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Abstract 

Controlled chemical reactions in the condensed state are key steps in designing smart materials. 

Due to the absence of diffusion and sufficient molecular collision, the reaction efficiency in the 

solid or aggregated state is expectedly much lower than the solution phase. Herein we report the 

templating effects in self-assemblies undergoing multiple reactions using an aromatic cystine 

derivative. Disulfide bond cleavage into cysteine triggered by a reductant is quantitative in 

aggregates, leading to the molecular rearrangement. Coassembled with a guest pentafluoropyridine 

through π-hole/π interaction allows for a cascade two step reaction including reduction and 

aromatic nucleophilic substitution. These reactions in the condensed, self-assembled state are 

efficient with significant impacts on the structures of nanoarchitectures. Interestingly, the chiral 

expression at macroscopic scale and corresponding chiroptical activities exhibit templating and 

inheritance effect thanks to the sacrificial templating role of pristine aggregates. We introduce new 

type efficient reactions in the self-assembled states, realizing flexible control by introducing guest, 

and unveil the chiral inheritance effect in topochemical evolutions.  
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Introduction 

Materials composed of molecular units with intrinsic responsiveness can undergo reversible 

changes in chemical structure or molecular conformation upon exposure to external stimuli such 

as light, heat, electric field, pH, or chemicals.1-6 These transformations can further induce 

macroscopic changes in color, morphology, swelling, conductivity, and luminescence.7-13 

Molecular and supramolecular systems are primarily engineered to respond to such stimuli, most 

of which rely on reversible non-covalent interactions under kinetic control, such as rapid interfacial 

adsorption.14-19 However, stimuli-responsive materials governed by chemical reactions, 

particularly those operating under spatial confinement such as in the solid state, remain a 

significantly underexplored area. Their importance lies in the ability of such constrained 

environments to direct supramolecular assembly through spatial restrictions, thereby enabling 

unique chiroptical properties. In contrast to previously reported chiral nanostructures, these in situ 

transformation systems, prepared via a post-assembly reaction approach, exhibit a strong 

templating effect and promising potential for applications in adaptive optical devices, chiroptical 

switches, and smart sensors. Nonetheless, limitations such as slow response kinetics, limited 

recyclability, and challenges in precisely controlling and determining the exact molecular self-

assembly patterns under confinement still need to be addressed. 

There are limitations in reaction efficiency under confinement, within self-assembled phases, 

or in solid-state systems.20-22 Unlike solution-phase systems, reactions under confinement or in the 

solid state occur in highly restricted physicochemical environments, where molecular mobility and 

mass transport are significantly limited.23-26 Such spatial confinement can unlock exceptional 

potential for enhancing reaction activity, controlling pathways, and improving product 

selectivity.27-30 The organization of molecules (such as in crystalline state), interfacial migration, 

and restricted diffusion—along with steric confinement, solvation exclusion, and orientational 

effects—can significantly regulate reaction mechanisms, suppress side reactions, and enhance 

regio- and stereoselectivity.31-34 The fixed conformation of reactants in the solid/confined state 
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may facilitate precise control over reaction sites and modes, and may allow stabilization of 

otherwise transient intermediates or inaccessible phases in solution.35-37 Despite these advantages, 

the scope of solid-state reactions remains limited, largely due to restricted molecular mobility, 

hindered diffusion, and challenges in establishing catalytic cycles.38-40 Many reactions have been 

successfully implemented in confined or solid phases, including [2+2] and [4+2] 

photocycloadditions, click reactions, boronic ester formation, and imine condensations.41,42 These 

transformations generally proceed under catalyst-free and mild conditions, without the need for 

harsh thermal or cryogenic environments. Nonetheless, it remains an open question as to how 

many of the diverse covalent transformations developed by synthetic chemists can be adapted to 

confined systems. This underscores a rich landscape of chemical questions and properties worthy 

of in-depth investigation.43,44 The development of dynamic covalent reactions for constructing 

responsive materials presents major challenges, particularly in the exploration of efficient 

chemical reactions.  

