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Synthesis of zwitterionic open-shell bilayer 
spironanographenes
 

Juan Lión-Villar    1, Jesús M. Fernández-García    1, Samara Medina Rivero    2, 
Josefina Perles    3, Shaofei Wu4, Daniel Aranda    2, Jishan Wu    4, Shu Seki    5, 
Juan Casado    2   & Nazario Martín    1,6 

Molecular nanographenes (NGs) are nanoscale graphene fragments 
obtained by organic synthetic protocols. Here we report the bottom-up 
synthesis of two spiro-NGs formed by two substituted hexa-peri- 
hexabenzocoronenes (HBCs), spiro-NG and F-spiro-NG. The X-ray crystal 
structure of the deca-tert-butyl-functionalized spiro-NG shows a bilayer 
disposition of the HBCs in face-to-face contact. By contrast, F-spiro-NG, 
which features tert-butyl substituents on one HBC unit, and fluorine 
on the other HBC unit, is an electron donor–acceptor bilayer NG. The 
structural assembly of the donor and acceptor graphenic layers enables an 
electron-transfer process that leads to the formation of a zwitterionic open 
shell, paramagnetic species constituted by a radical cation and a radical 
anion located in the donor and the acceptor HBCs, respectively. Magnetic 
and spectroelectrochemical experiments, together with theoretical 
calculations, support the persistent/dominant charge-separated nature 
of F-spiro-NG. Furthermore, photoconductivity measurements show a 
significant increase of the charge carrier mobility in the case of F-spiro-NG 
(Σμ = 6 cm2 V−1 s−1) compared with spiro-NG.

Aviram and Ratner laid the foundations of molecular electronics in 
1974, when they theorized a molecular rectifying diode as a p–n junc-
tion semiconductor based on donor–spacer–acceptor molecules1. 
Since then, σ- or π-bridged molecular donor–acceptor systems became 
essential for the development of optoelectronic applications involving 
artificial photosynthesis2,3, photovoltaic devices4,5 and semiconducting 
and conducting materials6–9, among others.

Simultaneously, in the seventies, the field of organic charge- 
transfer complexes emerged with the preparation of the key tetrathi-
afulvalene–7,7,8,8-tetracyano-p-quinodimethane organic conductor 
under the name of synthetic metals10,11, nowadays referred to as organic 
electronics12–14. The extension of the electron transfer in charge-transfer 
organic salts depends on the ionization potential of the donor and on 
the electron affinity of the acceptor15. However, other factors such as  

the separation and nature of the intermolecular overlap of the two 
moieties also play a decisive role16,17. More recently, the discovery of 
the so-called frustrated radical pairs has enabled the development 
of new synthetic strategies taking profit from transient-to-persistent 
charge-separated (radical-ion) states in sterically hindered 
complexes18,19. Organic synthesis has enabled precise tuning of 
the donor–acceptor character by combining electron-rich and 
electron-deficient units and modulating the steric effects involved. 
However, in these supramolecular structures, control over the struc-
tural orientation of the components is limited.

As an alternative to supramolecular engineering of interchromo-
phore ordering, covalent strategies have been developed20–22. In this 
way, taking advantage of the synthetic control delivered by the bench-
top bottom-up synthesis of molecular nanographenes (NGs)23–30, we 

Received: 23 April 2024

Accepted: 24 March 2025

Published online: 30 April 2025

 Check for updates

1Departamento de Química Orgánica I, Facultad de Ciencias Químicas, Universidad Complutense de Madrid, Madrid, Spain. 2Departamento de 
Química-Física, Facultad de Ciencias, Universidad de Málaga, Málaga, Spain. 3Laboratorio DRX Monocristal, SIdI, Universidad Autónoma de Madrid, 
Madrid, Spain. 4Department of Chemistry, National University of Singapore, Singapore, Singapore. 5Department of Molecular Engineering,  
Kyoto University, Kyoto, Japan. 6IMDEA-Nanociencia, Madrid, Spain.  e-mail: casado@uma.es; nazmar@ucm.es

http://www.nature.com/naturechemistry
https://doi.org/10.1038/s41557-025-01810-2
http://orcid.org/0009-0008-9883-0104
http://orcid.org/0000-0002-7366-6845
http://orcid.org/0000-0003-4490-4813
http://orcid.org/0000-0003-0256-0186
http://orcid.org/0000-0003-0747-6266
http://orcid.org/0000-0002-8231-0437
http://orcid.org/0000-0001-7851-4405
http://orcid.org/0000-0003-0373-1303
http://orcid.org/0000-0002-5355-1477
http://crossmark.crossref.org/dialog/?doi=10.1038/s41557-025-01810-2&domain=pdf
mailto:casado@uma.es
mailto:nazmar@ucm.es


