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ABSTRACT: Helical bilayer nanographenes (HBNGs) are chiral w-extended aromatic compounds consisting in two n-n stacked

hexabenzocoronenes (HBC) joined by a helicene, thus resembling
van der Waals layered 2D materials. Herein, we compare [9]HBNG,
[LO]JHBNG and [11]JHBNG helical bilayers endowed with [9], [10]

and [11]helicenes embedded in their structure, respectively. Interest- <<—/;‘/ :
ingly, the helicene length defines the overlapping degree between the o"er:’pped e e
two HBCs (number of benzene rings involved in n-w interactions be- ([Z,]H:glg.lo 2) G‘/m’
tween the two layers), being of 26, 14 and 10 benzene rings, respec- " Partially overlapped
tively, according to the X-ray analysis. Unexpectedly, the electro- | e th [10]HBNG
chemical study shows that the lesser n-extended system [9JHBNG Shifted =
shows the strongest electron donor character, in part by interlayer ex- L Sl [11]HBNG
change resonance, and more red shifted values of emission. Further- Pre e (91um=0.9-107) A

—

more, [9]JHBNG also shows exceptional chiroptical properties with

the biggest values of gas and gum (3.6 X10) when compared to [10]JHBNG and [11]JHBNG owing to the fine alignment in the
configuration of [9]JHBNG between its electric and magnetic dipole transition moments. Furthermore, spectroelectrochemical studies
as well as the fluorescence spectroscopy support the aforementioned experimental findings, thus confirming the strong impact of the

helicene length on the properties of this new family of bilayer nanographenes.

INTRODUCTION

The discovery of graphene by A. Geim and K. Novoselov in
2004 laid the foundations of the science of single—atom-thick
layer materials or 2D materials.* Since this historic milestone,
the development of atomically thin layer materials -with carbon
and other elements of the Periodic Table- has been successfully
achieved along the last recent years. The new family of mo-
noelemental 2D materials, namely graphyne,? borophene,® ger-
manene,* silicene,’ stanene,® plumbene,” phosphorene,? antimo-
nene® and bismuthene,* was rapidly followed by the search for
multielemental layered materials.!* The main expectation is
that, given their exceptional properties, 2D materials could re-
place conventional semiconductors to deliver a new generation

of electronics with applications in sensors,'? low-cost organic
solar cells,®® LEDs,** transistors,'® piezoelectrics,'® supercon-
ductors'” or magnetism,*® among others.

Chemically, the pristine forms of these materials show strong
in—plane covalent bonds and weak out—of—plane van der Waals
(vdW) interactions. The stacking of several layers generates
pseudocrystalline materials known as vdW layered solids.* Re-
markably, the twist angle between the layers of stacked 2D ma-
terials produces a moiré pattern forming a superlattice with a
new band structure that dramatically affects the electronic prop-
erties of the material.?° In this regard, Jarillo et al. have recently
reported that a two-layered graphene having a “magic angle” of



1.1° between the two honey-comb lattices shows superconduc-
tivity at 1.7 K.2t This finding represents an important landmark
in the search for high temperature superconductivity.??

Interestingly, the band gap properties of 2D materials can also
be modified by the quantum confinement of the electrons in di-
mensionally reduced structures (1D, nanoribbons; 0D, quantum
dots).2® As a consequence of the edge effects in nanosized frag-
ments of graphene, the so-called nanographenes (NGs), it is
possible to open up the zero band gap of graphene, leading to
semiconductor materials with potential applications in organic
electronics.?

Additionally, the bottom-up synthesis of monodisperse molec-
ular NGs by using the arsenal of organic chemistry reactions
allows controlling at will the size, morphology, and the ad-hoc
incorporation of defects in the final structure of the molecule.
This synthetic control allows, in turn, the fine-tuning of chemi-
cal, optical and electronic properties.?® In the last recent years,
a broad variety of molecular NGs has been synthesized by this
methodology, covering a wide range of shapes, from the
straightforward planar nanographenes? to curved,?” twisted?® or
helically arranged molecular nanographenes.? The incorpora-
tion of curvature, strain or helicity in NGs may introduce asym-
metry in the structures leading to the appearance of stereoiso-
meric forms,* that open the possibility of new applications de-
rived from their chiroptical properties.®

The combination of both, stacked vdW materials and quantum
confinement of electrons in hanographenes, leads to a new type
of molecular bilayer NGs whose properties remain basically un-
explored and scarcely reported.® In this regard, some of the co-
authors pioneered the topic® and our research group has re-
cently reported a helical bilayer nanographene [10]JHBNG in-
spired in the m-extended connection of a [6]helicene moiety and
two hexabenzocoronene (HBC) units (Chart 1).3* The length of
the resulting [10]helicene places the HBC fragments in a AA
stacking (AB for graphite) disposition.

Chart 1. Helical bilayer nanographenes (HBNGs) endowed
with helicenes of different length, which results in different
degrees of m-overlapping between the hexabenzocoronene
layers (HBC).

