibiting an intense Cotton effect at 366 nm (|A¢|] = 200 L
mol ™' em ™, gups = 1.5 x 107%), and a red-shifted band that
extends from 520 to 675 nm (JAe| = 54 L mol " em ™, gaps = 3 X
10~%). Remarkably, the dissymmetry factor of the last band was
well estimated by TD-DFT calculations (|gaps|cale = 2.87 x 107%).
The absolute configuration was assigned comparing the exper-
imental and TD-DFT simulated ECD spectra (ESI, Fig. S397).
Thus, the first eluted peak after CSP-HPLC, with a positive
Cotton effect at 600 nm, was assigned to the (P,P,M) enan-
tiomer, while the second eluted peak belonged to the (M,M,P)
enantiomer. Remarkably, both enantiomers showed a CPL
response in the 600 to 800 nm range after irradiation with
370 nm wavelength, exhibiting |gium| values of 3 x 1073
(Fig. 3b), higher than that reported for the undecabenzo[7]
superhelicene (2 x 10 *).¥ In addition, the improvement of the
overall efficiency of (M,M,P)/(P,P,M)-1 is evidenced by its high
CPL brightness (Bcpr, = & X ¢p X |gum|/2)*® of 90.5 Lmol " em ™"
at Aexc 365 nm, more than seven times higher than the one re-
ported for the undecabenzo[7]superhelicene (Bcp, = 12.3 L

0.15 450
—(MM,P)-1 —(P,P,M)-1
6B (M,M,P)-1 PPM- [ 00
= L 150
<
E o 3
)
o L 150
L -300
0.15 . . . . —+ 450
325 400 475 550 625 700
A /nm

Fig. 4 Experimental ECD spectra of films of (M,M,P)-1 (red) and
(P,P,M)-1 (turquoise) and experimental CPL spectra (Aexc = 370 nm) of
(M,M,P)-1 (pale red, dotted) and (P,P,M)-1 (pale turquoise, dotted) on
quartz substrates from CHClz solutions at ca. 5 mg mL~L.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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mol ' em™?, Aee 472 nm),* standing out among most of the
helicenes for which Bgpy, was reported.

The OLED industry has been deeply interested in chiral
emitters in the last few years.**®” Thin films are a common
format for the implementation of these luminophores into final
devices. Thus, preliminary studies using 1 were conducted to
obtain thin films on quartz plates. Posterior optical and
morphological examination via optical (OM) and tapping-mode
atomic force microscopy (AFM) was carried out. Solutions of 1
in CHCl,/toluene mixtures ranging from 0 to 100% toluene were
tested, obtaining the best results via drop casting of 0.1 mg
mL ™" solutions in pure toluene. AFM revealed wide homoge-
neous areas of ca. 100 x 100 pm constituted by stacked flakes
(ca. 5 um) where height profiles of ca. 1.6 to 2.4 nm (coincident
with superhelicene dimensions) hint at the presence of stacked
monolayers (ESI, Fig. S43-S467).

Based on this initial study, enantiopure thin film formation
was pursued with both (M,M,P)- and (P,P,M)-1. In this case,
higher concentration solutions (ca. 5 mg mL™" in CHCI,)
deposited via drop-casting led to films with observable
absorptions of ca. 0.25 au. (ESI, Fig. S477). Both absorption and
emission spectra perfectly reproduced the band patterns
measured in solution (ESI, Fig. S48f), and the same was
observed for the ECD and CPL spectra (Fig. 4). The obtained
|gabs| and |gium| reached values between 1 x 10 and 3 x 10
(ESI, Fig. S50 and S51t). To prove the absence of anisotropy
effects, the CPL spectra of both enantiomers were recorded
from the back side and by turning the quartz substrate by 180°,
observing the same sign for each enantiomer (ESI, Fig. S527).

Conclusions

In summary, we have designed and prepared a novel super-
helicene structure consisting of a central hept-HBC and two
HBC units connected in order to form three carbohelicene
moieties. The highly distorted helical nanographene shows
panchromatic absorption, extending up to 700 nm, and a higher
fluorescence quantum yield compared to similar sized super-
helicenes previously reported. Fluorescence can be triggered
either by one or two photon absorption, as found by TPA
experiments. In addition, compound 1 is a NIR-CPL emitter
with gj,m values of 3 x 1072 both in solution and in the solid
state (thin films). The combination of the optical and chirop-
tical properties, makes this distorted superhelicene a great
candidate for use as a near-infrared (NIR) chiral luminescent
material for the development of new optoelectronic devices.*®
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