Nature Chemistry | Volume 17 | July 2025 | 1099–1106 1100

Article https://doi.org/10.1038/s41557-025-01810-2

have developed NG stacked bilayers controlling the relative orientation 
of two hexa-peri-hexabenzocoronenes (HBCs) by the presence of [n]
helicene connectors31. In these examples, helicenes of different lengths 
have been utilized to fix the structure, separation and orientation of 
the bilayer NGs, resulting in constructs that evolve from negligible 
interlayer coupling to face-to-face coupling with strong through-space 
intramolecular exciton and charge delocalization.

Here we report a NG structure constructed by the π-extension of 
a spirobifluorene core, leading to two HBCs linked by a spirocycle. In 
contrast to the orthogonal geometry previously reported for HBCs32, 
spiro-NG consists of a distorted bilayer with close face-to-face orien-
tation of the HBC layers. Inspired by this geometry, we synthesized 
another bilayer NG, F-spiro-NG, which features five tert-butyl groups 
in one HBC layer and five fluorine atoms in the other. This led to the 
formation of a donor–acceptor bilayer NG (F-spiro-NG). Interestingly, 
the structural distortion undergone by the spirobifluorene core leads 
to an efficient intramolecular single electron transfer between the 
donor and the acceptor HBCs with the formation of a stable zwitteri-
onic open-shell radical-ion species. Theoretical calculations, electron 
paramagnetic resonance (EPR) and spectroelectrochemical studies 
underpin the existence of the charge-separated state. Furthermore, a 
remarkable charge carrier mobility (Σμ = 6 cm2 V−1 s−1) is shown by this 
donor–acceptor bilayer NG.

Synthetic procedure
Spiro-NG (4) was prepared following a multistep synthetic proto-
col for the π-extension of aromatic scaffolds commonly used in 
the preparation of molecular NGs33–40, followed by a final graphiti-
zation step (Fig. 1)41–43. The first reaction consisted of a double Pd- 
catalysed Sonogashira cross-coupling between commercially  

available 2,2′-dibromo-9,9′-spirobi[9H-fluorene] (1) and 4-tert- 
butylphenylacetylene, affording the dialkynylated spirobifluorene  
2 in 68% yield. Thereafter, a double [4 + 2] Diels–Alder cycloaddition,  
followed by a CO cheletropic extrusion, using tetrakis-(4-tert- 
butylphenyl)cyclopentadienone as diene, led to oligoarene 3.  
Finally, a Scholl dehydrogenative reaction with FeCl3 as oxidant, in 
which the graphitization of 3 occurred, afforded the final spiro-NG 4 
in 93% yield. It is worth mentioning that the readily synthetic pathway, 
consisting of three steps with an overall 51% yield, makes this process 
easily scalable.

For the synthesis of the donor–acceptor F-spiro-NG (10), only one 
equivalent of 4-tert-butylphenylacetylene was added in the first step. 
The resulting monoalkynylated spiro compound 5 was π-extended to 
oligoarene 6, which contained five tert-butyl groups. Thus, a second 
Sonogashira cross-coupling with 4-fluorophenylacetylene gave the 
fluorinated alkyne 7, which was π-extended again to the pentafluori-
nated oligoarene 8 by following the standard protocol (Fig. 1). Two 
different products were obtained depending on the Scholl reaction 
conditions used. Using FeCl3 as Lewis acid, compound 9, in which the 
tert-butyl-substituted HBC was graphitized, could be isolated in 55% 
yield, together with minor amount of totally graphitized 10. By con-
trast, by using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as 
oxidant, a further extension of the Scholl reaction gave rise solely to 
F-spiro-NG (10). This NG was obtained as a deep-green solid in a 64% 
yield. High-resolution mass spectrometry by atmospheric pressure 
chemical ionization (APCI) of F-spiro-NG showed the expected exact 
mass (calculated for C117H75F5(-H): 1,573.5710, found: 1,573.5701). Raman 
spectroscopy revealed the graphene-like nature of F-spiro-NG, showcas-
ing the presence of D and G bands at wave numbers that closely align 
with those of spiro-NG (Supplementary Fig. 75). Notably, F-spiro-NG was 
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NMR silent, suggesting a paramagnetic character that was subsequently 
confirmed by EPR studies.

