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a b s t r a c t

Co-assembling chiral molecules with achiral compounds via non-covalent interactions like arene-

perfluoroarene (AP) interactions offers an effective approach for fabricating chiral functional materials.

Herein, chiral molecules L/D-PF1 and L/D-PF2 with pyrene groups were synthesized and its chiroptical

properties upon co-assembly with achiral compound octafluoronaphthalene (OFN) through AP interaction

were systemically studied. The co-assembly of L/D-PF1/OFN and L/D-PF2/OFN exhibited distinct chiropti-

cal properties such as circular dichroism (CD) and circularly polarized luminescence (CPL) signals. Chiral-

ity transfer from the chirality center of L/D-PF1 and L/D-PF2 to the achiral OFN and chiral amplification

were successfully achieved. Besides, no significant CPL signal was observed in the self-assembly of L/D-

PF1 or L/D-PF2 while co-assembly with OFN exhibited obvious CPL amplification induced by AP interac-

tion. Notably, a reversal CD signal and CPL signal could be observed in L/D-PF2/OFN when the molar ratio

changed from 1:1 to 1:2 while not found in L/D-PF1/OFN, indicating that that minor structural changes

of molecules could cause large changes in assembly. In addition, a series of computational calculations

were conducted to verify the AP interaction between L-PF1/L-PF2 and OFN. This work demonstrated that

arene-perfluoroarene interaction could drive chiral transfer, chiral amplification and chiral inversion and

provided a new method for the preparation of chiroptical materials.

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

Medica, Chinese Academy of Medical Sciences.

Chirality describes the geometric characteristic of a rigid ob-

ject that cannot be overlapped with its mirror image. Typically,

chiral objects have two distinct forms, known as enantiomers in

the field of chemistry [1]. Chirality holds great importance across

various domains, particularly in biological systems. Here, enantiop-

ure biomolecules like l-amino acids and d-sugars are fundamental

building blocks for creating intricate biomacromolecules such as

helical proteins and DNA. Thus, chirality emerges as a fundamental

aspect of life, spanning from the molecular to the supramolecu-

lar scale [2,3]. Chiral supramolecular complexes, arising from hier-

archical assembly of either chiral molecular components or achi-

ral building blocks, represent significant trends in supramolecu-

lar chemistry and materials science, attributed to their fascinat-

ing properties [4–8]. Specifically, Chiral π-conjugated molecules

or self-assembled structures demonstrate not only the inherent

properties of conjugated absorption, fluorescence, and electron de-
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localization, but also additional features like CPL absorption and

specific recognition [9–12]. The distinctive attributes of chiral π-

conjugated structures pave the path for diverse innovative applica-

tions, including the generation or detection of CPL [13–17], asym-

metric catalysis [18], chiroptical switches [19,20], chiral recogni-

tion [21–25], and chiral optoelectronic materials [26]. Precise and

deliberate manipulation of supramolecular chirality across various

scales holds promise in materials design, yet it remains a notably

daunting task.

The combination of chiral molecules and achiral compounds

in supramolecular co-assembly provides an effective method for

creating chiral functional materials via non-covalent interactions

like π–π stacking, hydrogen bonds, host–guest interactions, and

electrostatic interactions among diverse building blocks [27–32].

Among them, the arene-perfluoroarene (AP) interaction represents

a specific form of electrostatic interaction involving a perfluo-

roarene as the π acceptor and a non-fluorinated aromatic ring as

the π donor [33–36]. The AP interaction has been regarded as

a significant non-covalent force in the realms of supramolecular

chemistry, crystal engineering, and materials science, which offers

https://doi.org/10.1016/j.cclet.2025.111736
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Scheme 1. Molecular structure of building units and structural evolution of the two

building units driven by AP interaction.

advantages for the regulation of optical and electronic properties of

organic compounds [37–39]. Recently, octafluoronaphthalene (OFN)

has been used as a molecular barrier to intercalate into matri-

ces of organic aromatic fluorophores, with the goal of enhancing

the emission efficiency of polycyclic aromatic hydrocarbons (PAHs)

such as tetracene, perylene, pyrene, coronene, anthracene and

phenazine [40–44]. For instance, our group designed and synthe-

sized a series of pyrene-conjugated amino acids, pyrene-carboxylic

acid-benzimidazole derivatives and perylene-conjugated peptoids.