[9JHBNG
This work

[10]HBNG
ACIE 2018

[11JHBNG
This work

Herein, we report on the synthesis of new molecular bilayer
nanographenes starting from [5]helicene and [7]helicene, re-
spectively. Both systems lead to the expected formation of the
respective helical bilayers [9]HBNG and [11]JHBNG (Chart 1).
The different lengths of the helicene moiety ([9] and [11]heli-
cenes, respectively) make the HBC layers to be disposed with a
significantly different degree of overlapping between them.
This allows to address electronic features arising from the co-
facial coupling such as mixed valence effects in the oxidized
state, excimer-like formation in the excited state and Raman vi-
brational properties comparable to graphene and multilayer gra-
phene. Since the final bilayer NGs are obtained as racemates, a
careful separation of their respective enantiomers has been per-
formed by using chiral HPLC. Interestingly, the structural dif-
ferences have a strong impact on their chiroptical, photophysi-
cal, electrochemical and spectroelectrochemical properties,
which are discussed in the light of the previously synthesized

[10]helicene-containing bilayer [L0]JHBNG, whose new prop-
erties are also reported for the first time in this work. Singularly,
[9JHBNG displays one of the largest chiral photoluminescence
dissymmetry factors (Qum) reported for pure hydrocarbons. This
experimental finding arises from an alignment of the electric
and magnetic transition vectors, stemming from the fine bal-
ance between vertical and layered rt-conjugations.

RESULTS AND DISCUSSION

Inspired by the intriguing modification of the properties of 2D
materials by twisting stacking bilayers, we decided to unveil the
structural, chiroptical, photophysical, electrochemical and spec-
troelectrochemical properties of this family of helical bilayer
nanographenes (HBNG). For that purpose, we designed a bot-
tom-up synthetic strategy, in which starting from dihalo[n]heli-
cenes with different lengths (dichloro[5]helicene 1a* and di-
chloro[7]helicene 1b%),% it is possible to control the length of
the resulting helicene in the final HBNG ([9]HBNG and
[L1]JHBNG) and, therefore, the w-overlapping between the pla-
nar HBCs layers (Scheme 1).
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Scheme 1. Synthesis of helical bilayer nanographenes
[9JHBNG, and [11]JHBNG from dichloro[5]helicene 1a and di-
chloro[7]helicene 1b, respectively.

I. Synthetic procedure. The preparation of [9]HBNG and
[L1]JHBNG was achieved using our previously reported syn-
thetic strategy employed to prepare [L0]HBNG (Scheme 1).
These rapid syntheses consist of only four reaction steps start-
ing from dichloro[5]helicene 1a and dichloro[7]helicene 1b.
Pd-catalyzed Sonogashira cross-coupling reaction with (triiso-
propylsilyl)acetylene led to the protected dialkynylhelicenes 2a
and 2b, respectively. Thereafter, a new Sonogashira reaction
with 4-tert-butyliodobenzene, with in situ deprotection of the
TIPS groups using TBAF, added a benzene ring to each triple
bond affording 3a and 3b. Then, Diels—Alder cycloaddition of
tetra-4-tert-butylphenyl cyclopentadienone to the alkynes, fol-
lowed by the retrocheletropic liberation of carbon monoxide,



led to the corresponding helicenes endowed with two penta-
phenylbenzene groups 4a and 4b, respectively. Finally, Scholl
cyclodehydrogenation using 2,3-dichloro-5,6-dicyano-1,4-ben-
zoquinone (DDQ) and trifluoromethanesulfonic acid (TfOH)
formed 12 new C-C bonds, shaping the two HBC layers and
extending the helicene backbone from [5]- and [7]- to [9]- and
[11]helicene, respectively, yielding the desired [9]JHBNG and
[11]JHBNG compounds with good yields (61 % and 75 %, re-
spectively). The presence of ten 'Bu groups in each compound
enhanced the solubility of the final new molecules allowing the

[9]HBNG

[10]JHBNG

characterization by *H and **C NMR, FTIR and mass spectrom-
etry. The loss of 24 units in the molecular weight of 4a (MW=
1751) and 4b (MW= 1851) when they afford the final products
[9JHBNG (MW=1727) and [11]JHBNG (MW=1827), clearly
indicates the formation of 12 C—C bonds in the Scholl reaction
step and reveals the total graphitization of the HBC moieties.
Additionally, *H and *C NMR spectra only show the signals
corresponding to a half of the molecule in both cases, revealing
the presence of a C; rotational axis (Figures S7 and S8, see ESI).

[11]HBNG
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Figure 1. Molecular structures of compounds [9]JHBNG, [10]JHBNG?* and [L1]JHBNG obtained by X-ray diffraction from single crystals
(hydrogen atoms have been omitted for clarity). Lateral view (top), zenithal view (middle) and packing of the molecules where interstitial

solvents have been omitted (bottom).

The structures of [9JHBNG and [L1]JHBNG were solved by sin-
gle crystal X-ray diffraction (Figure 1). In both cases, centro-
symmetric crystals containing M and P isomers were obtained
from their respective racemic mixtures, unlike what happened
in [LOJHBNG, where the two isomers were spontaneously sep-
arated by crystallization, yielding enantiopure acentric crys-
tals.®

The comparison of the three crystal structures reveals some in-
teresting facts, and explains the differences observed in their
physical properties (see sections below). As expected, the
length of the helicene linker was found to be crucial in achiev-
ing a convenient location of the two HBC layers of the mole-
cules and proved to influence the overlap of the two nanogra-
phene fragments.

