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The chemical reduction of a corannulene-based molecular 
nanographene, C76H64 (1), with Na metal in the presence of 18-
crown-6 afforded the doubly-reduced state of 1. This reduction 
provokes a distortion of the helicene core and has a significant 
impact on the aromaticity of the system.

The discovery of fullerenes by H. Kroto, R. Curl and R. E. Smalley 
in 1985 and the vast array of new properties and applications 
developed with these spherical carbon nanostructures 
(buckyballs) opened up a new era in materials science.1 
Following this seminal discovery, bowl-shaped polycyclic 
aromatic hydrocarbons (PAHs) received special attention as 
formal fullerene fragments (buckybowls)2 and, in turn, as 
suitable building blocks for the long-awaited synthesis of these 
new allotropic forms of carbon.3 The founded carbon-based 
materials science reached a further landmark in 2004 with the 
discovery of graphene as a new carbon nanostructure by A. K. 
Geim and K. S. Novoselov.4 Despite the outstanding chemical 
and physical properties of graphene,5 its use as a semiconductor 
is prevented by the zero bandgap between its conduction and 
valence bands.6 

Among the different procedures to open a bandgap for 
electronic applications,7 quantum confinement of the electrons 
in small flakes of graphene,8 the so-called nanographenes 
(NGs)9 or graphene quantum dots (GQD),10 has been extensively 
used. The controlled bottom-up preparation of monodisperse 
molecular NGs by organic chemistry protocols, offers new 
synthetic opportunities for PAHs as starting building blocks.11 In 
particular, curved PAHs allow the construction of NGs endowed 
with Gaussian curvature. In this way, along the last recent years, 
a wide variety of curved nanographenes have been synthesized, 
including positively curved (bowl-shaped) or/and negatively 

curved (saddle-shaped) NGs.12 Furthermore, curvature can also 
induce chirality into molecular nanographenes, thus showing 
chiroptical properties.13 Actually, these domed molecular 
architectures have suitable geometries to host other chemical 
entities.14 Concave-convex interactions between curved 
nanographenes and fullerenes are known to lead to 
supramolecular complexes with special interest as 
photoinduced electron transfer systems mimicking the 
photosynthetic process.15 Additionally, the multi-electron 
acceptor nature of molecular NGs allows the reduction with 
alkali metals that normally remains hosted in the pockets of 
curved nanographenes leading to potential energy storage 
systems.16

In this work, we explore the chemical reduction of molecular 
NG 1, previously synthesised in our research group,17 with Na 
metal in THF (Scheme 1). The X-ray crystallography revealed the 
formation of a “naked” dianion C76H64

2– (12–) solvent-separated 
from the two cationic moieties {Na+(18-crown-6)(THF)}. 
Additionally, in order to get a better understanding of this 
reduction process, changes in the electron density and 
aromaticity of 1 induced during the reduction process have 
been studied computationally by Density Functional Theory 
(DFT) calculations. 

The chemical reduction of 1 was investigated with excess Na 
metal in anhydrous THF in the presence of 18-crown-6 at room 
temperature (Scheme 1). The reaction quickly proceeds to 
afford a dark brown solution (Figs. S1-S2, see ESI) which upon 
slow diffusion of hexanes produced dark brown blocks in good 
yield (see ESI for more details). The X-ray diffraction analysis 
confirmed the formation of a solvent-separated ion product 
(SSIP) with sodium counterions, [{Na+(18-crown-6)(THF)}2(12–)], 
which was crystallized with a half interstitial hexane molecule 
as 2·0.5C6H14 (see ESI for details).

In the crystal structure of 2 (Fig. 1), two cationic {Na+(18-
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Electronic Supplementary Information (ESI) available: Details of preparation, X-ray 
diffraction, UV-vis, NMR, and calculation studies. CCDC 2142971–2142972. For ESI 
and crystallographic data in CIF or other electronic format see 
DOI: 10.1039/x0xx00000x. Scheme 1 Chemical reduction of C76H64 1 with Na metal.
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core, providing the first example of a “naked” 12– dianion. Each 
Na+ 

