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a b s t r a c t

Nanobelts are a rapidly developing family of macrocycles with appealing features. However, their host-

guest chemistry is currently limited to the recognition of fullerenes via π–π interactions. Herein, we re-

port two heteroatom-bridged [8]cyclophenoxathiin nanobelts ([8]CP-Me and [8]CP) encapsulate corannu-

lene (Cora) to form bowl-in-bowl supramolecular structures stabilized mainly through CH–π interactions

in solid-state. The convex surface of corannulene is oriented towards the cavity due to geometry com-

plementarity. The complex Cora⊂[8]CP exhibits a unique 2:2 capsule-like structure in crystal packing, in

which corannulene adopts a concave-to-concave assembling fashion. This work enriches the molecular

recognition of nanobelts and demonstrates that CH–π interactions can act as the main driving force for

nanobelts host-guest complexes.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Corannulene (Cora) (Fig. 1), a bowl-shaped aromatic electron

acceptor, can be considered as a fragment of fullerene C60 [1]. It

possesses a dynamic skeleton exhibiting a bowl-to-bowl inversion

at room temperature [2]. Its edge hydrogen atoms are suitable for

CH–π interactions [3,4], making it suitable for studying intricate

host-guest systems that rely on interactions involving dispersion

forces [4–15]. However, its non-polar and bowl-shaped structure

casues it challenging to be efficiently recognized and complexed

by supramolecular hosts. Consequently, driven by the hydrophobic

effect, Cora has been mostly trapped in cyclophanes [5,6] or metal-

organic cages [10–15] featuring structural complementarity.

Non-covalent interactions and structural complementarity are

vital to supramolecular chemistry and utilized in virtually every

field of science and engineering. Despite being a relatively weak

non-covalent interaction controlled by dispersion forces [16], CH–

π interactions play important roles in not only protein folding [17]

but also crystal packing [18]. In addition, facilitated by hydrophobic

effect or structural complementarity, the CH–π interactions, nor-

mally subsidiary in host-guest recognition, can act as the sole force
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for encapsulating non-spherical guests within nanoring cavities of

cycloparaphenylenes (CPPs) and their derivatives [4,19–22]. For ex-

ample, Isobe and co-workers demonstrated that a π-expansion CPP

could wrap corannulene to form a bowl-in-tube complex driven

exclusively by CH–π interactions [4].

Nanobelts, a class of rigid double-stranded macrocycles,

have advanced remarkably [23–25]. However, the research on

their host-guest recognition is still limited, mainly focusing on

those nanobelts-fullerene host-guest complexes stabilized by π–

π interactions [26–30]. Recently, we have developed a series

of heteroatom-bridged nanobelts [29–31], in which the bowl-

shaped [8]cyclophenoxathiins ([8]CP and [8]CP-Me) can encapsu-

late fullerenes (i.e., C60, C70, and PC61BM) with strong affinity via

π−π interactions (Fig. 1a) [29,30]. Based on these results, we hy-

pothesized that [8]CP and [8]CP-Me could also interact with Cora

to form bowl-in-bowl complexes stabilized by CH–π bonds, de-

spite Cora having a slightly larger diameter and lower structural

complementarity relative to C60.

The nanobelt [8]CP-Me was prepared according to our previ-

ous work [30]. The association behavior of [8]CP-Me with Cora was

first confirmed by 1H NMR of their equimolar solution in CDCl3. As

shown in Fig. 2, the signals of the proton from Cora underwent an

up-field chemical shift by 0.126 ppm compared to the free Cora.

As for [8]CP-Me, the protons of the upper rim (Ha and Hb) slightly
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Fig. 1. (a) Previously reported two bowl-shaped nanobelts [8]cyclophenoxathiins

([8]CP and [8]CP-Me) could encapsulate C60 or C70 to form hydrogen-bonded cap-

sules. (b) Possible interactions between corannulene and nanobelts.

shifted to the down-field, yet the lower rim protons (Hc and butyl

group protons) shifted to the up-field. These observations support

the encapsulation of Cora inside the bowl-shaped cavity, shielded

by the surrounding aromatic walls. Subsequently, 1H NMR titration

was performed to determine the association constants for the com-

plex formed. With successive additions of Cora, continuous chem-

ical shift changes for protons from both components were ob-

served, demonstrating a fast complexation kinetics between Cora

and [8]CP-Me within the NMR time scale. Combined with the 1:1

stoichiometric binding model given by Job’s plot analysis (Figs.