Expanding the scope of such reactions from traditional crystalline systems to soft-matter or 

mesoscopic assembled phases is essential for enabling functionalities and applications.45 For 

instance, dynamic chemical reactions in assembled molecular states are also critical to achieving 

supramolecular chirality evolution and the design of intelligent chiral materials.46 Supramolecular 

chirality offers tunable, reversible, and stimuli-responsive characteristics, which can evolve 

through several mechanisms: chiral induction, chirality transfer and amplification during 

cooperative assembly, chirality inversion or reconstruction under external stimuli, and kinetic 

regulation under non-equilibrium conditions.47-49 This multilevel chirality evolution lays a 

structural foundation for the development of stimuli-responsive chiral materials, chiral devices, 

and asymmetric catalytic platforms.50-53 Furthermore, supramolecular chirality mediated by 

covalent or topochemical reactions offers a promising framework for the dynamic construction of 

advanced functional systems with chiral responsiveness.54-57 

In this work, we introduce disulfide bond cleavage and aromatic nucleophilic substitution 

(SNAr) reaction.58,59 A pyrene-conjugated cystine derivative self-assembles into helical structures, 
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which encounters a reductant TCEP undergoing disulfide bond cleavage into cysteine (Fig. 1). In 

situ reaction (SS to SH) is quantitative in the self-assembled state, arising evolution of molecular 

arrangement. The supramolecular chirality is inherited from the pristine templates and distinct 

from the as-synthesized SH. Such reaction-mediated sacrificial templating protocol represents a 

top-down process in contrast to that of bottom-up. Further verification of such effect was carried 

out in a complex two-component system. Introducing pentafluoropyridine (PFP) provides 

significant π-hole/π interactions to give coassemblies (SS/PFP), which undergo reduction into 

another form (SH/PFP). Interestingly, under gentle heating with weak base (NaHCO3), SNAr 

occurs to give SPFP. The conversion yield from SS/PFP to SPFP in the aggregate state is 

determined up to 67%, which leads to the profound changes in the self-assembly behaviors and 

chiroptical activities. In the multiple step process, the evolution of chirality also exhibits 

inheritance or templating effect. Furthermore, the current protocol complements noncovalent 

chemistry by facilitating the construction of chiroptical materials and nanoarchitectures that are 

otherwise challenging to achieve. 
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Figure 1. Topochemical conversion with inherited chiroptical properties. Molecular structures and 

topochemical conversion between different states. This special system shows the strong templating 

and inheritance with respect to the chiroptical performances.  

 

Results 

Disulfide bond is dynamic and redox sensitive. Its cleavage can be readily realized by reductant. 

SS with a cystine skeleton in the presence of a reductant TCEP transforms into SH (Fig. 2a, 

Supplementary Figs. 1-11). In dimethyl sulfoxide (DMSO), the disulfide bond cleavage was 

monitored by 1H nuclear magnetic resonance (NMR) and high-resolution mass spectrometry 

(HRMS), which verified near quantitative conversion at ambient conditions (Fig. 2b). Fourier 

transform infrared (FTIR) spectroscopy confirms the emergence of S-H stretching vibration bands 

after reaction (Fig. 2c, Supplementary Fig. 12). The reaction leads to conformational variations. In 

DMSO with a high polarity, an excimer band at around 490 nm is retained (Fig. 2d), illustrating 
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the π-π stacking between pyrenes that SS adopts a folded geometry. Introducing TCEP witnesses 

the gradual disappearence of excimer emission, causing a luminescence color evolution from cyan 

to blue. The disulfide bond cleavage is dynamic and reversible.60,61 Spontaneously, incubation at 

ambient condition shall recover the cyan luminescence, and the redox process is reversible for 

several cycles (Fig. 2e). We also evaluated the circular dichroism (CD) response (Fig. 2f, 

Supplementary Fig. 13, 14). SS possesses a bisignate Cotton effect centered at around 350 nm 

caused by the folded pyrenes, while SH affords an intrinsic Cotton effect with decreased intensity 

due to the absence of aromatic interplay in solution. Then, we explored the disulfide cleavage 

interaction conducted in the self-assembled state (in bulk water with less DMSO). During the 

initial self-assembly process, the assembly of SH and SS undergoes liquid–liquid phase separation 

