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gDipartimento di Ingegneria ‘E. Ferrari’, Un

Vivarelli 10, 41125 Modena, Italy. E-mail: c
hChemistry Department, University of Nevad

† Electronic supplementary informatio
voltammetric, spectroscopy, quantum
SEM/TEM microscopy results, electroc
experimental details. See DOI: 10.1039/d1

Cite this: Chem. Sci., 2021, 12, 8048

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 14th February 2021
Accepted 12th April 2021

DOI: 10.1039/d1sc00898f

rsc.li/chemical-science

8048 | Chem. Sci., 2021, 12, 8048–80
heets from electrochemical
sewing of corannulene†

Carlo Bruno,a Eleonora Ussano,a Gianni Barucca, b Davide Vanossi,c

Giovanni Valenti, a Edward A. Jackson,d Andrea Goldoni,e Lucio Litti, f

Simona Fermani, a Luca Pasquali, ge Moreno Meneghetti, f

Claudio Fontanesi, *g Lawrence T. Scott, *dh Francesco Paoluccia

and Massimo Marcaccio *a

The presence of non-hexagonal rings in the honeycomb carbon arrangement of graphene produces

rippled graphene layers with valuable chemical and physical properties. In principle, a bottom-up

approach to introducing distortion from planarity of a graphene sheet can be achieved by careful

insertion of curved polyaromatic hydrocarbons during the growth of the lattice. Corannulene, the

archetype of such non-planar polyaromatic hydrocarbons, can act as an ideal wrinkling motif in 2D

carbon nanostructures. Herein we report an electrochemical bottom-up method to obtain egg-box

shaped nanographene structures through a polycondensation of corannulene that produces a new

conducting layered material. Characterization of this new polymeric material by electrochemistry,

spectroscopy, electron microscopy (SEM and TEM), scanning probe microscopy, and laser desorption-

ionization time of flight mass spectrometry provides strong evidence that the anodic polymerization of

corannulene, combined with electrochemically induced oxidative cyclodehydrogenations (Scholl

reactions), leads to polycorannulene with a wavy graphene-like structure.
Introduction

Graphene, with its at single layer of carbon atoms arranged in
a perfect honeycomb pattern, shows unique electronic,
magnetic and optical properties.1 Nevertheless, the presence of
some structural defects, which are intrinsically related to the
growth process of graphene, signicantly modify its physical
properties,2,3 as for example the band gap and charge carrier
mobility, as well as tunes the graphene behaviour in chemical
reactions,4 enhancing such important phenomena as
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adsorption of atoms or molecules that are crucial in catalysis
and for the exploitation of energy storage and conversion
devices.5,6 The defects in a graphene sheet are represented by
the non-hexagonal rings, mainly pentagons and heptagons,
replacing the typical hexagonal rings of the graphene lattice and
introduce a surface curvature, thus leading to an undulating or
corrugated structure.7,8

The insertion of pentagonal rings into the graphene lattice
results in a surface with Gaussian curvature. In principle, to have
a regularly rippled graphene layer, it is necessary to introduce
non-planar aromatic hydrocarbon units in a controlled way
during the growth of the graphene sheet, by a bottom-up process
consisting of a chemical joining of the various moieties. As
a curved aromatic hydrocarbon unit, able to produce non-
planarity in graphene, corannulene9 is an ideal building block
for the realization of such a structural arrangement.

Corannulene (C20H10, Scheme 1) is the archetype of curved
polyaromatic hydrocarbons with a geodesic carbon framework
recalling the C60 cage. In fact, the molecular structure of cor-
annulene may be viewed as precisely one-third of a 60-fullerene
molecule (i.e., a fullerene cap), with the perimeter valences
saturated by hydrogen atoms.10–12 This bowl-shaped polyarene,
rst synthesized by Barth and Lawton in the late 1960s, became
relatively easy to obtain when a ash vacuum pyrolysis synthesis
was developed in 1991,13 and it is now accessible in kilogram
quantities.14
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Corannulene molecular structure.
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The physical chemical properties of corannulene are quite
interesting; in particular the electron transfers in reduction
have been widely explored,15–18 and a recent paper has experi-
mentally and theoretically demonstrated that three reversible
one-electron processes can be electrochemically observed.19,20

