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ABSTRACT 
Chirality, with its intrinsic symmetry-breaking feature, is frequently utilized in the 

creation of acentric crystalline functional materials that exhibit intriguing 

optoelectronic properties. On the other hand, the development of chiral crystals from 

achiral molecules offers a solution that bypasses the need for enantiopure motifs, 

presenting a promising alternative and thereby expanding the possibilities of the self-

assembly toolkit. Nevertheless, the rational design of achiral molecules that prefer 

spontaneous symmetry breaking during crystallization has so far been obscure. In this 

study, we present a series of six achiral molecules, demonstrating that when these 

conformationally flexible molecules adopt a cis-conformation and engage in multiple 

non-covalent interactions along a helical path, they collectively self-assemble into 

chiral superstructures consisting of single-handed supramolecular columns. When these 

homochiral supramolecular columns align in parallel, they form polar crystals that 

exhibit intense luminescence upon grinding or scraping. We therefore demonstrate our 

molecular design strategy could significantly increase the likelihood of symmetry 

breaking in achiral molecular synthons during self-assembly, offering a facile access to 

novel chiral crystalline materials with unique optoelectronic properties.  
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INTRODUCTION 

Symmetry and symmetry breaking are fundamental concepts in various fields, 

including mathematics, physics, chemistry, and philosophy. Symmetry breaking entails 

the loss of specific symmetry elements within a system of higher-order symmetry, 

resulting in the transformation into one of its subgroups with a lower-order symmetry. 

According to Pierre Curie,1 symmetry elaborates the laws of nature, while symmetry 

breaking is what creates the phenomenon. The principle of symmetry breaking plays 

essential role in our understanding of nature and the phenomena that occur within it,2−4 

which is also widely applied for the search of emergent properties across various 

scientific disciplines.5−10 For instance, inversion symmetry breaking in acentric 

crystalline phase is the cause that generates piezoelectric effect,11 second harmonic 

generation (SHG)12 and bulk photovoltaic effect (BPVE);13 while symmetry breaking 

within polar structures gives rise to pyro- and ferroelectric effect.13−14 These intriguing 

optoelectronic properties are indispensable for the state-of-the-art applications in the 

fields of electronics, energy and information technology.  

Employing homochiral building blocks has been demonstrated as a prevalent 

strategy,15 which breaks the inversion symmetry and leads to acentric superstructures, 

and can also enable facile access to polar crystalline materials.14,16 Spontaneous 

symmetry breaking during self-assembly of achiral building blocks could offer a 

promising alternative.17−19 This approach circumvents the prerequisite of enantiopure 

motifs, therefore expanding the possibilities of the self-assembling toolkit. However, 

with the exception of some sporadic serendipities,20−28 the rational design of such 

achiral synthons imposes a formidable challenge, as it relies on the delicate interplay 

between molecular symmetry, conformational flexibility, and noncovalent 

interactions.29−31  
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Given over 60% of noncentrosymmetric crystals (41/65 Sohncke space groups) 

exhibit screw symmetry, we recently proposed a strategy that favors spontaneous chiral 

resolution of racemic molecules, which we termed “go with the flow”:18 When rational 

molecular design facilitates the exerting of multivalent intermolecular interactions 

along the helical trajectory of screw symmetry of the molecular packing, the racemates 

could experience narcissistic self-sorting during crystallization, leading to the 

formation of homochiral conglomerates. We also applied this strategy to a series of 

achiral D-A molecules.17 As their chiral conformations were clamped by multivalent 

noncovalent interactions, which facilitate the packing of the molecules along the 

supramolecular 21-helices, leading to the formation of chiral crystals. While this 

symmetry breaking strategy is promising, the generality is yet to be confirmed. 

In this report, we designed a library of six achiral pyrene-containing molecules 

and two counterexamples to demonstrate the powerful strategy for spontaneous 

symmetry breaking. We demonstrate, when the molecules adopt a cis-conformation and 

allow to exert multiple interactions along the helical trajectory of screw symmetry 

within the crystalline phase, that the symmetry of the flexible molecules can be broken 

during self-assembly, leading to the formation of chiral crystals, which are 

noncentrosymmetric (Figure 1). Among six chiral crystals, three of them are polar and 

three nonpolar. When the polarity of the crystals resulting from symmetry breaking is 

coupled with the intrinsic photophysical property of pyrene moieties, the three polar 

crystals exhibit intense luminescence upon scraping or grinding, known as 

mechanoluminescence (ML) or triboluminescence phenomenon, which has recently 

showed promise in the applications of sensing, display, optogenetics and so on.32−37 On 

the other hand, the three nonpolar chiral crystals don’t exhibit any ML behavior. This 

comparison therefore reveals that the polarity, rather than the noncentrosymmetric 
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structure of a luminescent crystal, could be used as a design principle for the search of 

novel ML materials (Figure 1). 