Thus, a total of 26 benzene rings in [9]HBNG are involved in
intense n— interactions resulting in a strongly overlapped bi-
layer when seen from a zenithal view (Figure 1 middle left, Fig-
ure S9, left). Consequently, the molecule adopts a remarkable
U-shape from a side view (Figure 1, top), with a small inter-
planar angle of 2.37° between the layers of the HBC subunits,
and a distance between the pivotal atoms of opposite 'Bu groups
of 5.185 A (C45-C127). Due to geometrical constraints, the
rings of the two layers are staggered, with an average distance
of 3.63 A between the centroids of one layer and the opposite
plane (Figures S9, S10, and Table S5; see ESI).

In [L0]JHBNG, the length of the helicene allows a partially over-
lapped AA-stacking of the two nanographene layers, with 14
rings participating in - interactions seen from a top view (Fig-
ure 1, middle and Figure S9, middle). The similarity with an



AA-type graphene stacking allowed the determination of an av-
erage distance of 3.54 A between the matching centroids of op-
posite layers (Table S5, see ESI). The angle between the HBC
planes has a value of 5.19°, giving a V-shape to [10]HBNG
(Figure 1, top and Figure S9, see ESI), while the distance be-
tween the opposing ‘Bu groups is 12.436 A (C99-C127) due to
the skewed structure arising from the partial overlap between
HBC subunits.

In the case of [11]JHBNG, the extension of the helicene linker
forces the two HBC layers to separate, resulting in a shifted bi-
layer that presents n—7 interactions between 10 benzene rings
(Figure S9, right). In this HBNG, only one of the peripheral
rings from each layer can participate in these bonds, and the
mean distance between centroids involved in ©t-7 interactions is
3.41 A. The length of the molecule is the largest of the three
(C45-C131=23.368 A), and it also displays the highest angle
between the two HBC layers (11.51°) generating a structure
with a distorted Z-shaped lateral view.

A consequence of the diverse shapes displayed by the three
HBNGs is the different packing observed for these molecular
nanographenes in their crystal structures (Figure 1, bottom).
[9JHBNG molecules are closely located in pairs (Figure S12,
see ESI) due to the strong intermolecular m—7 interactions
(3.359 A). Weak C—H--'m bonds join the pairs of molecules
leaving huge voids, where disordered solvent molecules are
lodged. Besides, columns of molecules are located at a perpen-
dicular angle in the crystal structure of [LOJHBNG, owing to
C-H--'m interactions. Finally, the packing of [11]JHBNG is
achieved by C-H---n supramolecular interactions between the
HBNGs themselves, but also between HBNGs and the intersti-
tial dichloroethane molecules.

Il. Electrochemical and Spectroelectrochemical
properties. The electrochemical properties of [9JHBNG,
[10]JHBNG and [11]JHBNG were evaluated by cyclic voltam-
metry (CV, Figure 2) in a 0.1 M solution of tetrabutylammo-
nium hexafluorophosphate (i.e., BusNPFs) as supporting elec-
trolyte, in a toluene/acetonitrile 4:1 mixture at room tempera-
ture. Table 1 shows the respective reduction and oxidation po-
tentials vs Fc/Fc* compared to hexa-tert-butylhexa-peri-hexa-
benzocoronene 'Bu-HBC as the reference.

Current

——— [9]JHBNG -
1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0
Potential [V] vs, Fc/Fc'

[10]JHBNG [11]JHBNG

T T

Figure 2. Cyclic voltammograms of helical bilayer nanographenes
[9]JHBNG, [10]JHBNG and [11]JHBNG vs Fc/Fc* in tolu-
ene/CHsCN (4:1).

Table 1. First Oxidation and Reduction Potential values of

‘Bu-HBC and molecular nanographenes [9]HBNG,
[LO]JHBNG and [11]JHBNG vs Fc/Fc* at rt.
Etox (V) EZox(V) Elrea(V) | E%rea(V)
tBu-HBC 0.75 - -2.24 -2.40
[9]HBNG 0.35 0.59 -2.18 -2.46
[10]HBNG 0.46 0.67 -2.23 -2.55
[11]HBNG 0.52 0.69 -2.22 -2.46

In all three cases, two quasi-reversible oxidation waves and two
quasi-reversible reduction waves are observed. The first oxida-
tion potential follows the order [9JHBNG (0.35 V) <
[LO]JHBNG (0.46 V) < [11]JHBNG (0.52 V). Interestingly, the
observed trend is the reverse to that expected according to the
extension of the m-conjugation of the helicene moiety. Com-
pared to '‘Bu-HBC (0.75 V), these bilayer nanographenes are
significantly better electron donors. The oxidation potentials
variation seems to indicate that the larger the n-n overlapping
of the two layers, the lower the oxidation potential values. This
experimental finding could be accounted for by the fact that the
radical-cation and the dication species (E'ox and E?x, respec-
tively) are stabilized through the interaction between the two
graphitized layers. This observation agrees with the location of
the HOMO on the bilayer moieties.3

Regarding the reduction potentials, previous studies on the
[LOJHBNG bilayer show that the reduction occurs, mainly, on
the helicene region where the LUMO is located,” and reduc-
tion waves at -2.18, —2.23 and —2.22 V are observed for
[9JHBNG, [10]HBNG and [11]JHBNG, respectively. In this
case, the smaller experimental variation might be influenced by
the torsional angle as well as by the number of ortho-fused
rings.
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Figure 3. UV-vis-NIR electronic absorption spectra obtained upon
electrochemical oxidation of [9JHBNG in a 0.1 M Bu4NPFs solu-
tion in CH2Cl2 at room temperature by using a thin layer spectroe-
lectrochemical cell. Black shadowed lines correspond to neutral
species; blue/red shadowed lines correspond to the first/second ox-
idized species. UV-vis-NIR electronic absorption spectrum of ‘Bu-
HBC radical cation is also showed (bottom, blue line) for refer-
ence.