(LLPS), which serves as a critical intermediate stage before the eventual formation of stable 

nanostructures, as directly visualized by SEM and TEM (Supplementary Figs. 15–26, 28–39). This 

LLPS transition profoundly influences the chiral evolution of the assemblies. In particular, our in 

situ chiroptical measurements (CD and UV–Vis spectra, Supplementary Figs. 27 and 40) revealed 

that the CD signals, especially the Cotton effect around 350 nm, underwent dramatic changes, 

including complete inversion, during the LLPS process before eventually stabilizing. Within the 

confined and dynamic environment of the LLPS droplets, molecular packing modes, interaction 

barriers, and nucleation pathways are altered. This allows the emergence of chiral conformations 

that can compete with or even override the initial chiral information. The eventual CD equilibrium 

corresponds to the thermodynamically or kinetically favored chirality after this complex 

maturation and selection process mediated by LLPS. Thus, the evolution of CD signals through 

the LLPS stage provides direct spectroscopic evidence that phase separation dynamically perturbs, 

and can ultimately redefine, the chiral outcome of the assembly.62 Hydrophobic force drives the 

aggregation of SS, which encounters TCEP shall rapidly transform into SH in an in situ manner. 

The reaction in the self-assembled state is still efficient and can be completed within 15 mins (more 

TCEP is however required). High-performance liquid chromatography (HPLC) analysis on the 

collected self-assemblies treated by TCEP indicates a near quantitative conversion efficiency (Fig. 
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2g). This reaction could overcome the barrier of aggregates and achieves the in-situ transformation, 

favoring the topochemical process. It also realizes a profound blue-shift emission from 500 nm to 

400 nm (Fig. 2h). SH no doubt adopts a distinct aromatic stacking that disfavors the excimer 

emission (such as CH-π), whereby the reaction degree could be well illustrated by the maxima 

emission wavelength. Individual SS and SH (as-synthesized) in the assembled state exhibit distinct 

Cotton effect (Fig. 2i). The dichroism intensity is enhanced compared to the monomer state in Fig. 

1f, and both SS and SH give rise to overall bisignate type signal due to interplay between 

hydrophobic pyrenes. When conducted by in-situ protocol, SHin-situ display totally different shaped 

CD signal with SH or SS (Fig. 2j). It implies the topochemical transformation could retain the 

chiral properties of pristine structures with specific variations. We also evaluated the CPL 

properties of SS, SH and SHin-situ in the self-assembled state (Fig. 2k, 2l, Supplementary Fig. 41). 

Remarkably, SS and SH give opposite-handed CPL signal ascribed to the different stacking of 

pyrenes. However, the SHin-situ samples transformed directly from SS aggregates display same 

handedness with SS. It reflects a strong chiral inheritance effect. Topochemical conversion is not 

a bottom-up self-assembly process, but can be classified as a top-down process with a sacrificial 

templating feature. Based on the pathway-dependent chiroptical properties of SH assembly, we 

developed a fluorescence-based encryption strategy. Initially, the SS assembly exhibits green 

fluorescence originating from pyrene excimers, while the SH assembly emits blue monomer 

fluorescence, which allows the pre-encrypted message to be read visually. Encryption is initiated 

by adding TCEP to the SS assembly, which cleaves the disulfide bonds and shifts the fluorescence 

from green to blue, thereby erasing the original information. Although the encrypted SS assembly 

(after TCEP treatment) and the original SH assembly both show similar blue fluorescence under 

UV light, they possess distinct chiroptical signals due to their different assembly pathways. 

Decryption is accomplished through chiroptical spectroscopy (CD or CPL), where the unique 

Cotton effects associated with each assembly pathway allow the hidden pattern to be recovered. 

Under visible light, all samples appear identical, providing an additional layer of security. This 

pathway-encoded strategy prevents decryption based solely on the final chemical state, 
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demonstrating considerable potential for anti-counterfeiting applications. The SS pristine 

aggregate provides a chiral template or environment to refine the Cotton effect, CPL and other 

properties like nanomorphology.  