Single-crystal X-ray diffraction and structural 
modelling
Centrosymmetric racemic crystals of spiro-NG (4), containing both M 
and P isomers, were obtained through vapour diffusion of methanol 
into a spiro-NG solution in dichloromethane, allowing its structure to 
be solved by single-crystal X-ray diffraction (SCXRD) (Fig. 2a). The mol-
ecule of spiro-NG shows an unexpected U shape where the two HBCs are 
parallel to each other and placed as close as possible to maximize their 
overlap, while the benzene rings of the spirobifluorene embedded in 
the HBC units are bent to allow the maximal interlayer contacts. Indeed, 
five benzenoid rings—a perylene subunit—in each layer are intensively 
involved in π–π interactions in an overlapped AA-stacking mode with 
an average distance of 3.70 Å between the centroids of a layer and the 

ones in the opposite plane (Supplementary Fig. 2). Another notable 
feature is the dihedral angle of 66.15°—the lowest one reported among 
spirobifluorene systems44—between the mean planes calculated for 
the atoms in the two bridging fluorenes (Supplementary Fig. 4), that 
further adopt a slightly twisted disposition. This energy-consuming 
deviation from the commonly found spirobifluorene perpendicular 
disposition is compensated by the large number of intramolecular (π–π 
and C–H···π) interactions formed in the overlap disposition between 
the HBC layers.

Quantum chemical calculations have been performed at the den-
sity functional theory (DFT)/CAM-B3LYP-D3/6-31G** level of theory 
for spiro-NG (Fig. 2c). Theory accurately predicts its experimental 
molecular structure by capturing the formation of close π–π contacts 
at distances of 3.6 Å as well as the 65.44° spirobifluorene twisting (that 
is, 3.7 Å and 66.15°, respectively, in the SCXRD analysis). The strength of 
these interactions, which acts as the driving force to reduce the spirobi-
fluorene angle from 90° to 66.15°, has been theoretically evaluated by 
calculating the energy difference (ΔE) between the unfolded and the 
folded forms of spiro-NG. This energy difference is −29.7 kcal mol−1, 
while the energy consumption for the twisting of the spirobifluorene 
unit is +20.1 kcal mol−1 (Supplementary Fig. 10).

The crystal structure for F-spiro-NG could not be obtained. For-
tunately, the molecular structure of its precursor, compound 9, which 
presents the tBu-substituted HBC layer graphitized, has been solved by 
SCXRD (Fig. 2b). We clearly observe the twisting of the spiro-moiety, 
which amounts to 78.72°, an intermediate value between the 90° of 
spirobifluorene and the 67.22° in the CAM-B3LYP-D3/6-31G** optimized 
structure of F-spiro-NG (Fig. 2c).

Calculations carried out in vacuum at our level of theory reveal 
a stabilization energy (ΔE = −21.4 kcal mol−1) of the folded form of 
F-spiro-NG compared with the open form, considering both structures 
as closed-shell configurations to be comparable. Furthermore, the 
singlet closed-shell form of F-spiro-NG is predicted to be more stable 
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Fig. 2 | Structural analysis. a, The molecular structure of compound spiro-NG 
(4) obtained by SCXRD (hydrogen atoms have been omitted for clarity) (lateral 
view, top left; zenithal view, top right). b, The molecular structure of compound 9 
obtained by SCXRD (hydrogen atoms have been omitted for clarity). c, Optimized 

structures and folding reactions for spiro-NG and F-spiro-NG (DFT/CAM-B3LYP-
D3/6-31G** level). Interlayer distances are given in ångströms (red arrows), and 
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Table 1 | Optical properties measured in dichloromethane 
at room temperature and redox potential values obtained 
from square-wave voltammetry versus Fc/Fc+, measured in 
toluene–acetonitrile at room temperature

λabs, nm  
(ε, M−1 cm−1)

λem, nm 
(shoulder)

Eox, V Ered, V

4 (spiro-NG) 368 (287,800), 
408 (93,400), 
452 (6,100), 480 
(2,600)

482, 503, 
514, (540), 
(550)

0.57, 0.78 −2.37

10 (F-spiro-NG) 368 (94,300), 
452 (24,400), 
480 (13,100), 
490 (11,300), 
624 (5,900), 939 
(4,500)

478, (490), 
507, (513), 
(540)

