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a b s t r a c t

Bilayer nanographenes represent an emerging class of molecular carbon architectures that provide unique

opportunities to explore interlayer electronic communication and chiroptical phenomena in confined π-

systems. However, the development of well-defined chiral bilayer nanographenes capable of transferring

chirality across extended π-surfaces and supramolecular assemblies remains challenging. Herein, we re-

port the synthesis and structural characterization of a chiral bilayer spironanographene (spiro-NG) com-

posed of two nanographene subunits connected through a rigid spirobifluorene core. Single-crystal X-ray

diffraction reveals a folded bilayer geometry that enforces significant interlayer π-overlap while simulta-

neously generating intrinsic molecular chirality. Enantiomeric resolution affords configurationally stable

P- and M-spiro-NG, which display pronounced circular dichroism (CD) and circularly polarized lumines-

cence (CPL). Furthermore, the exposed π-surfaces of the bilayer scaffold enable π-surface recognition

with coronene, leading to hetero-π stacked co-crystals that highlight the supramolecular adaptability

of the nanographene framework. Notably, supramolecular co-assembly of spiro-NG with achiral fluo-

rophores enables chirality transfer through Förster resonance energy transfer, resulting in induced CPL

emission with tunable wavelengths. These findings establish bilayer spironanographene as a versatile chi-

ral nanographene platform that integrates structural chirality, supramolecular recognition, and chiroptical

functionality, offering new opportunities for the development of chiral carbon-based photonic materials.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Bilayer nanographenes have recently emerged as an impor-

tant class of molecular carbon architectures for investigating elec-

tronic communication in confined π-systems [1]. In contrast to

monolayer nanographenes, bilayer structures contain two closely

spaced π-surfaces whose relative orientation and separation can

be precisely controlled through molecular design [2]. Such struc-

tural features enable strong interlayer electronic coupling, which

can give rise to unusual optical and electronic properties, in-

cluding excimer-like emission, charge-transfer interactions, and

tunable electronic structures [3–11]. Because of these character-

istics, bilayer nanographenes are increasingly regarded as well-

defined molecular models for exploring the fundamental physics

and chemistry of stacked graphene systems [12,13].

Beyond their electronic properties, bilayer nanographenes also

provide unique opportunities for generating molecular chirality in

extended π-conjugated systems [14–16]. Chirality can arise when

two π-surfaces adopt a nonplanar arrangement that lacks mirror

symmetry, leading to distinct enantiomeric structures [17,18].
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In recent years, chiral nanographenes have attracted growing

attention because they can exhibit strong circular dichroism (CD)

and circularly polarized luminescence (CPL), which are highly de-

sirable for applications in chiral optoelectronics, photonic devices,

and bioimaging [19–30]. Various structural strategies have been

developed to introduce chirality into nanographene frameworks,

including helicene-like twisting, nonplanar polycyclic aromatic

hydrocarbons, and spiro-connected architectures [31–43]. Among

these approaches, spirojunctions offer a particularly attractive

strategy for constructing chiral π-systems [44]. The rigid or-

thogonal connection imposed by the spirocenter can generate

stable stereogenic frameworks while maintaining extended con-

jugation within each aromatic unit [45]. When large polycyclic

aromatic hydrocarbons are integrated into such architectures, the

resulting systems may enable efficient chirality transfer from the

stereogenic core to extended π-surfaces, leading to amplified

chiroptical responses [46–48]. Despite these advantages, examples

of structurally defined chiral bilayer nanographenes based on

spiroarchitectures remain relatively limited.

In addition to their intrinsic chirality, nanographenes pos-

sess large exposed aromatic surfaces that can engage in π–π
recognition with other aromatic molecules [49]. Such π-surface

https://doi.org/10.1016/j.cclet.2026.112890
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Fig. 1. (a) Molecular structure of the bilayer nanographene featuring a spirobifluorene core motif that enforces a rigid chiral axis. (b) Bilayer chirality of the nanographene

scaffold, giving rise to two enantiomeric configurations (P and M). (c) Supramolecular π–π recognition between the nanographene platform and coronene molecules.

Side views illustrate hetero-π–π stacking interactions, while the complementary aromatic surfaces enable effective π-surface recognition. (d) Schematic illustration of

supramolecular chirality transfer within vesicular assemblies. Encapsulation of the chiral nanographene platform and guest dyes allows energy transfer processes that induce

CPL, generating left- and right-handed CPL signals.

interactions play an important role in supramolecular chem-

istry, influencing molecular packing, electronic coupling, and

photophysical behavior [50–54]. In particular, interactions be-

tween different nanographene units can lead to hetero-π stacked

architectures, which provide useful platforms for modulating

electronic and optical properties [55–58]. However, the ability of

bilayer nanographenes to participate in controlled π-recognition

with external nanographene guests remains largely unexplored.