 

Figure 1. Schematic illustration of chiral and polar symmetry breaking during the self-
assembly of achiral molecular with cis-conformation rather than trans-conformation. The 
formation of chiral crystals of achiral molecules is facilitated by multiple interactions exerting 
along the trajectory of the screw symmetry of the crystal. The parallel alignment of homochiral 
columns results in polar superstructures that exhibit mechanoluminescence behavior, while 
their antiparallel alignment of these homochiral columns are silent in mechanoluminescence.  

RESULT AND DISCUSSION 

Molecular design of achiral molecules that self-assemble into chiral crystals. We 

first designed an achiral molecule perfluorophenyl 4-(pyren-1-yl)butanoate (FPy), 

which consists of perfluorophenyl, pyrenyl and a flexible linker (Figure 2a). The 

syntheses, chemical characterizations by 1H and 13C nuclear magnetic resonance 

(NMR), and electrospray ionization mass spectroscopy (ESI-MS) are given in the 

Supporting Information. The perfluorophenyl and pyrenyl groups of FPy are connected 

by an ester containing linker, which confers the conformational flexibility of the 

molecule. By density functional theory (DFT) calculations, we first investigated the 

minimum-energy isomerization with the rotation of perfluorophenyl (θ1) and pyrenyl 

(θ2) groups (Figure 2b). The most stable conformations of FPy were observed when the 

θ1 and θ2 are around ±90°. This result suggests that FPy has a potential chiral 
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conformation (P- or M-FPy) and the alkyl chain containing carbonyl group tends to be 

perpendicular to the perfluorophenyl and pyrenyl planes (Figure 2b). The relatively low 

rotation energy barriers of the perfluorophenyl (7.8 kcal∙mol-1) and pyrenyl (1.9 

kcal∙mol-1) groups confirm the achiral nature of FPy in solution, as their conformations 

average out due to the ultrafast intramolecular motion.  

 

Figure 2. (a) Molecular structure of FPy. (b) Potential energy landscape along the rotation of 
the pentafluorophenyl and pyrenyl groups of FPy. (c) Molecular surface electrostatic potential 
(SEP) mapping of FPy. The scale of SEP mapping from +15 kcal/mol to –15 kcal/mol, 
represented with colour change from blue to red. (d) Molecular packing within the homochiral 
helical columns of P-FPy and M-FPy in crystals, respectively. The pink arrows indicate their 
polarization directions. (e) Solid-state CD spectra of individual bulk P-FPy and M-FPy crystals 
dispersed in KBr tablet, respectively. 

The perfluorophenyl and pyrenyl groups of FPy can function as donor and 

accepter of π-hole interaction,38 respectively, which serve as effective driving force for 

molecular stacking. Additionally, the carbonyl and methylene groups can act as 

acceptor and donor of hydrogen bond (H-bond),39−41 respectively, forming H-bond 

perpendicular to the perfluorophenyl and pyrenyl planes. The molecular surface 

electrostatic potential (SEP) mapping of FPy confirms the sites and directionality of 
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these noncovalent interactions (Figure 2c). The donors of the π-hole interaction and H-

bond are situated in positive potential regions (shown in blue), while the acceptors are 

found in negative potential regions (in red).  

We then investigated their absolute conformation using single crystal X-ray 

diffraction (SC-XRD). By slow evaporation of the dichloromethane/n-hexane (2/1, v/v) 

solution of FPy, it crystallized into monoclinic space group P21 (Figure 2d, Table S1 

and S2), which belongs to chiral polar point group 2 (C2). Intriguingly, each crystal is 

solely composed of FPy molecules in either P- or M-conformation. The results confirm 

the spontaneous symmetry breaking during the crystallization of these otherwise achiral 

molecules. 

The detailed analysis of these crystal structures provides compelling evidence for 

the underlying driving force behind this symmetry breaking (Figure 2d). Each 

homochiral conglomerate is composed of supramolecular helical columns of single 

handedness. The formation of these helical columns is facilitated by the helical network 

of C-H∙∙∙O H-bonds (2.4‒2.6 Å, red dashed lines) between carbonyl and methylene 

groups on the flexible linker, which are stabilized by π-hole∙∙∙π interactions (3.3‒3.4 Å, 

cyan dashed lines) between perfluorophenyl and pyrenyl moieties. The π-hole∙∙∙π 

interactions act as “clamps”, facilitating the formation of helical column by connecting 

the FPy molecules.  

In addition, the perfluorophenyl and pyrenyl motifs of each FPy molecule are 

located on the same side of the flexible linker, adopting a chiral cis-conformation. 