The results showed that these pyrene/perylene derivatives could

form co-assemblies with OFN via AP interaction and induced the

emergence of macroscopic chirality and CPL, which enriched the

handedness of chiroptical active materials and functional chiral

composites design [45–47]. Recently, two chiral molecules bearing

pyrene and OFN though alanine were designed and synthesized by

our group and their chiroptical properties upon self-assembly were

studied. The results indicated that selective chiral dimerization and

folding could achieve by intramolecular AP interactions, suggest-

ing that chiral architectures at different hierarchical levels could

be manipulated via AP interactions [48]. In this work, we designed

and synthesized four molecules L/D-PF1 and L/D-PF2 with pyrene

groups as π donor and pentafluorophenyl group as π acceptor. We

envisioned that these compounds generated a chiral tweezer to in-

clude guests via intramolecular AP interactions. However, experi-

mental and computational results indicated that these compounds

did not form the desired chiral tweezers but self-assembled into

some other superstructures like sheets or fibers via π–π stack-

ing between pyrenes. This might due to the intermolecular AP

interactions between pyrene groups and pentafluorophenyl group

were weaker than the π–π stacking between pyrenes. To con-

tinue our work, OFN was introduced to co-assembly with the syn-

thesized molecules. The results showed that co-assembly L/D-PF1

with OFN could form spiral fibers and amplified CPL. On the other

hand, co-assembly L/D-PF2 with OFN could form chiral tweezers

to include guest as OFN via intermolecular AP interactions. This

difference might due to the fact that the rigid ester group fixed

L/D-PF1 to a linear conformation while flexible ether allowed the

L/D-PF2 molecules to fold into a tweezer structure. These results

suggested that minor structural changes of molecules could cause

large changes in assembly (Scheme 1).

Ultraviolet (UV) titration was conducted to explore molar

ratio of the assemblies by fixing the concentration of L-PF1

(0.01mmol/L) and L-PF2 (0.05mmol/L) and gradually increasing

the proportion of OFN (Figs. 1a and d). For L-PF1, increasing mo-

lar ratio of OFN witnessed the gradual decrease of UV absorp-

tion at peak of 348nm until the molar ratio reached to 1:1. Af-

ter that, the UV absorption increased until the molar ratio ar-

rived at 1:2 and then the UV absorption remained unchanged (Fig.

1a). For L-PF2, with the addition of OFN, the UV absorption de-

Fig. 1. (a) UV spectra comparison of self-assembly and co-assembly of L-PF1 with

OFN at different configurations. (b) Fluorescence spectra of L-PF1/OFN=1/0∼1/2.

(c) Luminescence colors of L-PF1/OFN=1/0∼1/2 under a 365nm light. (d) UV spec-

tra comparison of self-assembly and co-assembly of L-PF2 with OFN at different

configurations. (e) Fluorescence spectra of L-PF2/OFN=1/0∼1/2. (f) Luminescence

colors of L-PF2/OFN=1/0∼1/2 under a 365nm light. Concentrations of L-PF1/OFN

and L-PF2/OFN were 0.01 and 0.05mmol/L, respectively.

creased at peak of 348nm until the molar ratio reached to 1:1

and then keep unchanged (Fig. 1d). These results indicated the op-

timal proportion of L-PF1 and OFN was about 1:2 while 1:1 for

L-PF2/OFN. To inspect the optical properties, fluorescence of self-

assembly and co-assembly were measured (Figs. 1b and e). L-PF1

and L-PF2 exhibited cyan fluorescence under 365nm illumination,

peaking at 475nm. Upon co-assembly with OFN, the fluorescence

of L-PF1/OFN and L-PF2/OFN shifted to blue, with an emission

peak around 400nm (Figs. 1c and f), indicating AP interaction for-

mation accompanied by a blue-shift in emission wavelength. We

also tested the fluorescence quantum yield (QY) of L-PF1 and L-

PF2, which was 1.05% and 8.83%, respectively (Fig. S9 in Support-

ing information). This difference might be caused by the slight

structural differences between them.