Another emerging direction in chiral nanographene research

involves the supramolecular transfer of chirality [59–62]. In

such systems, a chiral chromophore can act as a donor that

transfers its chiral information to achiral luminophores through

energy-transfer processes [63–66]. This strategy provides a

powerful approach for generating induced CPL with tunable

emission wavelengths. Nevertheless, molecular systems capable

of simultaneously integrating intrinsic chirality, supramolecular

recognition, and energy-transfer-mediated chirality transfer remain

scarce.

Herein, we report a chiral bilayer spironanographene (spiro-NG)

that integrates two nanographene subunits through a rigid spirob-

ifluorene core (Fig. 1a). Single-crystal X-ray diffraction reveals

a folded bilayer geometry with significant interlayer π-overlap,

while the rigid architecture gives rise to intrinsic molecular chi-

rality that can be resolved into enantiopure P- and M-spiro-NG

(Fig. 1b). The isolated enantiomers display pronounced circular

dichroism and circularly polarized luminescence. Moreover, the

exposed π-surfaces enable π-recognition with coronene, leading

to hetero-π stacked co-crystals that highlight the supramolecular

adaptability of the bilayer scaffold (Fig. 1c). Finally, supramolecular

co-assembly with achiral fluorophores enables energy-transfer-

mediated chirality transfer, producing tunable CPL emission

(Fig. 1d). These results establish bilayer spironanographenes as

versatile platforms for constructing chiral nanographene-based

supramolecular photonic materials.

The bilayer spironanographene (spiro-NG) was synthesized

through a modular strategy that integrates a rigid spirobifluo-

rene core with preorganized polyphenylene precursors, followed

by a final oxidative cyclodehydrogenation. Although the molecu-

lar structure of spiro-NG was recently reported by Martín and col-

leagues in the context of its reduction-induced C–C bond cleav-

age [67], our group had independently designed and completed

the synthesis of this target through the distinct route presented

here before their publication. As outlined in Fig. 2a, double Sono-

gashira coupling of 2,2′-dibromo-9,9′-spirobi[9H-fluorene] 1 with

4–tert-butylphenylacetylene afforded the corresponding dialkyne

intermediate, which subsequently underwent a double Diels–Alder

cycloaddition with tetrakis(4–tert-butylphenyl)cyclopentadienone.

Spontaneous extrusion of carbon monoxide yielded the polypheny-

lene precursor 4, which was efficiently planarized under FeCl3-

mediated oxidative cyclodehydrogenation to afford spiro-NG. The

molecular structure of spiro-NG was unambiguously confirmed by
1H (Fig. 2b and Fig. S4 in Supporting information) and 13C NMR

spectroscopy (Fig. S5 in Supporting information) as well as high-

resolution mass spectrometry (Fig. 2c), indicating the successful

formation of the fully fused bilayer framework.

Single-crystal X-ray diffraction analysis unequivocally revealed

the bilayer architecture of spiro-NG. Suitable single crystals

were obtained by slow vapor diffusion of methanol into a

dichloromethane solution. As shown in Fig. 3a, spiro-NG adopts

a rigid spirocyclic framework in which the two fused five-

membered rings define a dihedral angle of 76.8°, enforcing a

folded bilayer topology. This geometry brings the two hexa–peri-

hexabenzocoronene subunits into close proximity, resulting in a

partially overlapped arrangement reminiscent of AA-type stack-

ing in bilayer graphene. A top-view projection indicates signifi-

cant interlayer overlap involving ten conjugated rings, while the

mean interlayer distance is 3.5 Å, consistent with values reported

for closely coupled bilayer nanographenes (Fig. 3b). The crystal lat-

tice contains a racemic mixture of P- and M-enantiomers, with

homochiral molecules aligning unidirectionally along the a-axis

(Fig. 3c). Importantly, in the neutral state, extensive intermolecular

π–π stacking is effectively suppressed by the peripheral tert–butyl

substituents, which act as steric spacers and isolate individual bi-

layer units in the solid state.