UV-vis-NIR spectroelectrochemical measurements of the three
compounds have been carried out in a thin layer spectroelectro-
chemical cell (Figure 3 and Figure S17, see ESI). The first oxi-
dation of [9]JHBNG produces the appearance of two distinctive
absorption bands at 934 and 540 nm that compare with those of
the radical cation of 'Bu-HBC at 797 and 550 nm (Figure 3 bot-
tom; Figure S17a, see ESI). The observed 797 = 934 nm red-
shift agrees with the smaller oxidation potential of [9]JHBNG
relative to '‘Bu-HBC. The significant decrease of the oxidation
potential observed for [9JHBNG might reveal a twofold effect:
i) the involvement of the helicene moiety in the oxidation; and
ii) based on the previous wavelength red-shift of the absorption
bands, an inter-layer charge delocalization, which eventually
contributes to lower the oxidation potential.

In the case of the second oxidation process, which is only ob-
served in [9]JHBNG (i.e., not in 'Bu-HBC),this further oxida-
tion provokes a blue-shift of the main UV-Vis-NIR absorption
bands, in line with the confinement of one radical cation in each
HBC moiety due to charge repulsion in the dication state. The
strongest absorption band of the neutral at 373 nm in [9]JHBNG
progressively blue-shifts on oxidation to 362 and 333 nm in the
first and second oxidized species, respectively (Figure 3). Given
that the strong band in the neutral state is composed of transi-
tions emerging from the helicene and the HBC moiceties, the no-
table affectation of this band with oxidation supports that, upon
electron extraction, the charge is jointly stabilized by the two
moieties.

The electronic absorption spectra of [L1JHBNG in the two ox-
idation states display a progressive red-shift with increasing ox-
idation for the vis-NIR bands, in accordance with the charge
being stabilized in a similar way in the two redox species of
[11]JHBNG.

lll. Phothophysical properties of the racemic
mixture. The absorption spectra of the helical bilayer nanog-
raphenes [9]JHBNG (overlapped bilayer), [LOJHBNG (partially
overlapped) and [11]JHBNG (shifted bilayer) and of the mono-
layer nanographene, tert-butylated hexabenzocoronene, '‘Bu-
HBC, are shown in Figure 4. Their corresponding peak/shoul-
der wavelengths and absorption coefficients are collected in Ta-
ble 2. Shoulders were determined from the second derivative of
the absorption spectrum. The rigid and flat '‘Bu-HBC mono-
layer nanographene shows a structured absorption spectrum
with vibronic fine structure and a maximum at 360 nm, while
the helical bilayer nanographenes [9JHBNG, [10]HBNG and
[11]JHBNG display non-structured and broader absorption
spectra, extended to 569, 557 and 518 nm, respectively (absorp-
tion tails with at least 1 % absorption with respect to that of the
maximum), with slightly bathochromically-shifted maxima in
the 373-377 nm interval. Interestingly, the helical bilayer
nanographenes show allowed electronic transitions in the visi-
ble region above 400 nm, with absorption coefficients >10* M-
Iem. Conversely, the planar '‘Bu-HBC monolayer nanogra-
phene exhibits forbidden transitions in the visible region (g ~10°
M-cm™). Therefore, the more intense and redshifted absorption
bands observed in the visible region reflect the direct involve-
ment of both helicene and HBC moieties in the optical proper-
ties of HBNGs, in good agreement with previous literature on
curved molecular nanographenes containing both subunits.?’

‘Bu-HBC
—— [9]HBNG
[10]JHBNG
[11]JHBNG

Normalized optical density

300 350 400 450 500 550 600
Wavelength (nm)

Figure 4. Absorption spectra of '‘Bu-HBC and of helical bilayer
nanographenes [9JHBNG, [10]JHBNG and [11]JHBNG in CHCls.

Table 2. Data from absorption spectra of the helical bilayer
nanographenes [9]JHBNG, [L0]JHBNG and [11]JHBNG and
of the monolayer nanographene '‘Bu-HBC in chloroform.

