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ABSTRACT

In this work, we present an efficient synthetic methodology that allows precise and selective control on the C-C bonds during the
Scholl reaction. The first ever described hexabenzocoronene (HBC)-containing helical twistacene NG2 has been obtained with
very high yield and practically no need for purification, starting from a helical-twisted hexacene NG1. X-ray analysis reveals an
end-to-end twist angle, from approximately 145° in NG1 to 132° in NG2. This approach has provided access to nanographenes (NGs)
with improved properties compared to their planar analogues, in particular, enhanced solubility and high stability. In addition,

they exhibit interesting redox properties, which, together with their high molar absorbance and optimal energy levels, highlight

their potential as new organic semiconductor materials for emerging photovoltaic and electronic technologies.

1 | Introduction

Recent research in materials field has focused on nanographenes
(NGs), that is, structurally extended polycyclic aromatic hydro-
carbons (PAHs) with unique electronic, optical, and mechanical
properties [1-3]. Among these, hexa-peri-hexabenzocoronene
(HBC) is considered the smallest and most representative mem-
ber of the NG family [4-7]. Since the first synthesis of HBC in
1958 by Clar and coworkers [5], several groups have reported
alternative procedures to obtain this fascinating structure. [8-
19] Among them, the synthetic methodology reported by Mullen
et al. based on the cyclotrimerization of diphenylacetylenes
followed by oxidative cyclodehydrogenacion (Scholl reaction)
had aroused great interest due to its versatility [8], thus allowing
the access to new HBC-based NGs.

NGs show promising potential in various applications, including
molecular electronics, photonics, energy conversion, chemical
sensing, and gas storage [20-24]. The forefront of research aims
to utilize organic chemistry to optimize NGs synthesis facing the
low processability and the zero band gap of the conventional
graphene. However, it is common to observe that NGs exhibit also
low processability, which is mainly attributed to the lack of solu-
bility of planar 7-system, promoting the formation of aggregates
in solution. Additionally, there are some NGs, such as the acene
family, that are unstable [25], a factor that leads to a limitation
in the lifetime of these materials in potential future applications.
In fact, the synthesis of extended NGs is a current challenge as
it requires the generation of soluble and stable intermediates,
which makes purification, characterization, and processing dif-
ficult, thereby limiting the comprehensive exploration of their
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fundamental properties. Consequently, improvements in the
design of these systems appear crucial to overcome that limi-
tation. Various strategies have been developed to enhance the
solubility and stability of larger acenes. Among them, including
bulky substituents at specific positions in the aromatic core
efficiently improves the solubility allowing the purification and
characterization processes. Regarding the stability, increasing the
number of Clar’s sextet [26] as well as including heteroatoms
into the conjugated framework allow the obtention of more stable
acene-derived systems [27, 28].

Twistacenes are topologically interesting molecules which can
overcome some of these challenges [29-40]. This family of
helical twisted PAHs is more soluble compared to their planar
counterparts due to their low efficient packing through 7-7
stacking. In addition, the introduction of torsion in PAHs gives
rise to the emergence of new properties, such as chirality [41-46],
which has very significant applications in the field of nonlinear
optics [47-50]. Pascal and coworkers has studied in detail this
family of compounds. In 2004, a pentacene derivative with a 144°
twist [36], the most highly twisted PAH prepared until then, was
prepared in his research group (Figure 1). In 2012, the group
led by Zhang reported the synthesis of a stable nona-twistacene
obtained by a retro-Diels-Alder reaction [34]. Later, in 2018,
the same group presented the synthesis of a dodeca-twistacene
[35]. Both structures used pyrene as the main structural unit
(Figure 1). The addition of an extra pyrene unit in the center of
the aromatic core induced a twisted angle of124.7°. As aresult, the
main skeleton of the compound does not exhibit good planarity
and differs significantly from pyrene-containing nitrogen-doped
NGs [28] becoming the longest twistacene synthesized to date.
However, it was at the beginning of 2018, when Kilway and
coworkers reported the most distorted twistacene, with an end-
to-end torsion angle of 184° [32], making it the widest recorded
torsion angle (Figure 1). Hence, two key structural motifs present
in these structures are a sterically impeded pyrene moiety
(highlighted in blue) and phenanthrene units (highlighted in
pink) at the ends of the acene skeleton. Since the photophysical
properties depend significantly on the structural variables of the
NGs, the combination of both structural motifs is an interesting
approach to provide a new perspective in the design of new
helical twisted NGs with high chemical stability and great
torsion.