The oxidation behaviour of corannulene, by contrast, has been
mentioned only rarely in the literature and invariably has been
described as a completely irreversible process that causes
electrode fouling, thus preventing any further electrochemical
investigation. The remarkable luminescence efficiency of cor-
annulene and its derivative species21 makes this class of
compounds very attractive candidates for the development of
solid-state light emitting devices.22,23 Particularly appealing,
the tuning of the electrochemiluminescent colour of cor-
annulene, over a 100 nm wavelength range, was recently
published.24

Several examples have been reported concerning the devel-
opment of bottom-up production of rippled graphene or
nanographene25 sheets, mostly based on chemical synthetic
procedures that involve the use of curved polynuclear aromatic
hydrocarbons (PAH) or their precursors as molecular units to
assemble.26,27 In this work we have adopted a different strategy
to build up wavy nanographene layers by using corannulene
through an anodic electrochemical oligomerization as a sewing
process of the curved polyaromatic hydrocarbon.

In this respect, we preliminarily undertook a re-investigation
of the anodic electrochemical behaviour of corannulene, paying
particular attention to the electrochemical environment. Thus,
very low nucleophilicity solvents, such as dichloromethane
(DCM) and liquid sulfur dioxide (liq-SO2), have been used,
together with electrolytes having low nucleophilicity and high
resistance to oxidation. The electrochemical oxidation of cor-
annulene produces a radical carbocation that is extremely
reactive towards any nucleophile present in solution.15,19 In our
experimental conditions the corannulenium radical cation
undergoes a rapid oligomerization process that produces
a conducting polymeric lm.

Investigation of the chemical and physical–chemical prop-
erties of the thin lm thus obtained on the electrode surface,
through theoretical, structural and electrochemical studies, has
revealed that the highly electrophilic corannulenium gives rise
to rippled graphene nanostructures. Such oligomeric poly-
corannulene structures consist, indeed, of wavy graphene strips
or ribbons, which grow in two dimensions, terminating even-
tually with curled edges. These conductive wavy graphene
sheets might well nd applications in numerous elds, span-
ning from catalysis to the optoelectronic and energy storage
materials sector, and should improve our understanding of how
© 2021 The Author(s). Published by the Royal Society of Chemistry
the defects, strains and wrinkles in graphene structures affect
the electronic properties.

Results and discussion
Electrochemistry

A prerequisite for the use of corannulene as a building block to
synthesize rippled nanographenes is a detailed knowledge of its
redox behavior. The rst report on the electrochemistry of cor-
annulene was published as soon as it was synthesized for the
rst time, in the 1960s.15 Recently, it was reinvestigated, mainly
looking at the reduction processes, under different experi-
mental conditions and solvents.19 However, the oxidation of
corannulene was immediately recognized as a process that is
quite tricky to study by voltammetric techniques, and for this
reason it has never been explored in depth. In fact, the rst
oxidation, occurring at about 1.9 V (vs. SCE), is reported to be
completely irreversible in acetonitrile, and the products of the
follow up reaction bring about the fouling of the electrode
surface (vide infra), thus preventing any further
investigation.15,24

With the preliminary aim to investigate the oxidation
behavior of corannulene in aprotic media, solvent as dichloro-
methane (DCM), electrolyte with very low nucleophilicity and
ultra-dry conditions have been chosen, to ensure a high stabi-
lization of the electrogenerated corannulene carbocations and
widen the positive potential window. In Fig. 1a the cyclic vol-
tammetric (CV) curve of corannulene in DCM is reported,
together with the background curve of the electrolyte solution
(tetrabutylammonium hexauorophosphate, TBAH), for
comparison purposes. It can be seen that the oxidation process,
with an anodic peak potential (Epa) at 1.86 V, is completely
irreversible at a scan rate of 1 V s�1. An increase of the sweep
rate does not produce any signicant improvement on the
reversibility of the electron transfer affected by a chemical
process.