To further investigate the accessibility of the π-surfaces of

the bilayer nanographene framework, we explored its ability to

recognize external aromatic guests through π–π interactions. In

particular, coronene, a prototypical planar nanographene with

a well-defined hexagonal π-surface, was selected as a model

guest molecule due to its complementary size and strong π-

stacking propensity. Slow vapor diffusion of methanol into a

dichloromethane solution containing spiro-NG and coronene af-

forded high-quality co-crystals suitable for single-crystal X-ray

diffraction analysis. Structural analysis revealed the formation of a

well-defined spiro-NG/coronene co-crystal, demonstrating a clear

example of π-surface recognition between two nanographene
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Fig. 2. Synthesis and characterization of spiro-NG. (a) Synthetic route to spiro-NG. (b) Partial 1H NMR spectrum (400MHz, CDCl3, 298K) of spiro-NG: The well-resolved

aromatic signals and their corresponding assignments (1–15) confirm the highly symmetric structure and successful cyclization of the nanographene subunits. (c) High-

resolution MALDI-TOF mass spectrum of spiro-NG.

Fig. 3. X-ray crystallographic structure and packing analysis of spiro-NG. (a) Side view of the P-spiro-NG bilayer. (b) Top view highlighting the π-π interaction area: The

overlapping region between the two nanographene decks consists of 10 benzene rings (highlighted in orange), providing a substantial platform for electronic communication

and structural stability. (c) Perspective view of the crystal lattice showing the 3D arrangement of spiro-NG molecules.

systems. In the co-crystalline structure, the bilayer geometry of

spiro-NG remains largely unchanged, preserving the folded

topology imposed by the spirocyclic core. Remarkably, coronene

molecules are located in the intermolecular space between

neighboring spiro-NG units, where they engage in face-to-face

π–π interactions with the exposed aromatic regions of the

nanographene subunits (Fig. 4a).

The centroid-to-plane distances between coronene and the ad-

jacent nanographene surfaces are approximately 3.4–3.5 Å, which

fall within the typical range for π–π stacking interactions in

extended polycyclic aromatic hydrocarbons (Fig. 4b). The size

compatibility between the circular π-surface of coronene and

the partially exposed aromatic regions of spiro-NG enables ef-

ficient π–π surface complementarity, allowing coronene to act

as a supramolecular spacer within the crystal lattice. This inter-

action leads to the formation of a distinctive hetero-π stacking

motif, in which planar coronene molecules are periodically in-

serted between adjacent spiro-NG bilayers. As a result, the crys-

tal structure adopts an alternating stacking arrangement (spiro-

NG/coronene/spiro-NG) along the packing direction. Compared

with the crystal packing of pure spiro-NG, where bulky tert–butyl

groups largely suppress intermolecular π-stacking, the presence

of coronene effectively mediates intermolecular organization by

bridging neighboring bilayer units through π-interactions.
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Fig. 4. (a) Top view showing the π-surface recognition between the nanographene (pink) framework and coronene (beige), highlighting the complementary aromatic surface

that enables stable host-guest assembly. (b) Side views illustrating the hetero-π–π stacking interactions between the chiral bilayer nanographene and coronene molecules.

Coronene intercalates between the two nanographene layers through π–π interactions, forming a sandwich-like stacking motif.

Fig. 5. Photophysical and chiroptical characterization of spiro-NG. (a) Normalized absorption and emission spectra of spiro-NG. (b) Time-resolved photoluminescence mea-

surement of spiro-NG showing a monoexponential decay, which is characteristic of a well-defined molecular fluorescent species. (c) Chiral HPLC chromatograms demonstrate

the successful enantioseparation of the racemic mixture (black) into P-spiro-NG (red) and M-spiro-NG (blue) using a chiral stationary phase, with both enantiomers achieving

over 98% ee. (d) CD and (e) CPL spectra of the resolved P-spiro-NG (red) and M-spiro-NG (blue) enantiomers.

Interestingly, the crystal lattice still contains a racemic mixture

of P- and M-spiro-NG enantiomers, which assemble into locally

homochiral columns along the crystallographic axis. The inser-

tion of coronene molecules appears to promote a more ordered

colum-nar organization by reducing steric repulsion between ad-

jacent bilayer nanographenes. From a supramolecular perspective,

this observation highlights that planar nanographenes such as

coronene can function as effective π-recognition partners, di-

recting the packing of sterically congested bilayer nanographenes

through complementary π-surface interactions. These results

demonstrate that the extended π-surfaces of spiro-NG remain

accessible for intermolecular recognition despite the steric protec-

tion provided by peripheral tert–butyl substituents. The observed

nanographene–nanographene π-recognition provides a useful

strategy for constructing hetero-π stacked carbon assemblies,

which may offer opportunities for tuning electronic coupling and

chiroptical properties in supramolecular carbon materials.