In this work, we present the efficient synthesis of the first
example of HBC-containing helical twistacene, which features
excellent solubility and high stability, fundamental aspects for its
integration into optoelectronic devices. In this context, we report
the synthesis, complete characterization, and crystal structures
of NG1 and NG2, which have an end-to-end twist angle of
approximately 145° for NG1 and 132° for NG2. The synthetic
strategy involves a sequence of two Diels-Alder cycloadditions
based on aryne chemistry and Scholl reaction. Together, this
molecular approach not only synergistically integrates helical
distortion with aromatic flatness in a single architecture but also
opens the door to the development of new materials with highly
sophisticated electronic, optical, redox, and self-assembly proper-
ties, with great potential for applications in nanotechnology and
advanced optoelectronics.

Schematic representation of helical system
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FIGURE 1 | Schematic representation of helical system. Selected
previous examples of twistacenes. Newly synthesized helically twisted
NGs together with their crystal structures.

2 | Results and Discussion

The synthesis of NG1 and NG2 is shown in Scheme 1. To
synthesize NG1 through an AB-type Diels Alder reaction, a
synthesis of the initial substrates as compound was necessary.
A [51] and B1 [52] were prepared from commercially available
compounds, respectively, reported in the literature. The first one
was prepared via a double Knoevenagel condensation between
a tetra-oxidated pyrene unit substituted with ‘Bu groups and a
propanone derivative [53]. Meanwhile, the latter, compound B1,
is an aryne precursor already well described in previous works
of our research group. Our wide experience in aryne’s chemistry
prompted us to study the reaction of phenantryne Bl with the
biscyclopentadienone A. In this specific case, the DA reaction
needs the presence of a fluoride source to generate the aryne in
situ, the phenanthryne (B2). Following well-known procedures
[12], phenantryne precursor B1 was treated with CsF in presence
of A at 60°C for 16 h. Subsequently, the mixture was further
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SCHEME 1 | Synthesis of NG1and NG2

heated to 160°C to promote the chelotropic extrusion of CO,
allowing the obtention of NG1 in 58%. It is important to note
that after the two-fold [4+2] reaction, only the intermediate trans-
1 is identified, whose structural characterization was achieved
by X-ray diffraction analysis. Finally, the graphitization process
(Scholl reaction) was performed using FeCl, (40 eq) with CH;NO,
and conducting the reaction at room temperature for 18 h,
satisfactorily produces the desired product, NG2 in an excellent
yield.

Owing to the excellent solubility of both compounds in common
organic solvents, we tackled their structural characterization.
The 'H NMR spectrum in deuterated tetrachloroethane shows
a set of well-defined signals at room temperature for NG1 and
NG2, which were assigned using *C and 2D NMR experiments
(Supporting Information, Figures S1-S16), are in agreement
with the target structure. It is important to note that, at room
temperature, it was not possible to assign all the aromatic NG2
signals. However, it was necessary to cool the sample to -10°C to
observe all the signals in the '"H NMR spectrum clearly (Figure 2
and Supporting Information, Figure S17). This suggests that the
structure is not completely rigid and that its dynamic behavior is
temperature-dependent.

Additionally, its exact mass for NG1 (m/z = 1243.687 [M]*)
and NG2 (m/z = 1234.6459 [M]") were also identified by high-
resolution matrix-assisted laser desorption ionization/time-of-
flight mass spectrometry (MALDI-TOF). The isotopic distribution
obtained is consistent with the calculated one, supporting the
proposed structure (Supporting Information, Figures S18-S21).

The crystallization process represented a crucial step in assessing
reaction conditions. Thanks to the crystal of the intermediate
precursor 1, we realized the Diels-Alder reaction required a
higher temperature in order to obtain the desired product. The
crystal structure of intermediate precursor 1 was confirmed
through X-ray analysis of the crystals grown by slow diffusion of
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FIGURE 2 | 'H NMR (600 MHz, CD,CD,Cl, at -10 °C) spectra of
NG1 (bottom) and NG2 (top).

FIGURE 3 | (a—c) Single-crystal structures of 1 from different view-
points (d) Crystal packing of 1

methanol into a solution of the compound in toluene (Figure 3).
Due to the steric hindrance caused by the bulky substituents,
the X-ray structure exhibits a trans configuration, which means
that the rings constituting the phenanthrene unit (A and C) are
arranged in parallel alternately to each other at a distance of 8.08
A and forming a 90° angle concerning the central pyrene rings B
(Figure 3 and Supporting Information, Figure S30).

In addition, we observed the establishment of 7 interactions
between the cores of phenanthrenes (A and C), simultaneously
generating H-7r interactions between the hydrogen atoms of
phenanthrenes and the central ring of pyrene (Figure 3d, and
Supporting Information, Figure S31c, d).