Aabs/nm (&/Mcm1)a

349 (94600); 373 (136000); 392 (86300); 435
(20600); 502 (6200); 542 (4700)

360 (98600); 377 (103900); 415 (38800); 446
(18700); 462 (14400); 494 (8700)

339 (70800); 377 (125000); 415 (58200); 444
(26100); 491 (7300)

344 (63750); 360 (141700); 390 (46350); 439
(1600); 441 (1650); 445 (1800)

aJaps/NM (£ 1 nm) (e/M-1cm?) (£ 10 %)

[9]JHBNG

[10]HBNG

[11]HBNG

‘Bu-HBC

Regarding the fluorescence of the helical bilayer nanogra-
phenes, their corresponding emission spectra are shown in Fig-
ure 5. Compared to ‘Bu-HBC, they show broader, non-struc-
tured and red-shifted emission bands, with full width at half
maximum (FWHM) values in the ~2500-3000 cm* interval (cf.
~1600 cm* for 'Bu-HBC). The emission spectra have two main
features: i) in shape, they resemble more the emission spectra
of helicenes with one molecular band disclosing vibronic reso-
lution; and ii) the pronounced broadening is more typical of ex-
cimer-type emissions. According to (ii) the most redshifted ex-
cimer-like band is for [9]HBNG in line with the greater propen-
sity to form interlayer interactions. According to (i), the three
emissions have clear helicene contributions. Remarkably,
[9JHBNG (overlapped bilayer), the bilayer helicene with the
lowest number of fused benzene rings (9) and most overlapped
n-structure (i.e., larger m—mr interactions), displays the most
bathochromically shifted fluorescence (pointing to a more sta-
ble singlet excited state as compared to [10]JHBNG and
[L1JHBNG). It is likely that structural differences among the
bilayer nanographenes considering the increasing number of
benzene rings within the helicene framework, at the level of
their torsional angle or their interplanar angle, resulting in dif-
ferent interlayer interactions, might influence the distinct fluo-
rescence shifts and, therefore, the general photophysics of the
helical bilayer nanographenes. Emission data of the monolayer
nanographene 'Bu-HBC and of the helical bilayer nanogra-
phenes [9JHBNG, [10]JHBNG and [11]JHBNG are collected in
Table 3. The Stokes’ shifts of the bilayer nanographenes are
9419 cm? (204 nm) for [9]JHBNG, 8109 cm™ (187 nm) for
[10]HBNG, and 7585 cm™ (154 nm) for [11]HBNG, while the
planar and more rigid monolayer nanographene 'Bu-HBC



shows the lowest Stokes’ shift (7117 cm™®, 124 nm). This result
agrees with the lower molecular stiffness of the bilayer nanog-
raphenes studied and, notably, points to the higher singlet ex-
cited state reorganization energy of [9JHBNG compared to

[LO]JHBNG and, in particular, [11]HBNG (the one with the
lowest degree of overlap).

Table 3. Data from the excitation and fluorescence spectra of the helical bilayer nanographenes [9JHBNG, [10]JHBNG and
[11]HBNG and of the monolayer nanographene '‘Bu-HBC in chloroform.

T T T T T T
450 500 550 600 650 700
Wavelength (nm)

[9JHBNG

[11]HBNG

[10]HBNG

Figure 5. Fluorescence spectra of '‘Bu-HBC and of helical bilayer
nanographenes [9JHBNG, [10]JHBNG and [11]JHBNG in CHsCI.
Samples of [9]JHBNG, [10]JHBNG and [11]JHBNG in CHsCl under
365 nm lamp irradiation (bottom).

The estimated optical energy gaps were obtained from the in-
tersections between the normalized excitation and emission
spectra of the helical bilayer nanographenes [9]HBNG,
[10]JHBNG and [11]HBNG, as shown in Table 3. The found
values are between 2.3 and 2.6 eV. The fluorescence quantum
yields (Pem) of [9JHBNG, [10]JHBNG and [11]JHBNG (0.22,
0.10 and 0.11 respectively) were determined at room tempera-
ture using N2-purged solutions with optical densities < 0.1 at
395 nm, by comparison with the emission spectra of riboflavin
in ethanol (®em = 0.30 + 0.03). ®em variation of the three
HBNGs does not follow the energy gap law, however, they can
be accounted for, in part, by the increasing contribution of the
excimer-like emission which enlarges the FLQY in [9JHBNG
despite having the smallest optical gap.

max FWHM/cm™1 Stokes’ shift/cm?
Aem™/nm (shoulder) (eV) (eV) Eoo/eV Dem

[9]HBNG 575 (611) 2547 (0.32) 9419 (1.17) 2.35+0.09 0.22 £0.02

[10]JHBNG 543 (567) 2943 (0.36) 8109 (1.00) 2.49 +0.09 0.10 £+ 0.01

[11]HBNG 528 (551) 3012 (0.37) 7585 (0.94) 2.58 +0.09 0.11+0.01

445, 454, 464, 475, 484, 493
- ’ 4 4 ’ ’ ’ 27c 27c., 39

tBu-HBC 518, 528, (537), 556, 567 1613 (0.20) 7117 (0.88) 2.65+0.13 0.02+0.01
Regarding the time-resolved emission of helical bilayer nanog-
——'Bu-HBC raphenes [9JHBNG, [10]JHBNG and [11]HBNG, fluorescence
—[9]HBNG decay profiles in chloroform at 300 K are shown in (Figure S18,
. {:‘1’}:3:2 see ESI). While [9]HBNG and [10]JHBNG, the HBNGs with
@ strongly and partially overlapped bilayers, required multiexpo-
) nential fittings of the decay function, [11JHBNG, the one with
£ a shifted bilayer, exhibited a monoexponential behaviour. The
Q discrete lifetime components (z;), preexponential factors (B;),
- zero-time intensities (Ij) and averaged lifetimes (intensity
£ weighted, zit, Or amplitude weighted, zamp) are collected in (Ta-
S ble S6, see ESI). The intensity-weighted average lifetimes of
[9]JHBNG (13.4 ns) and [10]JHBNG (12.2 ns) determined at the
wavelength of the emission intensity maximum display longer

lifetimes than [11]JHBNG (8.7 ns), which exhibits the most
blue-shifted emission among the helical bilayer nanographenes,
according to the less stable nature of its singlet excited state of
higher energy.