To explore the development of supramolecular chirality result-

ing from assembly, CD was conducted following an incubation pe-

riod of at least 8 h under ambient conditions (Figs. 2a-d). The

CD spectra of L/D-PF1 showed apparent Cotton effects at 288nm

and 360nm. After co-assembling with OFN, the Cotton effects of

L/D-PF1 decreased, while new Cotton effects emerged at 228nm

and 353nm. With the concentration of OFN increased, the CD in-

tensity of L/D-PF1/OFN exhibited an initial increase followed by

a decrease, reaching a maximum at a 1:2 molar ratio, consis-

tent with the result of UV titration. This phenomenon demon-

strated that the successful chirality transfer from the chiral cen-

ter of L/D-PF1 to the achiral OFN was achieved. A similar trend

was also noted for L/D-PF2/OFN, with the original Cotton effects

of L/D-PF2 being almost nothingness, and the highest CD inten-

sity appeared at a 1:1 molar ratio, which was also in agreement

with the result of UV titration. Notably, a reversal phenomenon

could be observed in L/D-PF2/OFN when the molar ratio changed

from 1:1 to 1:2. These results indicated co-assembly with OFN

led to chirality transfer and chirality amplification. To explore al-

terations in chiroptical properties due to assembly behavior, CPL

experiments were conducted (Figs. 2e-h). Self-assembly of L/D-

PF1 did not yield significant CPL signals, whereas co-assembly

with OFN showed obvious CPL properties with an evident hyp-

sochromic shift attributed to AP interactions. The dissymmetry fac-

tor glum was around 3.7×10−3 (L/D-PF1/OFN=1/1) and 5.5×10−3

(L/D-PF1/OFN=1/2), respectively. Similarly, self-assembly of L/D-

PF2 did not exhibit significant CPL signals initially. Nevertheless,

upon induction by AP interactions, they all demonstrated promi-
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Fig. 2. (a–d) CD spectra comparison of self-assembly and co-assembly of differ-

ent configurations. CPL spectra comparison of assemblies: (e) L/D-PF1/OFN =1/1;

(f) L/D-PF1/OFN=1/2; (g) L/D-PF2/OFN=1/1; (h) L/D-PF2/OFN=1/2; λex=340nm

and 320nm, respectively. Concentrations of L/D-PF1 and L/D-PF2 were 0.5mmol/L.

nent CPL signals, with glum reaching 6.3×10−3 (L/D-PF2/OFN=1/1)

and 1.7×10−3 (L/D-PF2/OFN=1/2). Notably, a reversal CPL signal

was observed in L/D-PF2/OFN when the molar ratio changed from

1:1 to 1:2, which was in accordance with Cotton effects. Upon ad-

dition of OFN molecules, strong AP interactions between L/D-PF2

and OFN induce changes in the molecular packing of L/D-PF2, lead-

ing to a dramatic transformation in the aggregate morphology. As

revealed by TEM images, at a 1:1 ratio, the macroscopic structure

evolves from bundled fibers to dispersed. When the ratio is further

increased to 1:2, spherical structures become predominant. This

demonstrates the transformation of L-PF2 from fibrous to spher-

ical structures. The assembly of L-PF1 and OPF at a 1:1 ratio rep-

resents an intermediate state. CD and CPL are statistical measure-

ments. Only a small fraction of spherical structures is present, re-

sults in chiroptical signals characteristic of the intermediate state.

When the ratio is increased to 1:2, the spherical structures be-

come predominant, and the observed chiroptical properties reflect

this morphology. This explains the reversal of the CPL and CD sig-

nals. These findings demonstrated that the co-assembly of L/D-PF1

and L/D-PF2 with OFN resulted in novel morphology and chirop-

tical properties, offering a novel approach to preparing chiroptical

materials.