To gain further information about the oxidation process, the
voltammetric investigation was also carried out with electrolytes
of lower nucleophilicity and higher resistance toward oxidation,
such as tetrabutylammonium hexauoroarseniate (TBAAsF6)
and tetrabutylammonium tetrakis (peruoroaryl)borate (TBA-
FAB), including “unconventional” solvents for electrochemistry,
such as liquid sulfur dioxide (liq-SO2), which is suitable for
extremely reactive cation species.28 Thus, in Fig. 1b the vol-
tammetric curve of corannulene in liq-SO2 is reported, showing
two one-electron oxidations with peak potentials at about 1.9 V
for the rst process and 2.5 V for the second one, respectively.
Both the oxidations are irreversible at 100 V s�1 and low
temperature (�65 �C) and they are separated by approximately
0.6 V, a value very close to the energy difference between the rst
two reductions, as rationalized by DFT calculations, carried out
at the B3LYP/cc-pVTZ level of theory, (Fig. S1 and S2 in the
ESI†).19 The reversibility of the processes does not improve
signicantly even when increasing the scan rate up to 200 V s�1

(Fig. S3, ESI†). Thus, concerning only the rst process in liq-SO2

the upper limit for the lifetime (t1
2
) of the reactive radical cation

can be estimated in the range of ms, on the basis of timescale (s)
Chem. Sci., 2021, 12, 8048–8057 | 8049
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Fig. 1 (a) Cyclic voltammetric curves of corannulene 1 mM in a 0.08 M
TBAH/DCM solution (black trace) and the background electrolyte
solution (brown dashed trace). Working electrode Pt disk 125 mm
(diameter); reference electrode SCE; scan rate ¼ 1 V s�1, T ¼ 25 �C. (b)
Cyclic voltammetric curves of corannulene 1 mM in a 0.07 M TBAAsF6/
liq-SO2 solution. Working electrode Pt disk 0.5 mm (diameter);
reference electrode SCE; scan rate ¼ 100 V s�1, T ¼ �65 �C. The Pt
electrode surface has been cleaned with alumina slurry and carefully
dried before each voltammetric cycle. (c) Multiscan cyclic voltam-
metric curves of corannulene 1 mM in a 0.08 M TBAH/DCM solution.
Working electrode Pt disk 125 mm (diameter); reference electrode SCE;
scan rate ¼ 1 V s�1, T ¼ 25 �C. First 3 cycles with a reversing sweep
potential Er ¼ 1.80 V (black lines); second subsequent set of 5 cycles
with an Er ¼ 1.90 V (blue lines); third subsequent set of 10 cycles with
an Er ¼ 1.95 V (green lines); fourth subsequent 10 cycles with Er ¼
2.00 V (red lines).
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of voltammetric experiments (t1
2
� s ¼ RT/Fv, with v the scan

rate).29

A careful examination of the voltammetric curve of the
oxidation of corannulene in DCM, reported in Fig. 1a, high-
lights some small bumps on the reverse scan, at positive
potentials (cathodic part of the curve), in the range comprised
between about +1.5 V and 0 V, which might be attributed to
some products of the chemical reaction following up the elec-
tron transfer. The electrochemical investigation of such vol-
tammetric features can shed some light on the nature of the
underlying process. Thus, performing multiple voltammetric
cycles which include the rst oxidation process, it is possible to
observe (Fig. 1c) that, on the subsequent scans aer the rst
one, new voltammetric waves start to grow up at about 0.45 V,
0.80 V and 1.30 V with an overall progressive increase of the
current, attributable to the formation of a redox active deposit
on the electrode surface as in the case of a conducting polymer.

The successive potential scans provide evidence for
a continuous growth in current of the voltammetric pattern
8050 | Chem. Sci., 2021, 12, 8048–8057
developed following the rst few cycles (see the green and red
multiscan curves in Fig. 1c). The new developing peaks show
a Gaussian shape i.e., the typical voltammetric features of
species adsorbed onto an electrode, with an anodic-cathodic
peak separation in the range 50–70 mV. Such behavior can be
observed at different sweep rates, and the voltammetric pattern
still remains practically the same even at scan rates as high as
50 V s�1, which is in line with the rather high reactivity of the
corannulene carbocation discussed above.