From the amplitude-weighted fluorescence average lifetimes
and fluorescence quantum yields, the radiative (k;) and non-ra-
diative (knr) deactivation rate constants of the respective singlet
excited states were calculated (Table S7, see ESI).“* Interest-
ingly, while all the k; values are rather similar among the studied
helical bilayer nanographenes (ca 1-2 x 107 s?), [L0]JHBNG
and [11]JHBNG, the molecular nanographenes with less bilayer
overlaps, show the largest ky values (1-1.5 x 108 s?), which
could be due to their higher structural mobility because of their
less overlapped nature compared to their more n-stacked and
constrained counterpart [9JHBNG. As a result, it could be con-
cluded that the greater the structural overlap between nanogra-
phene layers, the more the relative radiative deactivation is fa-
vored, leading to higher emission quantum yields and longer
fluorescence lifetimes.
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Figure 6. a) Solid-state Raman spectrum at room temperature of
[10]JHBNG (hexe= 1064 nm). b) Raman spectra of a) ‘Bu-HBC
(Rexc= 1064 nm), b) [9JHBNG (exc= 325 nm) ¢) [LOJHBNG (Aexc=
1064 nm) and d) [11]HBNG in solid state at room temperature.

The Raman spectra of the three bilayer compounds (Figure 6),
have been measured and obtained in solid state by using differ-
ent excitation laser wavelength to avoid the adverse effect of
fluorescence. Indeed, for [LOJHBNG and [11]HBNG, the 1064
nm-Raman spectra were obtained whereas for [9JHBNG large
fluorescence and reabsorption in the NIR region precludes to
obtain Raman spectra of quality. Contrarily, however, these
were obtained in [9JHBNG by excitation in the UV region with
the 325 nm laser Raman line. The Raman spectra are all char-
acterized by the presence of two main groups of bands at 1600
and 1350-1300 cm™ which are the typical G and D Raman
bands which feature the vibrational Raman spectra of graphene
and graphitic-like systems (Figures S20 for the assignment of
the most representative Raman bands in terms of vibrational
normal modes according to the theoretical spectra (Figure S19,
see ESI). In particular, the 1064 nm Raman spectrum of
[10]JHBNG represents the molecular version of the complete
Raman spectrum of graphene and multilayer graphene. The
packing of graphene layers, one on the top of the other, pro-
duces the activation and appearance in the Raman spectra of
new bands associated with the double and triple wavenumbers
of the fundamental phonon Raman vibrations. The occurrence
of such multiphonon bands is an intrinsic characteristic of the
pilling of graphene layers. In the Raman spectrum of
[10]JHBNG, it is clearly observed the presence of overtones and
combination bands, which are the molecular equivalent of the
multiphonon Raman bands in multilayered graphene.

Among the Raman spectra of the three bilayer compounds, that
of [10]JHBNG shows the largest similarity with that of Bu-
HBC in the wavenumber region of the G Raman band at 1613
cm* whereas the G band of [9]JHBNG at 1630 cm! is that with
the largest difference relative to ‘Bu-HBC. The variation 1613
(‘Bu-HBC)->1630 ([9]HBNG) cm can result by the vibra-
tional mixing of these C—C bond stretching of the HBC moiety
with that of the helicene (Figure S20), an effect that might ac-
count for the wavenumber upshift of these Raman bands.

IV. Chiroptical properties of enantioenriched
HBNGs. Racemic helical bilayer nanographenes [9]HBNG,
[L0]JHBNG and [11]JHBNG were resolved by means of semi-
preparative CSP HPLC using Chiralpak IE column and a mix-
ture of heptane and 1% isopropyl alcohol in toluene. The purity
and optical rotation of the separated enantiomers of [9]HBNG,

[LOJHBNG and [11]JHBNG are shown in Table 4. All enanti-
oenriched samples show excellent enantiomeric excess (ee) ex-
cept for the case of (+)-[L0]JHBNG that shows 73 % ee. Addi-
tionally, the chiroptical circular dichroism for the six enantioen-
riched samples were measured in THF (2.5 x 10°° M).

Table 4. Data from the separation of the racemic HBNGs by
HPLC.

OR? 102 x HPLC ee (%)
[a]p?® Jabs
(+)-[9]HBNG +6706 +3.6 98
(-)-[9]HBNG —-7120 -2.8 99
(+)-[10]HBNG +2447 +1.4b 73
(-)-[10]HBNG —4480 -1.6 99
(+)-[11]HBNG +4033 +1.0 99
(-)-[11]HBNG -4270 -1.0 99

@0ptical rotation in THF. In addition to the loss of material dur-
ing chromatography (especially in the case of [10]HBNG, there
were residual solvents present in the resolved samples, mainly tol-
uene and/or dichloromethane. Section 9, see ESI). The larger dis-
crepancy in the absolute values of the optical rotations of the oppo-
site enantiomers is due to the presence of residual solvents after
HPLC separation, see ESI for details. ®Corrected to optical purity
(i.e. scaled by a factor of ~1.4).
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Figure 7. Circular dichroism spectra of (+)-[9]HBNG and (-)-
[9]JHBNG (above), (+)-[10]JHBNG and (-)-[10]HBNG (middle),
and (+)-[11]JHBNG and (-)-[11]JHBNG (below). The CD spectrum
of (+)-[10]HBNG (including gabs factor) is corrected to optical pu-
rity (i.e. scaled by a factor of ~1.4).