To reveal the morphology of the assemblies, the scanning

electron microscopy (SEM) and transmission electron microscopy

(TEM) were recorded (Fig. 3). Self-assembly of L-PF1 showed

lamella structures while L-PF2 individually displayed fiber struc-

tures, indicating that minor structural difference of molecules led

to great change of aggregate morphologies. After co-assembly with

OFN, L-PF1/OFN exhibited spiral fibers when the molar ratio was

Fig. 3. SEM images of self-assembly and co-assembly of L-PF1 (a) and L-PF2 (c).

TEM images of self-assembly and co-assembly of L-PF1 (b) and L-PF2 (d). Concen-

trations of L-PF1/L-PF2 and OFN were 0.5mmol/L.

Fig. 4. (a) XRD patterns comparison of self-assembly and co-assembly. (b) SAXS

spectral comparison self-assembly and co-assembly.

1:1 and it further evolved into a spiral coil at one top of the spi-

ral fibers when the molar ratio arrived at 1:2. As for L-PF2, OFN

participation produced spherical microparticles when the molar

ratio was 1:1 and the number of spheroidal structures increased

when the molar ratio reached 1:2. These results further demon-

strated that minor structural changes of molecules could cause

large changes in assembly.

In order to describe the molecular assembly structures, X-ray

powder diffraction (XRD) and small angle X-ray scattering (SAXS)

were exploited to reveal the variations in molecular arrangement

caused by the noncovalent bonds in different assemblies. XRD pat-

terns comparison on the L-PF1 with OFN indicates the retainment

of most diffraction patterns with however shifted bands. It sug-

gests the partial social co-aggregation between the two compo-

nents (Fig. 4a). And no individual diffraction peaks of OFN were

found, which were assumably embedded in the molecular ar-

rangement to afford new type of self-assembly arrays. Individual

L-PF2 possesses several sharp peaks as the formation of well-

ordered molecular packing, which however were replaced by the
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Fig. 5. (a) Electrostatic potential maps of L-PF1/OFN and L-PF2/OFN. (b) Non-

covalent interaction calculations of L-PF1/OFN and L-PF2/OFN. (c) Density func-

tional theory calculations L-PF1/OFN and L-PF2/OFN.

hump peaks after incorporating OFN, implying the extended one-

dimensional aggregation with higher aspect ratios. SAXS patterns

give information regarding the mesophase molecular stackings (Fig.

4b). The primary peak at 2.52 Å−1 transforms into new bands

at 2.1 and 4.1 Å−1 respectively, which suggests the formation of

lamellar phase with OFN. In case of L-PF2, the primary three bands

at 2.06, 3.63 and 5.50 Å−1 correspond to the ratio of 1:
√
3:

√
7,

corresponding to a well-defined hexagonal packing mode. After in-

corporating two molar equiv. OFN, the primary bands were re-

placed by a set of new bands at 1.75 and 3.35 Å−1 respectively,

which is assigned as the lamellar structure. OFN with strong AP

interaction induces the phase transformation.

Computational calculations were performed to confirm the AP

interaction between L-PF1/L-PF2 and OFN. Electrostatic potential

maps (ESP) of L-PF1/L-PF2, OFN, and their co-assembly were cal-

culated using the B3LYP-D3(BJ)/6–311G-(d,p) level of theory (Fig.

5a). The results showed the central region of OFN formed an elec-

trophilic π-hole while the central region of pyrene formed an

electron-rich region due to pronounced electronegativity dispari-

ties between hydrogen and fluorine atoms, which allowed them

to interact easily via AP interaction. It is worth noting that the

pentafluorophenyl group of L-PF2 could also interact with OFN

via π-hole and fluorine atoms, which could fix the tweezer struc-

ture. A major gravitational interaction between L-PF1/L-PF2 and

OFN was further conformed by the non-covalent interaction (NCI)

calculations (Fig. 5b). The density functional theory (DFT) calcula-

tions showed that the HOMO of L-PF1/L-PF2 mainly located on the

pyrene ring, while the LUMO mainly distributes on the OFN, sug-

gesting that the electrons was transferred from the pyrene rings of

L-PF1/L-PF2 to OFN. The energy gaps of L-PF1/OFN and L-PF2/OFN

were around 3.23 and 2.97 eV, which indicated there might be

some difference between L-PF1 and L-PF2 due to molecular struc-

tures (Fig. 5c).