The same electrochemical behavior and developed voltam-
metric pattern can be observed using different electrolytes
(Fig. S4–S7, ESI†) and also on different electrode materials such
as platinum, gold and ITO. The thin lm deposited on the
electrode is brown in colour, mechanically quite stable and it
can be easily peeled off (Fig. S8, ESI†).

To investigate further the behaviour of corannulenium, the
reactivity of the carbocation has been probed by a different
approach, based on the trapping of the electrogenerated highly
electrophilic species with a nucleophile such as pyridine
(Fig. S9, ESI†). Moreover, the voltammetry of corannulene
cation in DCM and in presence of pyridine has also been
compared with the results in the nucleophilic solvent acetoni-
trile (Fig. S10, ESI†), showing that a different lm, which is
insulating, is formed on the electrode with a kinetic that
depends on the strength of the nucleophile.
Nature of the lm and spectroscopic characterization

In order to attain some insight into the real structure of the
electrochemically deposited lm, it was initially characterized
by laser desorption-ionization mass spectra (LDITOF-MS). The
laser spot impinged directly on the lm, and its intensity was
carefully adjusted to the lowest possible value that would still
allow a good detection of ions, in order to ensure, to the extent
possible, that the laser itself did not produce any artifacts due to
photoprocesses. A fragmentation pattern between m/z 350 and
m/z 2000 is reported in Fig. 2a and S11 (ESI†). In this range, it is
possible to observe that the fragmentation features are the same
for all the detected oligomeric species and, in particular in
Fig. 2a, it is easy to identify the rst four oligomers with m/z
values of 496, 740, 984 and 1228, which can be safely assigned to
the dimer, trimer, tetramer, and pentamer respectively. The
spectra analysis indicates that m/z losses of 12, 13 and 24 are
predominant and these are consistent with the outgoing of C,
CH and C2 units, respectively, during the fragmentation of the
various oligomers, together with the dehydrogenation by the
peripheral C–H bonds as shown in Fig. S11-1 (ESI†). Moreover,
the mass spectra features for the various oligomers are in
agreement with the calculated isotopic patterns, although
contaminated by different higher oligomeric fragments (see
Fig. S11-2 in the ESI†).

Interestingly, for each of these rst oligomers there is anm/z
loss of 4, 10, 16 and 22 respectively, with respect to themultiples
of 250, which is the mass of corannulene. This means that if n is
the number of corannulenyl unit, the ions of the rst four
oligomers have the values (2 � 250)-4, (3 � 250)-10 (4 � 250)-16,
and (5 � 250)-22 respectively. Such ndings show that there is
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Laser desorption-ionization mass spectrum (LDITOF-MS) recorded in the m/z range between 360 and 1280 of the electrochemically
deposited polycorannulene film onto a uflat-ITO substrate from a 1 mM corannulene in 0.08 M TBAH/DCM solution, by repeatedly cycling the
potential between 0 V and 2.1 V (vs. SCE). (b) Sketch of the electrochemical process reporting the chemical structures of corannulene oligomers
corresponding to the prominent mass peaks in the LDITOF mass spectrum in (a).
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not a simple straightforward multiple loss of hydrogens
accompanying the increase in size of the oligomers, but some-
thing more complicated is occurring. In the case of the dimer,
for example, 2 hydrogen atoms per corannulene unit are
missing, whereas 4 hydrogen atoms are missing per cor-
annulene unit for the tetramer. By extrapolation, the following
formula can be written, which predicts the number of hydro-
gens missing in the oligomer structures:

Cn�20Hn�10�2(3n�4) with n ¼ 2, 3, 4, 5, etc. (1)

Among the possible structures (Fig. S12, ESI†), the most
reasonable ones that can rationalize all these facts are sketched
in Fig. 2b. Thus, two C–C bonds are formed between the
© 2021 The Author(s). Published by the Royal Society of Chemistry
corannulene rims in the dimer, whereas in the case of trimer
and tetramer the upcoming corannulene units “condense”
around the dimer core, establishing 3 C–C new bonds, most
probably due to a cooperative steric constraint.