0.42, 0.87 −0.42, 
−1.53, 
−2.42
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than its open-shell triplet structure. However, this state is not able 
to satisfactorily account for the experimental evidence (NMR silent, 
EPR active). Alternatively, the simulation of the triplet state with neat 
charge separation within the donor–acceptor bilayer accurately repro-
duces all the experimental data, thus becoming the pivotal state in our 
research. To simulate such charge-separated state as the ground state, 
we resort to include an external electric field able to dissociate the 
charge given the challenging nature of open-shell zwitterionic states 
for DFT methods. In addition, by conducting calculations including 
solvent effects, a reduction of the closed shell/open shell energy dif-
ference is found, a situation that is more accentuated when the polarity 
of the solvent is increased. These findings reveal that π–π interactions 
are mostly kept in the triplet state whereas the energy consumption 
to form the open-shell zwitterionic state is compensated by the elec-
trostatic stabilization in the charged radical pair. A similar charge 
separation reaction has been documented in supramolecular perylene 
dimers that are stabilized in the eclipsed AA face-to-face coupling by 
5–9 kcal mol−1 at intermolecular distances of 3.5 Å. These supramo-
lecular perylene assemblies can undergo photo-induced symmetry 
breaking charge-transfer reactions forming transient radical anions 

and cations45–51 In this context, the predesigned symmetry breaking by 
the donor–acceptor structure of F-spiro-NG is the seed to promote the 
stabilization of the zwitterionic radical pair triplet state.

Optical and magnetic properties and electronic 
structure
The ultraviolet (UV)–visible absorption spectra of both NGs were meas-
ured in dichloromethane (Table 1 and Supplementary Figs. 11 and 12). 
Both molecules show a similar main electronic transition band in the 
UV region at 368 nm. In the visible region, spiro-NG shows a shoulder 
at 408 nm and two weak bands due to forbidden transitions at 452 
and 480 nm. Conversely, F-spiro-NG presents these bands at 452 and 
480 nm with medium intensity, therefore belonging to allowed elec-
tronic transitions with molar extinction coefficient values of 24,400 and 
13,100 M−1 cm−1, respectively. In contrast to spiro-NG, the spectrum of 
F-spiro-NG shows two bands in the visible–near-infrared (NIR) region, 
one at 624 nm together with a broader band centred at 939 nm.

The absorption spectra of spiro-NG (closed-shell configuration) 
and F-spiro-NG (zwitterionic triplet configuration) have been theoreti-
cally evaluated by time-dependent density functional theory (TD-DFT) 
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Fig. 3 | Spectroscopic properties and calculations. a, UV–vis–NIR electronic 
absorption spectrum of F-spiro-NG dissolved in CH2Cl2 at 298 K (black line) 
together with the TD-DFT/CAM-B3LYP-D3/6-31G** theoretical spectra simulated 
as a neutral triplet (red line) and as a charge-separated triplet (green line). osc. 
strength, oscillator strength. b, EPR spectra of F-spiro-NG in toluene. The inset 
represents the integrated intensity of the EPR signal of F-spiro-NG in toluene as 
a function of the temperature. c, MCD spectra of F-spiro-NG (top) and spiro-

NG (bottom) in CH2Cl2 at 298 K, together with the corresponding UV–visible 
electronic absorption spectra (black lines). The blue and red lines correspond to 
the MCD spectra recorded with opposite orientations of the external magnetic 
field of 1 T. d, Orbital topologies of spiro-NG and F-spiro-NG. e, Electrostatic 
potential surfaces calculated at the DFT/CAM-B3LYP-D3/6-31G** level of theory 
for spiro-NG and F-spiro-NG.
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calculations. For spiro-NG, the strong band experimentally found at 
368 nm is very well simulated by the presence of several theoretical 
excitations (Supplementary Fig. 18a). Meanwhile, the theoretical UV– 
visible–NIR spectrum of the charge-separated (zwitterionic) triplet state 
of F-spiro-NG gives very good account of the whole experimental absorp-
tion (Fig. 3a). Indeed, the 624-nm band of F-spiro-NG discloses clear 
charge-transfer character associated with partial excitations between 
the singly occupied molecular orbital (SOMO) and singly unoccupied 
molecular orbital (SUMO) orbitals. Furthermore, the EPR spectrum of 
F-spiro-NG (Fig. 3b) shows a single-line signal (g = 2.0027) associated to 
a paramagnetic species (that is, the triplet excited state), accounting for 
two non-interacting—or weakly coupled—monoradicals. The product of 
the EPR intensity by the temperature (IT) as a function of the temperature 
(T) exhibits a constant behaviour that further indicates that the paramag-
netic state is not in thermal equilibrium with any other non-paramagnetic 
or diamagnetic state in that temperature range (Fig. 3b, inset).