S2 and S3 in Supporting information), the association constant

(Ka) was determined to be 98 ± 0.6 L/mol (�G=−11.4 kJ/mol)

[32], which is consistent with our hypothesis that the decreased

structural complementarity of Cora results in a weaker binding

affinity with cyclophenoxathiin nanobelts comparing to fullerene

C60 [30].

The structure and binding mode of this complex were finally

determined by X-ray crystallographic analysis of suitable crystals

obtained by diffusing methyl tert-butyl ether into a mixture of

[8]CP-Me and Cora in CHCl3 (Table S1 in Supporting information).

The results revealed that [8]CP-Me tends to be ellipsoidal and

adopts a 1:1 stoichiometric binding model. The convex surface of

Cora is oriented towards the cavity due to shape complementar-

ity. Interestingly, each crystal unit cell contains two Cora⊂[8]CP-

Me complexes, in which Cora is bound to the cavity with differ-

ent modes (Fig. 3). With a tilting angle of about 60°, Cora can

π–π stack with the phenyl sidewall of [8]CP-Me at centroid-to-

centroid distances of 3.92 Å and 4.03 Å, respectively (Fig. 3a). In

addition, the average distance between the Cora protons and the

phenyl plane of [8]CP-Me is 3.16 Å, supporting the presence of

CH–π interactions. Similarly, in the other complex within the same

cell unit, Cora is suspended inside the cavity of the nanobelt at a

smaller tilting angle (∼30°) with CH–π bonds (averaged distance

is 3.11 Å) as the main driven force (Fig. 3b).

Based on the binding mode between [8]CP-Me and Cora, we

expected the nanobelt [8]CP would have a different association

behavior with Cora, since the previous researches revealed that

[8]CP could self-assembly into dimeric capsules in the presence of

guest [29,30]. Fig. 4 depicts the 1H NMR spectrum of an equimo-

lar mixture of [8]CP-Me and Cora in C2D2Cl4 (TCE-d2) and shows

the anticipated chemical shift changes following the encapsulation

of Cora in the cavity of the nanobelt. However, 1H NMR titration

experiments revealed that all signals broadened as the amount of

guests increased, with the most pronounced changes of the upper

Fig. 2. Association behavior of [8]CP-Me with Cora monitored by 1H NMR (400 MHz, CDCl3, 298 K): (a) Partial 1H NMR spectra of free [8]CP-Me, [8]CP-Me with 1.0 equiv.

Cora, and free Cora (1.00 mmol/L). (b) Stacked 1H NMR spectra of [8]CP-Me with increasing amounts of Cora. (c) Non-linear fitting curve for protons Ha and Hc of [8]CP-Me.

NMR peak assignment was referenced to Fig. 1a.
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Fig. 3. Single-crystal X-ray structure of the complex Cora⊂[8]CP-Me. (a) and (b)

illustrate the two different types of host-guest complexes within one asymmetric

unit cell. The π−π and CH•••π interactions are highlighted in purple and red dash

lines, respectively.

rim protons (Ha and Hb). This suggests an equilibrium state that is

close to coalescence [33], which was confirmed by X-ray crystallo-

graphic analysis (see below). Based on the Job’s plot method (Figs.

S8 and S9 in Supporting information), a nonlinear regression anal-

ysis of the NMR titration data with 1:1 binding stoichiometry af-

forded an association constant value of 94 ± 0.4 L/mol (�G=−11.3

kJ/mol) [32].