A plausible mechanism underlying the anodic oligomeriza-
tion of corannulene can be hypothesized as consisting in
a classical polymerization processes of aromatic and hetero-
aromatic species (e.g., pyrene and thiophene)30,31 to give con-
ducting polymers, followed by an intramolecular oxidative
cyclodehydrogenation of an aromatic hydrocarbon, known as
a Scholl reaction,32 which is electrochemically triggered, as
discussed in the ESI and sketched in Fig. S13.†
Chem. Sci., 2021, 12, 8048–8057 | 8051
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As the new formed corannulene oligomers are much more p-
conjugated than the parent corannulene they are progressively
more easily oxidized (positive doping of lm), and this also
explains the gradual appearance of a series of new peaks at less
positive potentials before the irreversible oxidation of
corannulene.

Characterization by XPS and Near edge X-ray absorption at
the carbon K-edge (NEXAFS, in s- and p-geometry) measure-
ments, carried out on the lm electrochemically deposited on
ITO electrode, indicate that the deposit is made, exclusively, of
sp2-hybridized carbon atoms, with the binding energy close to
that of graphite/graphene (284.5 eV), and the absence of linear
dichroic effects, thus suggesting that the polycorannulene units
have random average orientation (Fig. S16, ESI†).

The FTIR spectrum recorded on the polymeric lm (Fig. S17,
ESI†) is in agreement with the IR data reported in the literature
for corannulene.33 Concerning the three most prominent bands
below 1000 cm�1, those at 735 cm�1 and 693 cm�1 are up-
shied (75 cm�1 and 146 cm�1, respectively) with respect to
the out-of-plane vibrations and bending at 660 cm�1 and
547 cm�1 of the pristine corannulene, while that at 837 cm�1

remains unchanged. Such an up-shi of the two bands could be
related to the formation of new C–C bonds in the polymeric
material.

The Raman spectrum of the polymer, obtained by subtract-
ing the strong uorescence background and reported in the ESI
– Fig. S18† (red lines), is compared to that of corannulene34

(black lines). Comparison of the spectra shows that the poly-
corannulene seems to have only a reminiscent signature of the
two important bands observed for corannulene at 1432 cm�1

and at 1629 cm�1, which have been recently described33 as
a mixing among stretching of carbon–carbon bonds and
bending of the C–H group. Also, the calculated Raman spectra
of corannulene and a tetramer of corannulene (as a model of
polycorannulene) are reported and they are in good agreement
with the experimental ones.

Finally, the polycorannulene lm electrochemically grown
has a UV-Vis-NIR absorption peak at about 500 nm and it was
also investigated by UV-Vis-NIR spectroelectrochemistry as it
was seen to be strongly electrochromic upon positive doping,
even during its electrochemical deposition (Fig. S19 and S20,
ESI†), despite the very small thickness, thus making the mate-
rial very attractive for optoelectronic applications. The spectra,
recorded at three different positive potentials, show a decrease
in the absorption band at about 500 nm of the pristine material
and the growth of a strong band at about 630 nm. The
absorption spectroscopic behavior thus observed is rather
common for conducting p-conjugated polymeric systems, and
it is related to the formation of polaronic and bipolaronic states
inside the bandgap.31
Morphological and structural characterization

Samples of polycorannulene lms on uat-ITO, with different
deposition times, have been prepared and studied by atomic
force microscopy, to see the morphology of the lm during the
early stages of formation of the deposit and its evolution, as well
8052 | Chem. Sci., 2021, 12, 8048–8057
as to check if there is any self-assembling amongst the carbon
nanostructures thus obtained. The AFM images in Fig. 3a and
b show that there is actually a sort of self-assembling pattern
giving rise to nanometric rings with an average diameter
ranging between 30 and 40 nm.

Investigation by SEM has also been performed, and images
of a polycorannulene lm, about 300 nm thick, are shown in
Fig. 3. In particular, Fig. 3c gives a general view of the sample,
revealing that it is composed of a patchwork of carbon struc-
tures not completely overlapping. The darker regions are indeed
holes or canyons in the lm, suggesting a poor electrical
connection among the carbon structures. SEM images in Fig. 3d
and S21 (ESI†) provide evidence that the polycorannulene lm
consists of a rather compact lamellar structure.