The crystal structure of the NG1 was isolated and studied,
showing the structure presented in Figure 4. The structure of
NG1 was also confirmed by single-crystal X-ray diffraction of the
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FIGURE 4 | (a-c) Single-crystal structures of NG1 from different
viewpoints. (d) Structure of a pair of enantiomers of NG1 (e) Crystal
packing of NG1.

crystals grown by slow diffusion of acetonitrile into a solution
of the compound in toluene. The compound has monoclinic
symmetry and belongs to the C,,. space group and presents a
significant distortion in its structure, due to the incorporation
of bulky substituents in the periphery of the acene skeleton (p-
tert-butylphenyl groups) which increase the H-C,, nonbonded
repulsions favoring the twist (Figure 4, a-c). Thus, in such a
sterically hindered 7 system, “the twist” came to disrupt the 7-
stacking interactions. Even so, the bay region in each extreme of
the molecule plays, as well as, an important role in the generation
of the torsion if we compare it with the tetracene derivative
synthesized by the research group of Mastalerz [38]. The same
group, in 2016, isolated a similar hexacene structure, in this case
with triptycene in each extreme, but it did not show a twist, even
so, a conformer with a twisting angle of 78° was postulated by
computational studies [51].

The main moiety of NG1 is the central pyrene unit (labeled as B)
that connects the two terminal phenanthrene units, identified as
A and C, respectively. The total length of NG1 is approximately
17.312 A, and its height is about 15.533 A (Figure 4a and b). On
one side, the two phenanthrene units (A and C) are situated
in different planes, forming an end- to end torsion angle of
145° between them (Figure 4a, b and c). On the other side,
each phenanthrene forms an angle of 72° with respect to the
plane formed by the central pyrene (Figures 4b and Supporting
Information, Figures S32 and S34).

These results indicate that the main skeleton of NG1 does not
exhibit optimal planarity. As a consequence of this distortion,
NG1 crystallized in the form of a double helix structure composed
of a pair of enantiomers (Figure 4d), exhibiting the self-assembly

FIGURE 5 | (a—c) Single-crystal structures of NG2 from different
viewpoints. (d) Structure of a pair of enantiomers of NG2 (e) Crystal
packing of NG2.

motif shown in Figure 4e and Supporting Information, Figure
S33 showcasing heterochiral packing. Thus, the combination of
a substituted central pyrene with two phenanthrene units at the
end is an interesting approach to develop and design more stable
acenes with potential chiroptical properties.

In addition, the structure of NG2 was also confirmed by single-
crystal X-ray diffraction of the crystals grown by slow diffusion of
methanol in a solution of the compound in toluene and CS,. In
comparison with NG1, in NG2 four additional phenylene rings
are formed into the HBC core, which significantly alters the
geometry of the NG. As a result, the core structure of NG2 is
based on an extended HBC (Figure 5a). On the one hand, the two
phenanthrene units (A and C) lie in distinct planes, defining an
end-to-end torsion angle of 132° (Figure 5b). On the other hand,
the phenanthrene labeled C forms an angle of 14.3° with respect
to the plane of the central pyrene (also labeled B), indicating
that the HBC core is not completely flat, but exhibits a slight
distortion induced by tert-butyl groups. These solubilizing groups
are arranged alternately above and below the molecular plane
(Figures 5a and Supporting Information, Figures S35 and S37).
It should be noted that, unlike NG1, NG2 does not crystallize
adopting a double helix structure, but presents a homochiral
packing characterized by 7-7 interactions between the HBC
cores, located at a distance of 4.75 A (Figure 5d). On the other
hand, the helical part of the acene establishes 7-7 interactions
with the twist portion of the acene belonging to the adjacent
molecule, with a distance of 6.70 A (Figure 5e and Supporting
Information, Figure S36).
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The resolution of the two enantiomers of each NG was attempted
using HPLC and different semi-preparative chiral columns (CHI-
RALPAK IA/IB). However, despite numerous trials using ternary
solvent mixtures, for NG1, hexane/THF/IPA (80:19:1) and for
NG2, hexane/THF/IPA (60:39:1), only two largely overlapping
peaks could be observed in the analyses of NG1 and NG2, which
prevented any analytical resolution (Supporting Information
Figures S38 and S39).