The suitable single crystals of complex Cora⊂[8]CP for X-ray

crystallography were obtained by slow diffusion n-hexane into a

mixture of [8]CP and Cora in TCE, which have several distinct fea-

tures compared to Cora⊂[8]CP-Me (Fig. 5 and Table S4 in Sup-

porting information). Firstly, [8]CP adopts a regular octagon shape,

while Cora guest is suspended slightly tilted inside the cavity, and

its ArH protons are in close contact with the aromatic walls of

[8]CP, thus establishing multiple CH–π bonds as the main driv-

ing force to stabilize this complex with an average bond length

of 3.16 Å, while the π-π interaction between the host and guest

only had less contribution. This result was further supported by

the IGMH (independent gradient model based on Hirshfeld parti-

tion) calculations (Fig. 6a) and Hirshfeld surfaces analysis (Fig. 6b,

Figs. S15–S17 in Supporting information), which provide qualitative

and quantitative description of the involvement of supramolecular

interactions within the Cora⊂[8]CP complex. Moreover, similar to

the previous results observed for Cora⊂[8]CP-Me, the [8]CP tends

to form two slightly different dimeric capsule-like structures in the

crystal packing mode depending on the tilting angle of Cora (Figs.

5a and b). The larger tilting angle (Fig. 5c left) forms a tightly

packed capsule structure with a cyclic seam of weak C−H•••S hy-

drogen bonds (dS•••H =3.15 Å, Table S3 in Supporting information)

on the equatorial window, whereas the smaller tilting angle causes

the two hosts to be staggered with each other and lose some hy-

drogen bonds (Fig. 5c right and Table S2 in Supportinng informa-

tion). Most importantly, the crystal packing not only leads to a

unique 2:2 capsule-in-capsule topology, but the Cora also forms an

unusual concave-to-concave assembly in a capsule-shape fashion

[9,10], which usually undergoes convex-to-concave unidirectional

columnar stacking in solid-state [1,4].

Fig. 4. Association behavior of [8]CP with Cora monitored by 1H NMR (400 MHz, TCE-d2 , 298 K): (a) Partial 1H NMR spectra of free [8]CP, [8]CP with 1.0 equiv. Cora, and free

Cora (1.00 mmol/L). (b) Stacked 1H NMR spectra of [8]CP with increasing amounts of Cora. (c) Non-linear fitting curve for protons Ha and Hb of [8]CP. NMR peak assignment

was referenced to Fig. 1a.
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Fig. 5. Single-crystal X-ray structure of the complex Cora⊂[8]CP. (a) and (b) depict

the two distinct types of host-guest complexes within a single asymmetric unit cell,

with a hemisphere displayed. (c) shows the complete structures of these complexes.

CH···π interactions and C−H•••S hydrogen bonds are highlighted in red and blue

dash lines, respectively.

In conclusion, we have investigated the host-guest chemistry

of bowl-shaped nanobelts [8]cyclophenoxathiins ([8]CP-Me and

[8]CP) and corannulene in both solution and solid-state, and ob-

tained the bowl-in-bowl complex stabilized by multiple CH–π
bonds for nanobelts. Due to shape complementarity, the convex

surface of corannulene orients toward the cavity and is inclined to

bind inside the cavity. Although structural similarity for these two

nanobelts, [8]CP tends to form dimeric capsules, resulting in the

complex Cora⊂[8]CP assembled mainly by CH–π bonds. In crystal

packing, it can further form a unique 2:2 capsule structure, and

corannulene also forms an unusual concave-to-concave assembly

in a capsule-shaped fashion. These results further expand the host-

guest recognition capability of such heteroatom-bridged nanobelts.

Declaration of competing interest

The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to

influence the work reported in this paper.

CRediT authorship contribution statement

Xia Li: Writing – original draft, Investigation. Yandie Liu: In-

vestigation. Zhenglin Du: Investigation. Qiangsheng Zhang: Inves-

tigation. Qing Chen: Investigation. Jialin Xie: Writing – review &

editing. Kelong Zhu: Writing – review & editing, Writing – origi-

nal draft, Supervision, Funding acquisition, Conceptualization.
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