The photophysical properties of spiro-NG were first investi-

gated in order to elucidate the electronic characteristics of the

bilayer nanographene framework. The UV–vis absorption spectrum

(Fig. 5a, pink line) exhibits a dominant absorption band centered

at 370nm, which can be assigned to π–π ∗ transitions within the

extended nanographene π-system. The relatively sharp absorption

profile and well-resolved spectral features are consistent with the

highly rigid and conjugated aromatic framework of the molecule.

Upon photoexcitation, spiro-NG displays a structured fluorescence

band with a maximum at 483nm (Fig. 5a, purple line). The

emission spectrum shows a clear vibronic progression, which is

a characteristic feature of rigid polycyclic aromatic hydrocarbons

with limited conformational flexibility. Notably, the small Stokes

shift between the absorption and emission maxima indicates mini-

mal geometric relaxation in the excited state. This behavior reflects

the structural rigidity imposed by the spiro-connected bilayer ar-

chitecture, which restricts large-scale structural distortion upon ex-

citation. Time-resolved photoluminescence measurements further

support this interpretation. As shown in Fig. 5b, the emission decay

profile follows a monoexponential behavior with a fluorescence

lifetime in the nanosecond regime, suggesting that the excited-

state relaxation occurs predominantly through a well-defined ra-

diative pathway from the lowest singlet excited state (S1). The ab-

sence of additional decay components indicates that nonradiative

processes such as excimer formation or conformational relaxation

are effectively suppressed in this rigid nanographene framework.

Because the two nanographene subunits are connected through

a rigid spirobifluorene junction, the overall molecular framework

lacks mirror symmetry and therefore possesses intrinsic molecu-
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lar chirality. The racemic mixture of spiro-NG was successfully re-

solved by chiral high-performance liquid chromatography (HPLC),

affording enantiopure P- and M-spiro-NG with excellent configu-

rational stability (Fig. 5c and Fig. S10 in Supporting information).

The CD spectra of the isolated enantiomers display intense mirror-

image Cotton effects across the absorption region (Fig. 5d). The

rigid spirobifluorene stereocenter locks the two nanographene lay-

ers in a stable orthogonal and asymmetric spatial conformation,

and the integrated bilayer framework endows the entire conju-

gated system with excellent chiroptical activity.

Consistent with their strong ground-state chiroptical activity,

both enantiomers exhibit clear CPL signals that coincide with the

fluorescence maximum at 483nm (Fig. 5e). The measured dissym-

metry factors (|glum|≈10−3) fall within the typical range for rigid

organic chiral fluorophores. The photoluminescence quantum yield

(PLQY) of spiro-NG was determined to be 5.58%, which, combined

with the |glum| value, provides a more complete evaluation of

the material’s potential for CPL applications in terms of emission

brightness and polarization efficiency. These values indicate that

the well-defined three-dimensional arrangement of the bilayer

nanographene framework creates an effective chiral environment

for the emissive excited state. In particular, the spatial coupling

between the two π-surfaces may enhance the chiroptical response

by amplifying the electric–magnetic transition dipole interactions

responsible for CPL activity. Together, these results demonstrate

that the spirolinked bilayer architecture not only generates in-

trinsic molecular chirality but also enables efficient transfer of

chiral information to both the ground-state and excited-state op-

tical transitions. Such behavior highlights the potential of bilayer

nanographene frameworks as versatile platforms for the develop-

ment of chiral π-conjugated luminophores with tunable chiroptical

properties. To further explore the ability of spiro-NG to act as a

supramolecular chiral donor, the enantiopure nanographene was

co-assembled with achiral fluorescent dyes to form chiral nanopar-

ticles in aqueous media using DSPE-mPEG2000 as an amphiphilic

stabilizing matrix. This approach enables the encapsulation of hy-

drophobic π-conjugated molecules within polymeric nanoassem-

blies while preserving their photophysical properties (Fig. 6a). The

formation of the supramolecular nanoparticles was first examined

by dynamic light scattering (DLS) measurements. The DLS results

reveal a relatively narrow size distribution with an average hydro-

dynamic diameter of approximately 243nm, indicating the forma-

tion of well-defined nanoscale assemblies (Fig. 6b). The relatively

small polydispersity index further suggests that the nanoparticles

possess good colloidal stability in aqueous solution. The mor-

phology of the assemblies was further investigated by scanning

electron microscopy (SEM). As shown in Fig. 6c, the nanoparticles

exhibit a roughly spherical morphology with diameters of approx-

imately 205–250nm, which is consistent with the size distribution

obtained from DLS analysis. The slightly smaller particle size

observed in the SEM images compared with the DLS results can be

attributed to the absence of the hydration shell under dry imaging

conditions. These results collectively confirm the successful forma-

tion of well-defined nanostructures through the supramolecular

co-assembly of spiro-NG and the guest fluorophores.