To corroborate this description, the experimental and theoretical 
TD-DFT spectra of the radical anion and the radical cation of F-spiro-NG 
have been obtained (Supplementary Fig. 18c). Both theoretical and 

experimental spectra are in very good agreement, with theoretical exci-
tations that can be correlated with the F-spiro-NG experimental bands 
at 452 nm, 480 nm, 490 nm (that is, structured band as shoulders), 
624 nm and 939 nm, respectively. The magnetic circular dichroism 
(MCD) spectra of both NGs have been recorded. In spiro-NG (Fig. 3c, 
bottom), the UV–visible absorption and MCD spectra contain the same 
number of bands (that is, with some differences in the relative intensi-
ties due to the different weights of the electric and magnetic transition 
dipolar moments). In the case of F-spiro-NG (Fig. 3b, top), there is a 
strong difference between UV–visible absorption and MCD spectra 
concerning the 624 nm band, which is fully absent in the MCD experi-
ment. This result can be explained by considering that the circulation 
of electronic current associated with the 624-nm excitation is negligible 
for interfragment axial charge polarized bands, in contraposition with 
π–π* bands involving electron circular motion within π-conjugated 
frameworks of two HBC moieties.

The highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) frontier molecular orbitals 
for spiro-NG display full wavefunction delocalization over the two 
HBC fragments. By contrast, the parent SOMO and SUMO orbitals in 
F-spiro-NG in the triplet state reveal wavefunction localization: the 
SOMO in the donor t-Bu-HBC fragment and the SUMO placed exclu-
sively in the acceptor fluorinated HBC (Fig. 3d).

The emission spectra of these NGs in dichloromethane reveal a 
lower quantum yield of F-spiro-NG (2.9%) in comparison with spiro-NG 
(12.1%). This experimental finding can be accounted for by considering 
the charge-separated nature of F-spiro-NG (Supplementary Figs. 11 
and 12).

The electrostatic potential map of F-spiro-NG (Fig. 3e) shows the 
localization of the hole (positive charge) in the centre of the donor 
tBu-HBC moiety with a significant contribution from the spiro con-
necting benzenes. Meanwhile, the negative charge is mainly displaced 
towards the periphery or edges around the fluorine atoms in the accep-
tor HBC unit. This asymmetrically delocalized distribution of the hole 
and electron particles in the triplet state of F-spiro-NG becomes critical 
to maintain the charge-separated state as the most populated level, 
which can be connected with redox reactions where there is a blockade 
of the back electron transfer (that is, charge recombination) due to the 
segregation of the positive and negative electron densities. This fact 
minorizes the electronic coupling in a similar way to the back electron 
transfer operating in the inverted Marcus region.

Electrochemical and UV–visible–NIR 
spectroelectrochemical study
The voltammogram of spiro-NG presents two close oxidation processes 
at E1

1/2 ox = 0.57 V and E2
1/2 ox = 0.78 V (Table 1 and Fig. 4a, bottom). In the 

case of F-spiro-NG, the first oxidation appears at a lower potential, 
this is, E1

1/2 ox = 0.42 V, accounting for its radical-ion nature (Table 1 and 
Fig. 4a, top). The second oxidation wave, located at E2

1/2 ox = 0.87 V is 
explained by the lower donor character of [F-spiro-NG]•+ compared 
with [spiro-NG]•+, due to the pentafluorinated HBC.

On the reduction side, only one reversible process (E1
1/2 red = –2.37 V) 

is registered for spiro-NG. In the case of F-spiro-NG, three reduction 
processes appear: E1

1/2 red = −0.42 V, E2
1/2 red = −1.53 V and E3

1/2 red = −2.42 V. 
This justifies the ground-state radical-ion species of F-spiro-NG and its 
ability to undergo chemical reduction (Supplementary Fig. 29). The 
estimated onset potential values (Supplementary Fig. 28) allowed 
the calculation of the electrochemical HOMO–LUMO gap for these 
NGs. It is worth highlighting the narrow bandgap found in F-spiro-NG 
(0.63 eV) that allows, together with the bilayer structure, a thermal 
single electron transfer resulting in the described radical-ion pair52.