To further investigate the morphology and the inner struc-
ture of the electrochemically deposited lm of polycorannulene,
TEM analyses were performed on samples prepared in different
ways for microscopy observations. Fig. 3e, f and S22 (ESI†) show
a selection of TEM bright eld images performed on a lm
detached from the electrode, suspended in ethanol and
deposited on a TEM carbon coated grid. The images conrm
a layered structure of the lm, even at a nanometric scale, and,
in some regions, strands of nanometric bers can also be
observed (Fig. S23, ESI†).

The X-ray diffraction characterization carried out on the lm
of polycorannulene as electrochemically deposited does not
evidence any crystalline order (red line in Fig. S24, ESI†).
Indeed, no additional peaks besides those of the uat-ITO
substrate (light green line) were observed.

TEM observations were also carried out by dissolving/
suspending the electrochemically deposited polycorannulene
lms both in 1,2,4-trichlorobenzene (TCB) and 1,1,2,2-tetra-
chloroethane (TCE) solvent, which allowed the observation of
some very interesting features. In particular, Fig. 4a shows TEM
bright eld images of the polycorannulene lm dissolved/
suspended in TCB. It is noteworthy that amongst the amor-
phous matrix the presence of some crystalline structures,
randomly distributed, can be found. Two of these structures are
magnied in the insets of Fig. 4a. They are platelets composed
of a few-atomic layers, ranging between two and ten atomic
planes, and look very similar to graphene nanoplatelets (see
also Fig. S25 and S26, ESI†).35 The inter-layer distance was ob-
tained by Fast Fourier Transform (FFT) of the layered regions
evidenced in the insets, providing value of 10.2 � 0.2 Å, Fig. 4b
(vide infra).

Electron diffraction analyses were performed on the platelets
and the selected area electron diffraction (SAED) pattern of the
sample imaged in Fig. 4a is shown in Fig. 4c. Although weak
diffuse diffraction rings from the amorphous matrix are
present, diffraction spots due to the platelets are sufficiently
intense, suggesting a large presence of the crystalline phase.
The red circles mark diffraction spots corresponding to a lattice
distance of 10.1 � 0.1 Å, in perfect agreement with the inter-
planar distances observed in the platelets.

Looking at the le of the image, it is possible to observe
a symmetrical distribution of diffraction spots, magnied in the
inset. Interestingly, such spots are organized in a hexagonal cell
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) and (b) AFM images of polycorannulene electrochemically deposited on uflat-ITO with 3 voltammetric subsequent cycles at 0.4 V s�1