Within these nanoconfined assemblies, efficient Förster res-

onance energy transfer (FRET) from spiro-NG to the achiral dye

molecules was observed. The photoluminescence spectra show a

pronounced decrease in the emission intensity of spiro-NG ac-

companied by the simultaneous emergence of strong fluorescence

from the guest dye (Fig. S11 in Supporting information), indi-

cating efficient energy transfer between the two chromophores.

Such behavior is consistent with the spectral overlap between

the emission of spiro-NG and the absorption of the guest fluo-

rophore (Fig. S12 in Supporting information), which satisfies the

requirements for FRET. To quantify the FRET process, the FRET

efficiency was calculated by comparing the fluorescence lifetimes

of the pure donor (spiro-NG) and the donor in the donor-acceptor

nanoassemblies, affording a FRET efficiency of 46.32% (17.81ns

for pristine spiro-NG vs. 9.56ns for the nanoassemblies, Fig. S13

in Supporting information). Remarkably, the chiral information

encoded in the spiro-NG donor can be transferred to the achiral

Fig. 6. (a) Molecular structures of spiro-NG and Rhodamine 6G (Rh6G) and schematic illustration of the formation of chiral nanoparticles through encapsulation with DSPE-

mPEG2000, followed by energy transfer from spiro-NG to Rh6G, resulting in left- and right-handed CPL. (b) Dynamic light scattering (DLS) size distribution of the obtained

nanoparticles. (c) Scanning electron microscopy (SEM) image of the nanoparticles. Scale bar: 1 μm. (d) Chiroptical and photophysical properties of the nanoparticles, CPL

spectra of P-spiro-NG/Rh6G nanoparticles (red) and M-spiro-NG/Rh6G nanoparticles (blue).
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guest luminophores within the supramolecular assemblies. As

shown in Fig. 6d, the nanoparticles display clear CPL signals at

the emission wavelength of the guest dye (Rh6G). Importantly,

the sign of the induced CPL depends on the handedness of the

spiro-NG enantiomer used in the assembly, with P-spiro-NG and

M-spiro-NG producing mirror-image CPL spectra. This observation

provides direct evidence for supramolecular chirality transfer from

the chiral nanographene donor to the achiral acceptor molecules.

Additionally, the PLQY of the donor-acceptor nanoassemblies

was determined to be 9.67%, which complements the chirop-

tical parameters and further demonstrates the potential of the

supramolecular assemblies for CPL-related applications.

The induced CPL signals arise from the chiral environment cre-

ated by the organized nanographene assemblies, which impose

asymmetric electronic coupling between the donor and acceptor

chromophores. In such nanoconfined systems, the spatial arrange-

ment of the transition dipole moments enables the transfer of chi-

ral information during the energy-transfer process, leading to cir-

cularly polarized emission from otherwise achiral luminophores.

Overall, these results demonstrate that bilayer spironanographene

can function as an effective supramolecular chiral donor, enabling

the construction of nanoparticle systems that combine efficient

energy transfer with induced CPL activity. This strategy provides

a versatile route toward wavelength-tunable circularly polarized

emitters based on chiral nanographene scaffolds.

In summary, we have developed a chiral bilayer spiro-

nanographene (spiro-NG) that integrates two nanographene

subunits through a rigid spirobifluorene junction, providing a well-

defined platform for exploring chirality in bilayer carbon nanos-

tructures. Structural analysis by single-crystal X-ray diffraction

reveals a folded bilayer architecture in which the two extended

π-surfaces are brought into close proximity, enabling effective

interlayer electronic communication within a confined framework.

The rigid spiro-connected structure endows spiro-NG with intrin-

sic molecular chirality, allowing efficient enantioseparation into

P- and M-enantiomers and the isolated enantiomers exhibit pro-

nounced CD and CPL signals. These results highlight the capability

of bilayer nanographene architectures to generate robust chiropti-

cal responses through structural confinement and π-conjugation.

Furthermore, supramolecular co-assembly of spiro-NG with

achiral fluorophores in nanoconfined environments enables chiral-

ity transfer via Förster resonance energy transfer, giving rise to

induced circularly polarized emission from guest luminophores.

This strategy provides a versatile route toward wavelength-tunable

CPL systems based on chiral nanographene donors. Overall, this

work demonstrates that bilayer spironanographene constitutes an

effective chiral nanographene scaffold that combines well-defined

molecular chirality with supramolecular chiroptical functionality.

These findings provide new insights into the design of chiral π-

conjugated nanostructures and offer promising opportunities for

developing carbon-based chiral photonic materials and optoelec-

tronic devices.
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