The electrochemically formed charged species of spiro-NG 
(Fig. 4b) and F-spiro-NG (Fig. 4c) have been studied by UV–visible–NIR 
spectroelectrochemistry, performing electrolysis at constant poten-
tials in the cathodic and anodic waves of the cyclic voltammograms. The 
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bands at 624 and 939 nm of the starting spectrum of F-spiro-NG (Fig. 4c, 
at 0 V voltage) disappear upon reduction at −0.020 V, giving rise to a 
spectrum with a band at 567 nm that fits well with that of the absorption 
spectrum of the chemically reduced species (Supplementary Fig. 29). 
A similar band (585 nm) is a typical signature found for photo-induced 
transient radical anions of perylene dimers44. Further oxidation of 
the −0.020 V species until +1 V keeps the spectrum of the starting 0 V 
molecule. Overoxidation at +1.5 V produces the disappearance of the 
above-mentioned bands. Oxidation of spiro-NG (Fig. 4b) produces the 
appearance of a spectrum with bands at 572, 892 and 1,123 nm unam-
biguously assigned to the formation of the radical cation of spiro-NG.

Electric conductive nature of spiro-NGs
Supramolecular complexes of two perylene units have demon-
strated to exhibit excellent photoconductive properties53,54. Hence, 
the radical-ion character of F-spiro-NG can be favourable to produce 
completely dissociated free charge carriers upon external stimuli.  
To this end, electric conductive pathways have been examined by dif-
ferential photoconductivity (direct current, d.c.) measurements with 
microwaves as probes for the local motion of photo-injected charge 
carriers (Fig. 5a)55.

Both spiro-NG and F-spiro-NG showed evident conductivity signals 
with long free charge carrier lifetimes, suggesting highly conductive 
pathways in the solid-state aggregates. The main characteristics in 

these measurements are as follows: (1) the maximum conductivity was 
recorded at ϕΣµ = 3 × 10−7 m2 V−1 s−1 in F-spiro-NG, and (2) this value in 
F-spiro-NG is threefold higher than the value recorded in spiro-NG. To 
assess the value of the mobility of photo-injected free charge carri-
ers, transient absorption (TA) spectroscopy has been conducted for 
F-spiro-NG. A clear signature of radical ions was observed at 430 nm 
(Fig. 5c), which was in good agreement with the characteristic peaks of 
radical anions and cations formed by electrochemical oxidation and 
reduction. There were significant mismatches between the kinetic 
traces of d.c. and TA in the regime of 0–1 µs after excitation due to 
quenching of photogenerated radical anions by residual oxygen. For 
the long-lived species, both kinetic traces are nicely overlapped with 
each other at t > 2 µs, allowing us to estimate the mobility of the charge 
carriers (Fig. 5b). Given the extinction coefficient of radical cations 
of F-spiro-NG ε+ = 5.5 × 104 mol−1 dm3 cm−1, the value of ϕ can be calcu-
lated ϕ+ = 5 × 10−4, leading to an estimate of charge carrier mobility as 
Σµ = 6 cm2 V−1 s−1 for F-spiro-NG.

Conclusions
Two molecular NGs, presenting HBCs linked through a spirobifluorene 
core have been prepared: (1) spiro-NG, which is decorated with ten tBu 
electron-donor groups in its periphery, and (2) F-spiro-NG, which has 
one of the HBCs substituted with five electron-withdrawing fluorine 
atoms, leading to a highly polarized asymmetric system. π–π interac-
tions within the co-facial AA-stacked HBCs, together with numerous 
intramolecular [C–H···π] interactions, can distort the classic orthogonal 
disposition of the spirobifluorene moiety to form an unexpected bilayer 
structure, enabling a subsequent electron-transfer event. Although 
photo-induced electron transfer producing transient radical-ion spe-
cies has been described in multiple donor–acceptor organic systems, 
the persistent structure-driven electron transfer in F-spiro-NG reminds 
of the classical charge-transfer complexes or the modern frustrated 
radical pairs, made now by covalent unions. As a result, F-spiro-NG is a 
stable zwitterionic open-shell paramagnetic species bearing a radical 
cation and a radical anion. Furthermore, photoconductivity measure-
ments show a significant increase of the charge carrier mobility in the 
case of F-spiro-NG (Σµ = 6 cm2 V−1 s−1) as compared with spiro-NG. The 
character of this unique molecule spotlights the interest in further 
investigating the fundamental physics behind electron donor–accep-
tor graphene-like systems and exploring their plausible applications 
in the semiconductor industry.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41557-025-01810-2.
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