Molecular dynamic simulation (MD) was further employed to

visualize the non-covalent bonds of self-assembly and co-assembly.

200 molecules of L-PF1 or L-PF2 were placed into a simulation box

Fig. 6. (a) MD results (20ns) of L-PF1 and L-PF1/OFN. (b) MD results (20ns) of

L-PF2 and L-PF2/OFN. (c) Atomic number assignment of L-PF1. RDF profiles of dis-

tances about (d) AP interaction between L-PF1 and OFN, (e) H-bonds between O35

and H64 and (f) atomic number assignment of L-PF2. RDF profiles of distances about

(g) AP interaction between L-PF2 and OFN and (h) H-bonds between O35 and H63.

measuring 10×10×10 nm3. The system was allowed to equilibrate

in water for a duration of 20 nanoseconds. And the co-assembly of

L-PF1 or L-PF2 with OFN followed a similar procedure, employ-

ing a 1:1 molar ratio and utilizing a simulation box of dimensions

10×10×10 nm3 (Figs. 6a and b). The MD results demonstrated that

self-assembled into aggregates via π-π stacking between pyrene

planes and the introduce of OFN significantly changed the stack-

ing between pyrene by AP interactions. Radial distribution function

(RDF) maps were collected and the results were showed in Figs.

6d–h. Figs. 6d and g demonstrated the distances between pyrene

of L-PF1/L-PF2 and OFN. The prominent peaks at 3.72 and 3.67 Å

suggested a high likelihood of AP interaction occurring. The possi-

bility of hydrogen bonds between O35 and H64 of L-PF1 (Fig. 6e)

and hydrogen bonds between O35 and H63 of L-PF2 (Fig. 6h) were

also calculated. The distance at 2.54 and 2.61 Å evidenced the pres-

ence of weak hydrogen bonds during the self-assembly and the co-

assembly. These findings suggested that the introduction of OFN

led to a notable reduction in π-stacking interactions among pery-

lene moieties, implying that OFN intercalated within the arrange-

ment of perylene moieties.

In summary, chiral molecules L/D-PF1 and L/D-PF2 with pyrene

groups were synthesized and its chiroptical properties upon co-
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assembly with achiral compound OFN through AP interaction be-

tween pyrene moiety and OFN were systemically studied. The co-

assembly of L/D-PF1/OFN and L/D-PF2/OFN displayed different chi-

roptical properties such as CD and CPL signals. Chirality transfer

from the chirality center of L/D-PF1 and L/D-PF2 to the achiral

OFN and chiral amplification were successfully achieved. Notably,

a reversal phenomenon could be observed in L/D-PF2/OFN when

the molar ratio changed from 1:1 to 1:2 while not found in L/D-

PF1/OFN, indicating that minor structural changes of molecules

could cause large changes in assembly. Besides, no significant

CPL signal was observed in the self-assembly of L/D-PF1 or L/D-

PF2 while co-assembly with OFN exhibited obvious CPL amplifi-

cation induced by AP interaction. In particular, a reversal CPL sig-

nal was observed in L/D-PF2/OFN when the molar ratio changed

from 1:1 to 1:2, which was consistent with Cotton effects. The dis-

symmetry factor glum could reach 5.5×10 −3 (L/D-PF1/OFN=1/2)

and 6.3×10−3 (L/D-PF2/OFN=1/1), which might be useful for the

preparation of chiral matter. In addition, computational calcula-

tions such as MD simulation, NCI calculations, ESP and DFT calcula-

tions were conducted to verify the AP interaction between L-PF1/L-

PF2 and OFN. This work demonstrated that arene-perfluoroarene

interaction could drive chiral transfer, chiral amplification and chi-

ral inversion and provided a new method for the preparation of

chiroptical materials.
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