The CD spectra of [LOJHBNG and [L1]JHBNG show mainly
two critical points in the visible region at 380 nm and 450 nm,
arising from the helicene linker and the HBC layers, respec-
tively (Figure 7). However, CD spectra of [9]JHBNG show
three maxima or minima in the same region at 380, 400 and 530
nm, in this case the contribution of the helicene linker and the
HBC are mixed indicating that the total overlap of the HBC lay-
ers can play an important role in the chiroptical properties (see
below). Comparing the CD spectra of [LOJHBNG with the pre-
viously described spectrum of M-[10]JHBNG,* the absolute
configuration of both enantiomers of [L0JHBNG can be as-
signed as (P) for the dextrorotatory enantiomer and (M) for the
levorotatory enantiomer.

Note that the absorption dissymmetry factors (gaps) are quite
high (1-3.6 x 10?) and of the same order as the gim values (see
below), reflecting small structural and electronic reorganization
of the excited state prior to the emission process. In addition to
the optical rotation and circular dichroism of chiral molecules,
a particular focus has recently been put on their circularly po-
larized emission (CPL).** Helicenes have shown to display ra-
ther strong CPL activity with emission dissymmetry factors
(i.e., gum) values as high as 102.%2 Recently, the possibility to
incorporate heteroatoms (Si, S, B, N, P) into helicene frame-
works by using different synthetic strategies has attracted a spe-
cial attention with the aim of creating structural diversity and
tuning the photophysical properties of such systems.**However,

CPL-active all-carbon PAHSs are still scarce and the preparation
of PAHSs with strong CPL activity is still challenging.**

Interestingly, [LOJHBNG and [11]JHBNG exhibit intense CPL
spectra, positive for the (P) enantiomers and negative for the
(M) ones. Remarkable gium values (i.e., gum =2(I. — IR)/(IL + Ir),
IL and Ir being the left- and right-handed luminescent emis-
sions, respectively) were obtained. Indeed, gum values of +1.1
X 102 /-1 x 102 at 540 nm for (P)-[10]HBNG and (M)-
[10]HBNG, and of +8.4 x 10°/-8.9 x 10 at 535 nm for (P)-
[11]HBNG and (M)-[11]JHBNG, were measured, respectively.
Note that higher absolute values were found for the (M) enanti-
omers as compared to the (P) ones, probably due to higher
chemical and enantiomeric purities. Remarkably, much higher
gum Values were obtained for (P)-[9JHBNG and (M)-
[9]HBNG, i.e. +3.6 x 102 /-3.6 x 102 at 580 nm, respectively
(Figure 8).

The experimental values of gumagree very well with the theo-
retical values in Table 5 calculated from the quantum chemical
quantities, such as the electric transition dipole moment
(ETDM, ) and the magnetic transition dipole moments
(MTDM, m) according to the equations:

R =u| |m| cos @
uum = (4]m|/|u]) cos €

-2, A
4%10 — ("‘)'IQ]HBNG ]
2 (+)-[10]HBNG
2x1075 — (+)-[11]JHBNG
B
-2x102 \ 7" (H9HBNG | ¥
\ /’ (-)-[10JHENG | o
-4%102 e -- (--[11]HBNG |2 2
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Figure 8. CPL/PL spectra of (P) and (M) enantiomers of

[9JHBNG, [10]HBNG and [11]JHBNG in THF at room tempera-
ture and at concentrations around 10> M.

Table 5. TD-DFT/B3LYP/6-31G** quantum chemical calculations of the relevant quantities defining the gass for the three

compounds.
Wavelen- Oscillator ETDM (z) mo- MTDM (m) mo- ETDM/MTDM Rotational strength 102x dissymmetry
gth? strength (f)° dulec duled angle ()¢ (R)f factor (gum)?
[9]HBNG 406.6 0.0771 1.0160 2.6270 3.4 2.664- 103 1.03
[10]HBNG 404.4 0.0671 0.9453 1.4014 17.78 1.261- 103 0.56
[11]HBNG 389.5 0.0548 0.8385 1.7485 63.51 0.654- 103 0.37

2 In nanometers,® In atomic units,® Electric transition dipole moments in 10-8 esu-cm,? Magnetic transition dipole moments in 102
erg/Gauss,® In degrees. In erg.esu.cm/Gauss, ¢ Dimensionless values.




Figure 9. Direction and moduli of the ETDM (blue arrow) and
MTDM (red arrows) in [9JHBNG.