The exceptional solubility of NG1 and NG2 in common organic
solvents (toluene, THF, and chlorinated solvents) at room tem-
perature is primarily attributed to the distortion present in its
skeleton. A fundamental part of understanding the usefulness
of prepared NGs is to characterize them in terms of their
optoelectronic characteristics. To evaluate these properties and
its potencial as organic semiconductor compounds, it is inter-
esting to determine the energies of the HOMO and LUMO
orbitals. On one hand, absorption spectroscopy studies of the
target compounds provide an estimated value of the optical
band gap (Eg,*"), taking into account that the lowest energy
UV-Vis band corresponds to the HOMO-LUMO monoelectronic
excitation. The spectroscopic measurement of NGs in toluene at
room temperature provided the absorption spectra represented in
Figure 6a. In the case of NG1, the spectrum presented a band at
350 nm with an extinction coefficient of 97551 Lmol™'cm™ and
NG2 exhibited an extinction coefficient of 101517 Lmol~'cm™ at
407 nm (Figure 6a and Supporting Information, Figure S22). The
electronic absorption spectrum of NG2 appears bathochromi-
cally shifted in comparison with NG1 as a consequence of the
extension in the effective conjugation (Figure 6a).

On the other hand, the emission spectra were also investigated in
toluene (Figure 6b). Under excitation of the longest wavelength
(350 nm for NG1 and 407 nm for NG2), the photoluminescence
spectra showed a maxima emission band at 460 nm with a
quantum yield of 13.6% for NG1 and two maxima emission band
at 512-550 nm with a quantum yield of 8% for NG2. As expected,
the emission spectrum of NG2 also exhibits a bathochromic shift
compared to the NG1 spectrum. This is due to the emission band
is originated from the absorption band that is more red-shifted in
the spectrum, and therefore, it is a result of the longer extension
of the 7-system in NG2.

The electrochemical properties of NGs were studied by Cyclic
Voltammograms (CV) and Square Wave Voltammetry (SWV) in
saturated 0.1 M solution of nBu,NPF, in CH,Cl, using a three-
electrode small cell septum, with a glassy carbon disk electrode
serving as the working electrode, an Ag reference electrode, and
a Pt counter electrode (Figure 6¢ and Supporting Information,
Figure S23). The voltammograms in CH,Cl, reveal an oxidation
potential with values of 0.75 and —0.05 V (vs Fc/Fc*t) for NG1 and
NG2, respectively. However, no distinct reduction processes were
observed within the solvent-electrolyte window. The oxidation
wave is more cathodically shifted and broader in the case of NG2,
which is consistent with the extended conjugation.

The energy gaps were estimated from the absorption onset of the
longest absorption wavelength (Figure 6a). The (E,,,*™") of NG1
and NG2 were 2.94 and 2.45 eV, respectively. From the onset of
the first oxidation wave (Figure 6c and Supporting Information,

Figure S23), we could estimate the energy of the HOMO levels as
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FIGURE 6 | (a) UV-Vis electronic absorption, (b) photolumines-
cence spectra in toluene (c) Cyclic voltammograms (CV) and Square
Wave Voltammetry (SWV) in Ar saturated 0.1 M solution of nBuyNPFg
in CH,Cl,. Potential versus Fc/Fct of NG1 and NG2. (d) Energy levels of
NG1 and NG2.

-5.45 and -4.74 for NG1 and NG2, respectively. Consequently, the
LUMO energy levels have been determinated from the difference
between Ejjomo and E,,,°* and are —2.51 and -2.30 eV for NG1 and
NG2, respectively. The energy gaps are represented in Figure 6d.

We also performed chemical oxidation of NGs using antimony
chloride (SbCl;) as an oxidizing agent, monitoring the process
using UV-Vis-NIR absorption and 'H NMR spectroscopy. The
study began with NG1 (8.64 x 10=° M in DCM). After the
incremental addition of a SbCls solution in DCM (1 M), the
light yellow solution of NG1 turned green, accompanied by the
appearance of an absorption band at 500 and 670 nm (green line,
Figure 7a). These new signals were assigned to the radical cation
(NGT'*, 290 eq of SbCls), based on the corresponding theoretical
calculations (Supporting Information, Figure S25).

As the amount of SbCl; was further increased (2300 eq), the
solution acquired a red color and a new absorption band appeared
in the 500-1100 nm range, with maximum at 520, 720, and 915 nm
(red line, Figure 7a). Theoretical calculations confirmed that this
new signal corresponded to the dication (NG12*, Supporting
Information, Figure S25). NG2 exhibited similar behavior when
treated with an excess of SbCls. In this case, the yellow solution
first turned red after the formation of the radical cation (NG2'*,
1400 eq), with a maximum absorption at 600, 900, and 1300 nm
(green line, Figure 7b and Supporting Information, Figure S26).
Finally, with the controlled addition of more equivalents of the
oxidant, the solution changed to green color, indicating the
formation of the dication (NG22*, red line, Figure 7b). These
experimental results were supported by their theoretical spectra
calculations (Supporting Information, Figure S26).