 

Figure 2. Redox-regulated dynamic chiroptical switch based on self-assembly. a) Conversion 

between SS and SH initiated by redox. b) HRMS spectrum comparison of SH. c) FTIR spectra of 

SS and after the addition of TCEP. d) Fluorescence spectra of SS in DMSO (0.1 mM) in the 

presence of different molar equiv. of TCEP (λex = 340 nm). Insets show the decreasing trend of 

excimer relative intensities and bulky luminescence color change. e) Excimer emission intensity 

change cycles initiated by TCEP (2 equiv.) and spontaneous oxidization by air. f) CD spectra 
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comparison of SS and SH in DMSO (0.1 mM). g) HPLC tracking of SS and SH from in-situ 

conversion in the self-assembled state. h) Emission changes of SS in the self-assembled state with 

increasing amount of TCEP. i) CD spectra comparison between SS and SH (pre-synthesized) in 

the self-assembled state. j) CD spectra of SH in-situ converted from SS by adding TCEP. k) CPL 

spectra of SS and SH (pre-synthesized) in the self-assembled state (λex = 340 nm). l) CPL spectra 

of SH in-situ converted from SS by adding TCEP (λex = 340 nm). All self-assemblies were 

conducted in DMSO/H2O (1/9, v/v) with a 0.4 mM concentration. 

 

Next, we explored the evolution of nanoarchitectures and their molecular packing using scanning 

electron microscopy (SEM) and grazing incidence wide angle X-ray scattering (GIWAXS). SS 

individually self-assembled into fibrous structures (Fig. 3a, Supplementary Figs. 43-46), most of 

which adopt a twisted topology. LSS and DSS respectively give homochiral right-handedness (P) 

and left-handedness (M). It implies the high-fidelity chirality transfer from molecular to 

macroscopic scale. The expression of chirality at macroscopic level is facilitated by the one-

dimensional packing, and folded pyrene with relatively rigid skeleton favors the packing into 

helical sense. In comparison, SH (pre-synthesized) tends to crystallize into microrods. The three-

dimensional growth hinders the chiral expression at macroscopic scale. The missing of disulfide 

bond leads to the unfolding without intramolecular constraints that improves the ordered packing. 

In contrast, we synthesized the self-assemblies from SHin-situ by directly adding TCEP to the SS 

aggregates. In the similar way, it observed the emergence of microrods with highly crystalline 

domains. However, the architectures are relatively larger than that of SH alone, which might be 

originated from the slow molecular exchange between reagents and products with more 

thermodynamic control pathways. It should be noted, even those SH and SHin-situ did not show 

macroscopic chirality probed by SEM, their chiroptical responses verified the presence of 

supramolecular chirality, which are accounted to the local or overall asymmetric packing of 

building units. Given the significant (approximately 200-fold) increase in particle width upon 

reduction, it is likely that the assemblies underwent partial or complete structural reorganization 
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into a new form in the SH state. Nevertheless, the distinct chiroptical spectral differences strongly 

suggest that the original SS assemblies acted as seeds or templates during reduction, thereby 

guiding the asymmetric stacking orientation of the newly formed SH assemblies. This observation 

demonstrates an effective chiral transfer or chiral memory effect. GIWAXS provides detailed and 

anisotropic molecular packing information, where Qxy and Qz record the lattice parameters 

perpendicular and parallel to the one-dimensional growth direction (inset of Fig. 3b). Based on the 

2D scattering pattern and the corresponding integral profiles, Qz and Qxy bands are basically locate 

below and higher than 1.0 Å-1. For SS, the several pronounced peaks at Qz direction are assigned 

as the lattice parameters, and the primary d-spacing of 13.4 Å can be designated as the interlayer 

distance (molecular length of a SS). 3.8 and 3.17 Å correspond to the π-π stacking of pyrenes. SH 

apparently adopts a distinct packing modality. The 1st and 2nd d-spacings at 8.72 and 6.54 Å show 

that it is in an interdigitated array with shrunk packing parameters. The Qxy plane with three major 

bands of 3.56, 3.23 and 2.90 Å is contributed by the π-π and CH-π short contacts between pyrenes. 

SHin-situ has scattering patterns different with both SH and SS. There are larger d-spacings found 

at Qz direction including 12.3 and 10.3 Å, confirming the templating effects of SS. A sharp band 

at 3.47 Å is accounted to the packing of pyrenes. The results are in good agreement with the chiral 

inheritance found in CD and CPL activities. 