ion is trapped by one 18-crown-6 ether and capped by one 
THF molecule, with the Na–Ocrown and Na–OTHF distances of 
2.462(13)–2.996(13) Å and 2.454(13)/2.473(13) Å, respectively. 
All Na–O distances are close to those reported in the 
literature.16b,18 The coordination environment of Na+ ions is 
completed by additional Na···O contacts with the adjacent 18-
crown-6 ether molecule (Na–Ocrown: 2.488(11) Å and 2.506(11) 
Å, respectively), thus forming dimeric cationic moieties which 
are commonly seen for light alkali metal ions like Na+ and 
K+.16c,18a,19 Notably, compound 2 is racemic and contains an 
equimolar ratio of negatively-charged P- and M-isomeric 
molecular nanographenes. In the adjacent molecules (Fig. 2), 
two isomers of 12– with opposite chirality form a cylindric 
internal space (1277 Å3), which is capable of holding a {Na+(18-
crown-6)(THF)}2 dication (960 Å3). The large internal cavity 
defined by the molecular curvature of the doubly-charged 
anions 12– is similar to previously reported, where two less rigid 
nanographene units were used to entrap a C60 molecule.17, 20

In the solid-state structure of 2, the {Na+(18-crown-6)(THF)}2 
dications are wrapped by two 12– anions (C–H···π interactions: 
2.417(3)–2.743(3) Å) (green lines in Fig. S11, see ESI). Those 
subunits are further linked into a 2D layer through C–H···π 
contacts between the convex surface of the corannulene bowl 
or of the hexabenzocoronene (HBC) core of the 12– anions and 
the adjacent {Na+(18-crown-6)(THF)}2 moieties (Fig. S12, see 
ESI) with the distances ranging over 2.679(3)–2.752(3) Å (purple 
lines in Fig. S11, see ESI). There are no significant interactions 
found between the adjacent layers in 2. 

The deformation of this novel hybrid molecular 
nanographene upon two-electron uptake was analyzed using 
selected angles and bond length distances, revealing increasing 
distortion observed along the helicenic core. Before any 
comparison, the structure of neutral parent NG was recollected 
due to the low quality of the reported one.17 The single crystals 
suitable for X-ray diffraction were grown by sublimation at 270 
°C for 2 weeks. The space group is P21/c, and there is a half 
nitromethane molecule entrapped in the crystal that was 
squeezed out during structural refinement.

In order to describe the core distortion of the framework, 
the ring H has been selected as a reference plane. According to 
the dihedral angle calculation, in the neutral state, A/H and ∠ ∠
F/H are 12.2° and 48.2°, respectively, stemming from the 
intramolecular helical hindrance and the natural curvature of 
the bowl-shaped corannulene core in 1 (Table S2, see ESI). Upon 
two-electron addition, A/F is dramatically increased to 80.8° ∠
(vs. 47.0° in 1), showing the distortion of the helicenic core in 
12–. Based on torsion angle calculation, the core deformation in 
1 is spread through rings A–F (19.3°–27.7°) and enhanced near 
rings C and D in the doubly-charged anion (36.6° and 25.6° for 
torsion angles, and 714.4° and 712.0° for the sum of the interior 
angles, respectively) (Table S3, see ESI). Moreover, compared to 
the neutral state 1, a notable elongation of most of the C–C 
bonds is observed (0.3 Å) in 12–, except for bonds C10–C11 and 
C12–C55 (Table S4, see ESI).

Besides, the structural deformation of the corannulene core 
in 12– is clearly reflected by the C–C bond changes (Table S5, see 
ESI). The rim and spoke C–C bonds in 12– are 1.385(3)–1.471(3) 
Å and 1.401(3)–1.420(3) Å, respectively, which are slightly 
elongated compared to neutral bowl. In contrast, the flank C–C 
bonds in 12– are shortened (1.396(3)–1.477(3) Å), with all 
changes being analogous to those detected upon chemical 
reduction of corannulene.18a,21 Notably, the bowl depth of the 
corannulene core in 1 (0.829(4) Å) is slightly deepened to 
0.859(3) Å in its doubly-reduced form, which is consistent with 
the POAV calculations (Table S6, see ESI). This is opposite to the 
change of parent corannulene during chemical reduction 
(0.875(2) Å vs. 0.795(3) Å),18a,21 but similar to that of the N-
doped bowl (0.871(5) Å vs. 0.887(9) Å).18b

The addition of two electrons leads to the charge 
distribution change over the curved extended π-surface, as 
demonstrated by large downfield shifts of all aromatic signals in 
the 1H NMR spectrum (Fig. 3). Moreover, it was also confirmed 

Fig. 1 Crystal structure of 2, (a) ball-and-stick and (b) space-filling models.

Fig. 2 (a) Top and (b) side views of two adjacent 12– cores with opposite chirality wrapping 
a {Na+(18-crown-6)(THF)}2 moiety in 2, ball-and-stick models.