To verify this hypothesis, the chemical titrations were monitored
after the addition of the oxidant using "H NMR spectroscopy. With
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only 2 equivalents of oxidant (Supporting Information, Figure
S27), a marked broadening of the signals was observed, indicating
the formation of paramagnetic radical species for NG1 and NG2,
respectively.

It is noteworthy that both NG1?* and NG2%* could be reversibly
reduced to neutral states by adding a solution of tin chloride
(SnCl,) in MeCN. During this process, a progressive color
change was observed in both NGs. These color changes were
accompanied by simultaneous transformations in the UV-Vis-
NIR absorption spectra, confirming the complete recovery of the
spectrum corresponding to neutral NGs after 120 min of stirring
(Figure 7c and d).

Notably, when the amount of SbCly equivalents was significantly
increased (0-5000 eq for UV-vis and 0-70 eq for 'H NMR
spectroscopy), a new absorption band was detected around
1200 nm, accompanied by a change in color to intense red for
NG1 (Figure 8a). Subsequent reduction with SnCl, produced a

FIGURE 9 | Electronic density of the frontier molecular orbitals of
NG1 and NG2.

yellow solid, identified as NG2 by 'H NMR and MALDI-TOF
(Figure 8b and Supporting Information, Figures S28 and S29),
confirming that this treatment decisively drives the final stage
of the Scholl reaction to a practically quantitative yield, avoiding
purification steps and limiting the process to simple filtration
[54]. Thus, precise control of the number of SbCl; equivalents not
only allows selective control of the formation of new C-C bonds,
but also enables real-time monitoring via UV-Vis-NIR and 'H
NMR spectroscopy, whose variations are manifested through
color changes, that opens up a versatile synthetic pathway for the
design and controlled production of novel NGs.

These experimental results were supported with theoretical
computational calculations that has been studied by density
functional theory (DFT) and its time-dependent extension (TD-
DFT) in CH,Cl, as implemented in Gaussian. Ground state
structures were minimized and excited states were computed
at CAM-B3LYP/6-31G(d,p) level of theory (Supporting Informa-
tion, Figure S24). The experimental spectra are in accordance
with the TD-DFT calculated electronic transitions, (Supporting
Information, Figures S25 and S26). The theoretical calculations
also provided information about the energy levels and the
electronic distribution of NG1 and NG2. Both molecules show
large delocalization along the acene skeleton, including all
the rings of the central pyrene (Figure 9). We could compute
the energy of the HOMO levels as -6.16 and -5.89 for NG1
and NG2, respectively. However, for a better comparison, the
LUMO experimental values were used in the Figure 9, since the
LUMO level calculated by DFT is significantly higher than the
experimental one, a well-known limitation of Kohn-Sham energy
levels [55].
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The main orbital transitions and weight contributions to the
bright electronic states responsible for the absorption spectra
maxima in the UV-vis range of NG1 and NG2 are shown in the
Supporting Information table S1.

3 | Conclusion

We present the synthesis and characterization of two innovative
twistacenes, NG1 and NG2, combining aryne cycloadditions and
the Scholl reaction as a synthetic strategy. Most importantly,
we have designed a highly efficient synthetic methodology that
enables precise control over the selective formation of new C—C
bonds during the Scholl reaction. This approach demonstrates
the importance of designing NGs with solubilizing groups such
as p-tert-butylphenyl at specific positions in the aromatic cores,
as they facilitate the task of purification and processability of
these structures, enabling a broader characterization ("H and BC
NMR, HRMS, UV-vis, photoluminescence, cyclic voltammetry,
and square wave voltammetry). Additionally, the single-crystal
structures and theoretical calculations revealed a remarkable
torsion angle of approximately 145° for NG1, positioning it as one
of the most notably distorted within the hexacene family and 132°
for NG2, being this the first example of a NG that integrates an
HBC-containing helical acene fragment. As a result, inducing a
significant structural distortion in the resulting architecture of
the NG. In addition, this solid-state structures show heterochiral
packing for NG1 and homochiral packing for NG2 and therefore,
serves to verify the correlation between structure and properties.
This study provides new application perspectives for helical-
twisted NGs that remain practically unexplored in technologies
such as next-generation organic solar cells (OSCs) and have
emerged as up-and-coming candidates for the design of new
organic donor materials.
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