 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

Figure 3. Morphological and structural characterization of self-assemblies. a) SEM images of 

different self-assemblies. b) The GIWAXS patterns and integral curves. All self-assemblies were 

conducted in DMSO/H2O (1/9, v/v) with a 0.4 mM concentration. 

 

The above discussions illustrate the disulfide bond cleavage into SH with great changes in 

nanoarchitectures with chiral inheritance. Due to the presence of folded pyrene moieties, SS might 

be capable of clamping or coassemble with electron-deficient compounds through π-hole/π 

interactions.63,64 Thereafter, we could realize disulfide bond cleavage in a two-component system 

(Fig. 4a). PFP with a perfluorinated aromatic core was introduced. In self-assembled state, the 

gradual addition of excess PFP witnesses the enhanced monomeric emission of SS (Fig. 4b, excess 

PFP was added in order to overcome its solvation effect). It implies that PFP inserts into the 

aromatic packing arrays to afford coassembled arrangements. Decreasing tendency was found in 

CD spectra upon adding PFP (Fig. 4c, Supplementary Fig. 47). Between 325 nm to 400 nm, the 

pristine intrinsic Cotton effects becomes bisignate ascribed to the aromatic complexation between 
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pyrenes and PFPs. SEM images on the two-component coassemblies show the similar twisted 

fibers with identical handedness that LSS/PFP and DSS/PFP give rise to P- and M-handedness (Fig. 

4d, Supplementary Figs. 48, 49). We did not observe the presence of phase separation or self-

sorting of individual aggregation. It is believed that partial insertion of PFP into the coassembly 

array of SS which act as a chiral matrix is plausibly a dominating pathway. Using different equiv. 

of TCEP to control the cleavage degree of disulfide bond, SS/PFP gradually converted to SH/PFP, 

with decreasing excimer emission and enhanced monomeric emission at around 400 nm (Fig. 4e). 

The normalized emission spectra display difference with the SS sample without PFP (Fig. 2h). 

SS/PFP exhibits strong and persistent band at around 400 nm because PFP could bind to pyrenes 

either in the SS or SH form. CD spectra, however, were hardly altered after disulfide bond cleavage. 

It further confirms the presence of templating and chiral inheritance effect during the topochemical 

process (Fig. 4f, Supplementary Fig. 50). SS/PFP and SH/PFP are both CPL active (Fig. 4g, 4h, 

Supplementary Fig. 51), and both exhibit l- and r-CPL in the D- and L-enantiomeric form with 

however different maxima wavelengths at 500 and 400 nm respectively. The in-situ generated 

coassemblies of SH/PFPin-situ show similar feature to SH/PFP due to the complete conversion from 

SS to SH in the aggregated state. SEM probed the morphologies of PFP coassemblies (Fig. 4i, 

Supplementary Figs. 52-54). Incorporating PFP into SH (as-synthesized) assembly witnesses the 

presence of nanorods with lateral width and length rather smaller than SH alone. Clearly, 

coassembly with a second component decreases the three-dimensional tendency by directional π-

hole/π forces. In-situ fabrication of SH/PFP coassembly produced relatively larger constructs. This 

behavior is quite similar to the system without PFP.  
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Figure 4. Redox-modulated chiroptical switching in co-assemblies. a) Conversion from SS/PFP 

to SH/PFP via TCEP-mediated disulfide bond cleavage. b,c) Emission and CD spectrum changes 

of SS with the addition of PFP. d) SEM images of coassembled SS/PFP. e,f) Emission and CD 

spectrum changes under different reduction state. Inset shows the normalized spectra. g,h) CPL 

spectra of SS/PFP and SH/PFP coassemblies. i) SEM images of LSH/PFP and LSH/PFPin-situ. All 

self-assemblies were conducted in DMSO/H2O (1/9, v/v) with a 0.4 mM concentration. 
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substituted by sulfhydryl group catalyzed by base. After optimization, the reaction could be 

initiated in solution (DMSO) in the presence of gentle heating and a weak base NaHCO3 (Fig. 5a). 