Table 5 summarizes the main values obtained with TD-DFT
quantum chemical calculations for the three compounds. We
adopt the accepted approximation of discussing the experi-
mental gium compared with the computationally available Qaps
when emission and absorption corresponds to the same lowest
energy electronic transition. The dissection of the gaps Values in
term of the microscopic quantum chemical quantities allows us
to provide guidelines to account for the different chiroptical per-
formance of the three compounds. First, TD-DFT calculations
nicely predict the experimental variation of the gium in the three
compounds as well as their order of magnitude. The largest
value is found out in [9]HBNG with a value above 102 which
is very remarkable for organic pure hydrocarbon dyes. On the
other hand, the values for [L0JHBNG and [L1]JHBNG are
smaller by a factor close to 4 in good agreement with experi-
ments. We have found out that the moduli of the ETDM and
MTDM transition vectors are the largest in [9JHBNG whereas
displaying the smallest/largest angle/cosine between them, thus
the three factors add to produce the largest gass for [9JHBNG
(Figure 9 and Figure S25, see ESI, show the direction and mod-
uli of the ETDM and MTDM for the three systems). This fact
points out to the design in [9]JHBNG to be optimal for gans. The
largest value for ETDM in [9JHBNG comes from a significant
extension of the optical HOMO-to-LUMO one-electron excita-
tion over the more planar HBC moiety, a situation that is more
favorable in [9]JHBNG because of the smallest helicene seg-
ment. On the other hand, the largest MTDM module, con-
versely, arises because there is a significant extension, among
the three compounds, of the HOMO-LUMO excitation over the
helicene curvature, thus promoting a pseudo-local rotation of
the electron density during HOMO-LUMO excitation at the
origin of the MTDM. This interpretation is supported by the
electrochemical data: i) the smallest oxidation potential of the
three compounds in [9]HBNG indicates an important extension
of the HOMO, among the three compounds, in the HBC units
further helped by the inter-layer interaction. And ii) the smallest
potential for the first reduction in [9JHBNG supports that the
LUMO is greatly extended over the helicene but also with par-
ticipation of the HBC unit. This synergistic combination of the
frontier HOMO and LUMO orbitals between the helicene and
the HBC produces the optimal situation for the increment of
glum-

As proposed by Zinna and coworkers,*® one may consider the
brightness, defined as BcpL = £ % @ X gum / 2. By this way, we
take into account the overall process through absorption, quan-
tum yield and dissymmetry factors efficiencies. Average values
of 81, 20 and 27 for [9]JHBNG, [1L0]JHBNG and [11]JHBNG,
respectively, are obtained (Table 6). These values are signifi-

cantly higher than the average Bcp. values of helicene deriva-
tives (BcpL 14.10 for [9]helicenes and 1.35 for [11]helicenes)*®
and highlight the fact that a balanced n-extension of the chro-
mophore between the planar HBC (promoting large ETDM)
and the pro-chiral helicene (promoting large MTDM) is an ap-
pealing alternative to obtain good emission and chiroptical
properties.

Table 6. Data from the circular polarized luminescence of
the enantioenriched helical bilayer nanographenes
[9JHBNG, [10]HBNG and [11]HBNG.

& (ﬂvexc)a’ b CI)Fluoa 102 x Glum BCPLb
(+)-[9]HBNG +3.60 81
20600(440) 22
(-)-[9]HBNG -3.60 81
(+)-[10]JHBNG +1.10¢ 21¢
38800(420) 10
(-)-[10]JHBNG -1.00 19
(+)-[11]JHBNG +0.84 27
58200(420) 11
(-)-[11]HBNG -0.89 28

agand ®ro Were obtained from the racemic mixture, ® M cm?,
¢ gum and Berr of (+)-[10]JHBNG s corrected to optical purity (i.e.
scaled by a factor of ~1.4).

CONCLUSIONS

In summary, we have carried out the bottom-up synthesis of two
new helical bilayer nanographenes, namely [9JHBNG and
[11]HBNG, following a similar methodology to that used for pre-
viously synthesized [10]JHBNG. A full comparative spectroscopic
(electronic, vibrational Raman and chiroptical), electrochemical
and solid-state study of the three compounds is carried out. Inter-
estingly, comparison of [9]JHBNG, [10]HBNG and [11]JHBNG
helical bilayers endowed with [9], [10] and [11]helicenes em-
bedded in their structure, respectively, afford distinctive and un-
expected properties, depending upon the overlapping degree be-
tween the two HBCs, determined from the X-ray data obtained
for the three NGs.

The cyclic voltammetry reveals, unexpectedly, the strongest
electron donor character for the lesser m-extended system
[9JHBNG, which is also supported by the spectroelectrochem-
ical studies. The significant decrease of the oxidation potential
observed for [9]JHBNG and the red-shift observed in the absorp-
tion bands of the radical cation of [9JHBNG, have been ac-
counted for by a charge delocalization between the two HBC
layers, which eventually contributes to a lower oxidation poten-
tial. Actually, this inter-layer communication could also under-
pin the differences found in the fluorescence spectrum meas-
ured for [9]JHBNG when compared to compounds [10]HBNG
and [11]JHBNG.

The differences observed for [9]JHBNG, due to its strong over-
lapping between the two layers, is also found in the exceptional
chiroptical properties that it exhibits, with values of gium as high
as 3.6 x1072,

Thus, the experimental findings show that this type of helical
bilayer nanographenes (HBNGs), formed by two n-n stacked
hexabenzocoronenes (HBC) covalently connected through a
(chiral) helicene, resemble van der Waals layered 2D materials,
where the overlapping between the layers defines the properties
of the materials. These findings pave the way to new NGs
whose properties can be controlled by the length of the embed-
ded helicene and the inter-layer interactions.
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