and T ¼ 25 �C from corannulene 1 mM in a 0.08 M TBAH/DCM solution. (a) 1 � 1 mm2 and (b) 0.25 � 0.25 mm2. (c) and (d) SEM images of
polycorannulene electrochemically deposited on uflat-ITOwith 40 voltammetric subsequent cycles at 0.4 V s�1 and T¼ 25 �C from corannulene
1 mM in a 0.08 M TBAH/DCM solution. (e) and (f) TEM images of polycorannulene film by drop-casting on a TEM carbon covered grid an alcohol
solution/suspension of the electrochemically synthesized film (on uflat-ITO at T ¼ 25 �C from corannulene 1 mM in a 0.08 M TBAH/DCM
solution) obtained scratching the film and suspending the fragments in ethanol.
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with an associated interplanar distance of about 6.5 � 0.2 Å
(blue dashed line cell). Considering those spots originated by
a hexagonal lattice and hence having Miller indexes of type (10-
10), the corresponding cell parameters can be calculated as a ¼
b ¼ d(10-10)/cos 30� ¼ 7.5 � 0.2 Å. This value is in good agree-
ment with the average distance of about 7.6 Å amongst the
pentagons, as measured on the oligomeric structures optimized
at the DFT level, and sketched in Fig. 4d for the hexa-oligomer.
Such ndings, thus represent clear evidence that the electro-
chemical oxidation of corannulene in DCM produces nano-
structures made of graphene-like stacked layers. The lattice cell
of these nanostructures can condently be described as
hexagonal with the following parameters: a ¼ b ¼ 7.5 � 0.2 Å; c
© 2021 The Author(s). Published by the Royal Society of Chemistry
¼ 10.2� 0.2 Å. It is important to stress that the other diffraction
spots visible in the SAED pattern can be associated with other
reections of the proposed hexagonal cell, suggesting that more
platelets are contributing to the diffraction pattern. On the
basis of the model proposed to interpret the TEM diffraction
data, further considerations can also be made to rationalize the
larger value of the c axis with respect to that of graphite and
other carbon nanostructures. In fact, due to the bowl geometry
of the corannulene units, the resulting electrochemically
synthesized nanostructures can be expected to give rise to wavy
sheets, as shown in Fig. 4e and f that, when superimposed,
produce larger averaged distances among layers. It has been
demonstrated that curved aromatic hydrocarbons experience
Chem. Sci., 2021, 12, 8048–8057 | 8053
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Fig. 4 TEMof polycorannulene film by drop-casting on a TEM carbon covered grid a TCB solution/suspension of the electrochemically obtained
film (on uflat-ITO at T ¼ 25 �C from corannulene 1 mM in a 0.08 M TBAH/DCM solution). The solution/suspension was obtained by treating the
deposited film with TCB solvent (see experimental details). (a) TEM image, together with two zoomed area, to evidence the multilayer graphene-
like nanostructures; (b) FFT of the red squared selected area; (c) selected area electron diffraction (SAED) pattern of the sample shown in the
panel (a); (d) molecular sketch of a hexa-oligomer structure to show the lattice distances. In the sketched structure, the pentagons are organized,
effectively, in a hexagonal lattice, although they are not perfectly equivalent, as it should be in an exact crystalline structure; (e) and (f) tridi-
mensional views of a DFT optimized octa-oligomer structure.
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enhanced intermolecular interactions in the concave-convex
nested geometries,36 thus supporting that, even for larger
interlayer distance between the sheets, the dispersion forces
could still be strong enough to help drive the self-assembly of
nanostructures.

Consistent with the TEM results, the X-ray diffraction anal-
ysis carried out on a drop-casted lm, obtained by treating the
electrochemically deposited polycorannulene in 1,2,4-tri-
chlorobenezene solvent (similarly to TEM investigation),
allowed the observation of a diffraction peak at a 2q of about
8054 | Chem. Sci., 2021, 12, 8048–8057
8.6�, which corresponds to a nanostructured system having an
average interlayer separation of 10.3 Å (blue trace in Fig. S24,
ESI†). Such an interlayer distance, determined by X-ray, is in
very good agreement with the value obtained by TEM analysis.

It is worth noting that the X-ray results and the TEM analysis
give evidence for the presence of platelets, as shown in Fig. 4a,
only when the samples were obtained by suspending the poly-
corannulene lms in TCB or TCE solvents. These facts indicate
an active role played by the solvent both in the reorganization
and self-assembly of the nanostructured sheets. In fact, the lack
© 2021 The Author(s). Published by the Royal Society of Chemistry
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of highly ordered self-assembled polycorannulene formed by
direct electrochemical formation on the electrode can almost
certainly be attributed to the variability of the oligomer sizes and
the molecular structures of the oligomers themselves, as well as
to the kinetics of the formation and deposition process. More-
over, solvent molecules act as interlayer penetrating molecules
that cooperate in the stabilization of multilayer stacked struc-
tures, thus accounting for an unusually large distance of about
10 Å between the layers held together by van der Waals inter-
actions, as also suggested by DFT calculations of two oligomers
with two intercalated solvent molecules (Fig. S27, ESI†).