The product of SPFP was obtained and fully characterized by 1H, 19F NMR and HRMS (Fig. 5b). 

It allows for an alternative protocol to enable topochemical conversion. However, it still faces one 

big challenge that how efficient the SNAr can be in the self-assembled state. A two-step in situ 

conversion was conducted. SS/PFP coassemblies were prepared, followed by the addition of TCEP. 

After incubation, NaHCO3 powder was then added. The final mixture was incubated in a 60 oC 

oven. Then the self-assemblies were collected by high-speed centrifuge, and subjected to HPLC 

analysis (Fig. 5c). It shows that the presence of SPFP after two in-situ steps, which gives a 67% 

yield. There is almost no side product with however remaining SH. It illustrates the pathway is 

feasible to give topochemically self-assembled products. One pronounced behavior is the changes 

of fluorescence. S-substituted PFP constitutes into a typical D-π-A conjugate with cyan emission. 

Therefore, the addition of NaHCO3 to SH/PFP system enables the luminescent color evolution 

from blue to cyan (~490 nm, Fig. 5d). The CD spectra show different features with the SH/PFP 

(Fig. 5e, Supplementary Fig. 55), that strong exciton bands were observed between 400 to 250 nm, 

implying the electronic interplay between the aromatic planes. This reaction promotes us to further 

explore the templating effect between as-synthesized and in-situ converted SPFP. Probed by CPL 

(Fig. 5f, Supplementary Fig. 56), the two step in-situ sample show stronger CPL intensity as well 

as the dissymmetry g-factors (±0.005) than the as-synthesized SPFP (±0.002). It is plausibly 

stemmed from the chiral inheritance effect as SS has a preference self-assembling into helical 

structures with enhanced chiral expression. It is worth noting that, the CPL of in-situ converted 

SPFP is blue-shifted compared to that of as-synthesized samples, which is caused by the 

incomplete conversion as discussed in Fig. 4c. With respect to nanomorphology, SPFP alone 

affords an achiral long and thin fibers (Fig. 5g, Supplementary Figs. 57-59). SPFP alone failed to 

express chirality at macroscopic scale. The nanoarchitectures were greatly altered undergoing a 

topochemical process. Starting from SH/PFP, the SPFPin-situ gives ribbon-like geometry with 

enlarged size to microscale, which stems from the giant crystalline states of SH coassembly. In 
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contrast, SPFPin-situ underwent two-step topochemical process starting from SS/PFP is chiral. It 

illustrates the vital importance of templating and inheritance effect of starting materials, which 

also in consistent with the strong CPL g-factor compared to the as-synthesized SPFP.  

 

 

Figure 5. In-situ covalent transformation and chiroptical property evolution in self-assemblies. a) 

Conversion from SH/PFP to SPFP by base-catalyzed aromatic SNAr reaction. b) 1H NMR (DMSO-

d6，400 MHZ) and HRMS spectra of SPFP obtained from the in-situ reaction. c) HPLC curves of 

the product after two in-situ reactions by disulfide bond cleavage and SNAr starting from the 

mixture of LSS and PFP. d) Emission changes from SH/PFP to SPFP controlled by the different 

amount of base in the self-assembled state (λex = 340 nm). e) CD spectra of the in-situ generated 

SPFP from SH/PFP. f) CPL spectra comparison between as-synthesized and in-situ generated SPFP 

from SS/PFP. g) SEM images of as-synthesized and in-situ generated SPFP (from SH/PFP and 

SS/PFP). All self-assemblies were conducted in DMSO/H2O (1/9, v/v) with a 0.4 mM 
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concentration. [PFP] = 8 mM, [NaHCO3] = 0.8 mM. 