Fig. 3 1H NMR spectra of 1 (25 °C), in situ generated 12– (–80 °C), and its quenched 
product (25 °C) in THF-d8.
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by NMR spectroscopy that the doubly-reduced 12– anion can be 
reversibly re-oxidized back to the neutral state, which indicates 
the stability and inherent flexibility of helicenic core towards 
the redox process.

Results above clearly indicate that the electronic structure 
of the nanographene 1 is significantly modified upon the 
reduction process. To gain more insight into the 112–

transformation, DFT calculations were carried out at the 
dispersion corrected B3LYP-D3/def2-SVP level (see 
computational details in the ESI). 

Fig. 4 shows that the LUMO of 1 is a π*-molecular orbital 
located mainly at the C=C double-bond fusing the corannulene 
and the PAH moieties (rings D/E in Table S2, see ESI). As a result, 
the first electron coming from the alkali metal upon reduction 
is essentially localized at these carbon atoms as confirmed by 
the computed spin density in the readily formed 1·– radical 
anion (Fig. 4). Once the formation of the latter anion has 
occurred, a new reduction process takes place leading to the 
observed dianion 12– Interestingly, simple visual inspection of 
the computed 3D molecular electrostatic potential (MEP) maps 
of the initial nanographene 1 and its reduced counterpart 12– 
(Fig. 4) reveals that the introduced negative charges in the latter 
system are spread over the curved -system, and particularly 
over the rings involved in the corannulene-PAH fusion and the 
adjacent rings, which is in line with the experimental 
observations (see above). 

Our calculations therefore confirm that the stepwise 
reduction of nanographene 1 induces significant changes in its 
electronic structure. These changes should be also reflected in 
the aromaticity of the different rings of the nanographene and 
particularly, in the six-membered rings mostly affected by the 
reduction process, i.e., rings D/E (corannulene-PAH fusion) and 
adjacent rings (for a definition, see figure in Table S7, see ESI). 
To check this hypothesis, we compute the variation of the 
isotropic Nuclear Independent Chemical Shift (NICS)22 values 
when going from 11·–12–. From the data in Table S7 (see 

ESI), it becomes evident that the reduction modifies the 
aromaticity strength of practically all the rings of the 
nanographene. Strikingly, the effect of the reduction on the 
aromaticity is much more pronounced in the rings involved in 
the fusion (D/E) as well as in the adjacent rings C, K and L. 
Indeed, whereas these key six-membered rings are aromatic or 
slightly aromatic in 1 (NICS values ranging from –0.43 to –8.50 
ppm), they become non-aromatic or even antiaromatic in the 
reduced systems (NICS values ranging from +0.24 to +8.17 
ppm). This noticeable aromaticity reversal confirms that the 
reduction of 1, although affecting the electronic structure of the 
entire nanographene, takes place mainly at the corannulene-
PAH fusion. 

The above findings based on NICS calculations are 
supported by the Anisotropy of the Induced Current Density 
(ACID)23 method. As shown in Fig. 5, the rings currents in 1 are 
clearly different for those in the reduced dianion 12–. For 
instance, for the key ring C, a clear diatropic (i.e., aromatic) ring 
current (clockwise vectors) is observed in 1 whereas a 
paratropic (i.e., antiaromatic) ring current (anticlockwise 
vectors) is computed for 12–. This aromaticity descriptor 
provides therefore further support to the above-commented 
aromaticity reversal upon reduction. 

In summary, the chemical reduction of a corannulene-based 
chiral molecular nanographene 1 (C76H64) with Na metal 
afforded a new solvent-separated ion product which was 
characterized by single-crystal X-ray diffraction as [{Na+(18-
crown-6)(THF)}2(12–)] (2). The addition of two electrons leads to 
a structural deformation of the whole hybrid molecular 
nanographene, as revealed by the enhanced distortion of the 
helicenic core and the bowl depth increase of corannulene in 
comparison to its neutral parent. Furthermore, the reduction 
process is fully reversible as proven by in situ NMR study. 
According to DFT calculations, the reduction occurs in a 
stepwise manner mainly at the C=C double bond fusing the 
corannulene and the PAH moieties of the nanographene. This 
reduction, although affecting the electron density of the entire 
system, provokes a remarkable aromaticity reversal (i.e., from 
weakly aromatic or aromatic to non-aromatic or antiaromatic) 
of the rings involved in the fusion as well as of the adjacent six-
membered rings.

Conflicts of interest
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Fig. 4 Computed key species for the reduction of nanographene 1. All data have been 
computed at the B3LYP-D3/def2-SVP level.

Fig. 5 Computed ACID plots for 1 and 12 with a 0.04 au isosurface value.
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