Conclusions

The intriguing oxidation properties of corannulene, the arche-
type of the curved polynuclear aromatic hydrocarbons, have
been thoroughly investigated and the electrophilic radical
cation reactivity has been herein reported. The extremely high
reactivity of the corannulenium radical leads to the formation of
a conducting polymeric lm. The nature, morphology and
structure of the resulting deposit on the electrode has been
studied electrochemically and theoretically by DFT, as well as by
mass spectrometry techniques (LDITOF-MS), spectroscopy, and
microscopy investigation, SEM, TEM and AFM. The experi-
mental and theoretical ndings show that a 2D layered material
made of wavy graphene nanostructures are formed, following
the electrochemical oxidation of corannulene, when the process
is performed under ultra-dry conditions. This new method
opens the doors to a feasible and rather easy pathway to
perform polymerization involving intramolecular oxidative
cyclodehydrogenations (Scholl reactions) of curved poly-
aromatic hydrocarbons to obtain rippled graphene nano-
structures. These can be used in a variety of applications in the
eld of optoelectronics and as new doped carbon-based mate-
rials for heterogeneous catalysis, acting as a scaffold for active
nanoparticles (for its topography) as well as an electronically
connecting net (e.g., metal or metal-oxide nanoparticles). Also,
these bumpy graphene-like sheets could be a useful new
material in the eld of energy accumulation, considering the
highly efficient intercalation-hosting ability demonstrated by
the “bowl PAH” corannulene precursor toward lithium ions.

Experimental section
Chemicals and electrochemical measurements

Corannulene was synthesized according to the three-step proce-
dure of Scott et al.37 Tetrabutylammonium hexauorophosphate
(TBAH), tetrabutylammonium hexauoroarsenate (TBAAsF6),
tetrabutylammonium tetrakis(peruoroaryl)borate (TBAFAB)
were used as supporting electrolytes and all were electrochemical
or analytical grade from Sigma-Aldrich or synthesized and puri-
ed as described in the ESI.† Acetonitrile (ACN), and dichloro-
methane (DCM) were puried and dried as previously
reported.38,39 Sulfur dioxide (SO2) was puried and dried just
before condensing the vapor into the electrochemical cell.

All the conventional solvents were distilled performing the
trap-to-trap distillation via a closed system into an
© 2021 The Author(s). Published by the Royal Society of Chemistry
electrochemical cell containing the supporting electrolyte and
the species under examination, immediately before performing
the experiment. Electrochemical experiments were carried out
in an airtight single-compartment cell described elsewhere40

using either platinum, indium tin oxide (ITO) on glass (ITO/
glass), gold, or glassy carbon (GC) as the working electrode,
platinum as the counter electrode and a silver spiral as a quasi-
reference electrode. The dri of the quasi-reference electrode
was negligible during the time required for an experiment.
However, all the E1

2
values were referenced to the aqueous

saturated calomel electrode (SCE).
The cell containing the supporting electrolyte and the elec-

troactive compound was dried under vacuum at 100–120 �C
before each experiment. Voltammograms were recorded with an
AMEL Mod. 552 potentiostat or a custom made fast potentio-
stat41 controlled by an AMEL Mod. 568 programmable function
generator.
Laser desorption-ionization time of ight mass spectra
(LDITOF-MS)

Laser Desorption-Ionization Time of Flight Mass Spectra
(LDITOF-MS) were obtained by an Applied Biosystems/MDS
SCIEX 4800 MALDI TOF/TOF™ Analyzer, equipped with
a Nd:YAG laser at 355 nm wavelength.
SEM and TEM microscopy

Scanning Electron Microscopy (SEM) observations were carried
out by a Zeiss Supra 40 eld emission scanning electron
microscope (SEM) equipped with a Bruker Z200 EDX
microanalysis.

Transmission Electron Microscopy (TEM) analysis was per-
formed by using a Philips CM200 microscope operating at 200
kV and equipped with a LaB6 lament. Samples for TEM
observations were prepared by depositing the polycorannulene
lm on a commercial TEM grid covered with a thin carbon lm
following the procedures as reported in the ESI.†

All details concerning other characterization methods used
in this work are reported in the ESI.†
Computational details

Ab initio and DFTmolecular orbital calculations were performed
using the Firey Quantum Chemistry package,42 fully opti-
mizing at the B3LYP/6-31G* level the geometries of the mole-
cules involved in the redox processes and checking the hessian
to ensure the nature of stationary point. For the optimized
structures, the vertical ionization potential (IPv) and the vertical
electron affinity (EAv) were calculated not only at the B3LYP/6-
31G* level but also at the B3LYP/cc-pvtz level of theory. Aiming
at theoretical evaluation of redox potentials for the various
species, the IP and EA values were combined with the solvation
free energies using the thermodynamic cycle proposed by
Cramer and Truhlar.43
Chem. Sci., 2021, 12, 8048–8057 | 8055
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