  

Finally, we carried out molecular dynamics (MD) simulation to gain a deep understanding 

about the aggregation in different combinations (Supplementary Figs. 60-64). Five self-assembly 

systems including SS, SH, SS/PFP, SH/PFP and SPFP were conducted under same simulation 

conditions. The free monomers have propensity to form aggregates accompanied by the 

desolvation. Solvophobic force, hydrogen bonding and aromatic stacking are recognized as the 

major contributions to aggregation. We analyzed the dominant dimer structures extracted from LSS 

MD simulations. By fixing the pyrene rings and optimizing the amino acid residues, the LSH and 

LSPFP structural pathways were selected, enabling the assemblies to exhibit a chiral inheritance 

effect. The CD and absorption spectra of the corresponding structures, calculated using the 

B3LYP-D3/6-311(d) basis set, showed good agreement with experimental values (Supplementary 

Fig. 65). The snapshots after 10 ns equilibrium were representatively shown in Fig. 6a. Starting at 

0 ns as the freely dispersion, SS and PFP spontaneously self-assemble into alternatively packed 

arrays, which are designated as the typical π-hole/π interaction. In SPFP state, they also adopt the 

π-hole/π stacking between substituted PFP and pyrene moieties. This interaction occurs both in the 

intramolecular and intermolecular manner, indicating a folding is possible. Electrostatic potentials 

(ESP) were calculated (Fig. 6b).65 Pyrene as a typical π-electron sufficient segment features 

negative and positive ESP at interior and exterior regions due to the electron negativity of carbon 

and hydrogen. The maximum of interior is determined as -16 kcal/mol. The pyridine and 

perfluorination enable a strong π-hole region in PFP, where the maximum ESP was determined as 

high as 42.3 kcal/mol. Thus, pyrene and PFP are excellent pairs to allow π-hole/π complexation. 

We also collected the statistic parameters including the number of hydrogen bonds and short 

distance pairs within 0.35 nm (Fig. 6c). SS and SH coassembly systems possess similar number of 

hydrogen bonds, while SPFP gives more hydrogen bonds. With increasing equilibrium time, the 

number of hydrogen bonds increase sharply from near zero to about 100 (for 200 SS or 400 SH 

molecules). The π-hole/π and hydrogen bonding drive the aggregation of building units with 
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decreased solvent accessible surface areas (SASA). Transformation from SS to SH increases the 

hydrophilic SASA. This can be also observed in the coassembled SS/PFP system. Radial 

distribution function (RDF) profiles were statistically collected (Fig. 6d). Pyrene-pyrene distances 

(labeled atoms can be found in the SI) in SS were widely distributed from 0.38 to 0.61 nm, which 

might be caused by the folded pyrene dimers that constrain the ordered intermolecular π-π stacking. 

After disulfide bond cleavage, a sharp band at 0.38 nm was found, corresponding to the π-π 

stacking between SH. By introducing PFP, the possibility g(r) values were enhanced with a strong 

peak at 0.36 nm, indicative of the π-hole/π arrays between pyrene and PFPs, in good agreement 

with the MD snapshots in Fig. 6a.  

 

Figure 6. Molecular dynamics study of non-covalent interactions and assembly characteristics. a) 

Snapshot of SS/PFP and SPFP MD simulations, where show the π-hole/π interaction arrays. b) 

ESP maps and the maxima values of SS and PFP. c) Number of hydrogen bonds, pairs within 0.35 

nm, and SASA files of different MD simulations. d) RDF curves between pyrenes and pyrene/PFP 

in different MD simulations.  
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Discussion 

In summary, we report an aromatic cystine conjugate system that shows topochemical conversion 

undergoing reduction and SNAr reactions. SS alone self-assembled into helical nanoarchitectures, 

which converted to crystalline rods after disulfide bond cleavage triggered by TCEP. Compared to 

the as-synthesized SH under a bottom-up self-assembly, the in-situ converted SH inherited the 

chiral information from pristine aggregates of SS. The chiral inheritance and templating effect 

were further verified in the coassembled complexes with PFP. PFP provides π-hole/π interaction 

to constitute with SS into coassemblies, which went through reduction and SNAr reaction to afford 

SPFP with high yields (67%) in the confined aggregated state. The in-situ transformed PFP shows 

distinct properties with the as-synthesized building unit. And due to the chiral inheritance and 

templating effect from chiral, asymmetric g-factors of CPL was enhanced with retained chiral 

nanoarchitectures. 

 

Methods 

Materials 

All commercial chemicals were used as received. The synthesis procedures are described in 

Supplementary Fig. 1-11. 

 

Self-assembly protocol 

Self-assembly was initiated via a solvent exchange protocol. The compounds were pre-dissolved 

in dimethyl sulfoxide (DMSO) stock solutions (4 mM) after ultrasonic dissolution. By injecting 

certain volume stock solution (200 μL for instance) into bulky deionized water (1800 μL for 

instance), followed by aging at ambient conditions for 8 h before testing, a self-assembly system 

was achieved (0.4 mM). The volume ratio of DMSO and water was fixed at 1:9. To prepare the co-

assemblies, the compounds were pre-dissolved in DMSO stock solution (8 mM) after ultrasonic 

dissolution. Compound SS solution (100 µL) and pentafluoropyridine solution (100 µL) were 

transferred to a test tube, and then 1800 µL of water was added to prepare a co-assembly solution 
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(0.4 mM). Two-step in situ transformation. SS and PFP compounds were dissolved in DMSO to 

obtain a stock solution, 100 μL of each was mixed, then deionized water (1800 μL) was added for 

mixing, and the reducing agent TCEP was added to equilibrate the mixture for a period of time at 

room temperature, then sodium bicarbonate (NaHCO3) was added, and the reaction mixture 

continued to be reacted at a constant temperature at 60 °C in an oven. After 5 days of incubation, 

the reaction solution was transferred to a centrifuge tube and centrifuged to remove the solvent to 

obtain the of the reaction. Other samples of different concentrations were kept at a DMSO and 

water volume ratio of 1:9. Unspecified, all samples tested were used in the L configuration. 

 

Measurement of NMR and High-resolution mass spectra. 

1H NMR, 19F NMR and 13C NMR spectra were recorded on a Bruker ADVANCE III 400 

spectrometer in DMSO-d6 at 298 K. High-resolution mass spectra (HR-MS) were performed on 

an Agilent Q-TOF 6510. 

 

Scanning electron microscope characterizations 

SEM images were acquired using a Zeiss scanning electron microscope (Germany). For imaging, 

the samples were deposited onto a single-crystal silicon wafer, dried, and then sputter-coated with 

a thin layer of gold to enhance conductivity and contrast prior to measurement.  

 

Fourier transform infrared spectra 

FT-IR spectra were recorded on Tensor II FT-IR spectrometer. Prior to measurement, all samples 

were thoroughly dried, homogenized with KBr, and pressed into pellets for analysis. 

 

UV-Visible absorption spectra 

UV-Visible absorption spectra were recorded at room temperature using a Shimadzu UV-1900 

spectrophotometer. Absorption measurements were performed in a quartz cuvette. 
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Fluorescence spectra 

The fluorescence spectra were recorded on a RF 6000 Shimadzu fluorophotometer.  

 

Circular dichroism spectra and Circularly polarized luminescence spectra 

Circular dichroism (CD) and circularly polarized luminescence (CPL) were measured with an 

Applied Photophysics ChirascanV100 model. Chiroptical testing is performed using quartz glass. 

 

Density functional theory (DFT) computation and molecular dynamics (MD) simulations. 

Initial configurations of the acceptor molecule and the pyrene-modified amino acid were 

constructed from Chem3D structures. These calculations employed Density Functional Theory 

(DFT) at the B3LYP-D3/ 6-311G (d,p) level of theory. Topology files were generated using Amber, 

ACPYPE, and Gaussian tools, ensuring compatibility with the GROMACS force field. We inserted 

400 molecules (200 cystine molecules) randomly into the box (10 nm × 10 nm × 10 nm), followed 

by solvation with the SPC216 water model. Simulations were performed using GROMACS at 298 

K for 10 ns with a time step of 2 fs. Cartesian coordinates of the optimized structures are provided 

in the Source Data. 

 

Data Availability 

All relevant data generated or analyzed during this study can be obtained from the corresponding 

author. The Supplementary Information is available in the online version of the paper. Source data 

are provided with this manuscript. 
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Editorial Summary 

Controlled reactions in solid or self-assembled states underpin dynamic materials and topochemical processes 

but suffer reduced efficiency without diffusion. Here, the authors report that an aromatic cystine derivative 

undergoes multiple topochemical steps with strong templating and chiral inheritance. 
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