Around the crystallographic b-axis, each FPy molecule rotates by 180° with respect to 

another, so that they are packed in a head-to-tail manner along the helical trajectory, 

forming a chiral supramolecular 21-helix, in line with our previously proposed strategy 
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of “go with the flow”.18 The helices are extended on the ac plane to afford the chiral 

polar monoclinic crystalline phase (Figure S9). 

The chirality of P- and M-FPy conglomerates was further confirmed by circular 

dichroism (CD) spectroscopy in solid state, with the previously analysed crystals by 

SC-XRD dispersed in KBr (Figure 2e). The CD spectra show that P- and M-crystals 

exhibit mirror-image profile in the region of UV‒Vis absorbance (Figure S19). Taking 

the P-crystal for instance, it displays a positive cotton effect at 380 nm, followed by a 

negative one at 347 nm. The characteristic positive-to-negative bisignate curve 

confirms the P-configuration of the crystal. 

The prerequisite of H-bonding was verified with a reference compound, 1-(4-

(perfluorophenoxy)butyl)pyrene (FOPy), which is deprived of the carbonyl group as 

compared to FPy molecule (Figure S10). Under the same conditions FOPy molecules 

crystallized into centrosymmetric space group P21/c (Table S3). When the carbonyl 

group is replaced by a methylene in FOPy, the octuple C-H∙∙∙π interactions with an 

antiparallel orientation (2.6‒2.7 Å) between alkyl chain and pyrene become the primary 

driving forces for the molecular stacking (Figure S10), consequently leading to the 

formation of centrosymmetric crystals that are achiral.  

We further investigated the impact of molecular conformation on their packing 

during self-assembly, with the comparison of perfluorophenyl 3-(pyren-1-

yl)propanoate (FPy1) and FPy (Figure 3a). FPy1 has one less methylene in its alkyl 

chain as compared to FPy, while the SEP mapping of FPy1 (Figure 3a) confirms that 

its sites of π-hole∙∙∙π interaction and H-bond remain the same as in FPy molecule 

(Figure 2c). The SC-XRD analysis reveals that FPy1 molecules adopts a trans-

conformation, i.e., its perfluorophenyl and pyrenyl motifs are located on the different 

sides of the flexible linker. Within the crystalline phase, every two FPy1 molecules of 
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mirror image are packed in the opposite orientation (Figure 3b), leading to the 

formation of achiral crystals that belong to C2/c centrosymmetric space group (Table 

S4). In addition, two-fold H-bonds are aligned in antiparallel within every FPy1 dimer 

(Figure 3b and 3c), which is in contrast to the helical H-bond network formed in the 

homochiral columns formed by FPy. 

 

Figure 3. (a) The molecular structure and SEP mapping of FPy1. The scale of SEP mapping 
from +15 kcal/mol to –15 kcal/mol, represented with colour change from blue to red. (b) An 
achiral dimer of FPy1 with trans-conformation in the crystalline phase. The C-H∙∙∙O hydrogen 
bonds and π-hole∙∙∙π interactions are shown in red and cyan dashed lines, respectively. (c) The 
simplified model represents the centrosymmetric stacking of achiral molecules with trans-
conformation. (d) The simplified model represents the homochiral stacking of achiral molecules 
with cis-conformation. 

This result emphasizes that, in addition to directional noncovalent interactions, 

molecular conformation plays a significant role in molecular packing. The cis-

conformation is more susceptible to facilitate symmetry breaking than the trans-

conformation does, as illustrated with the comparison of simplified stacking models 

depicted in Figures 3c and 3d.  

https://doi.org/10.26434/chemrxiv-2023-dr67s ORCID: https://orcid.org/0009-0008-2967-3811 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-dr67s
https://orcid.org/0009-0008-2967-3811
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 9 

 

Figure 4. (a) Molecular structures of ClPy, BrPy and IPy. (b) The 21-helices of self-assembled 
by ClPy, BrPy and IPy molecules, mediated by π-hole∙∙∙π interactions and C-H∙∙∙O H-bonds. 
The pink arrows indicate the polarization directions of their respective 21-helices. (c) The chiral 
conformations in P-ClPy and M-ClPy crystals, respectively (left). Solid-state CD spectra of 
individual bulk P-ClPy and M-ClPy crystals dispersed in KBr tablets, respectively (right). (d) 
The chiral conformations in P-ClPy, M-ClPy (left) and P-IPy, M-IPy (right) crystals, 
respectively. The hydrogen atoms not involved in hydrogen bonding are omitted for clarity. 

Generality of rational design of achiral molecules for symmetry breaking during 

self-assembly to form chiral crystalline phase. To validate the reliability of our 

design principle of “go with the flow”, we synthesized three analogues, i.e., 4-chloro-

2,3,5,6-tetrafluorophenyl 4-(pyren-1-yl)butanoate (ClPy), 4-bromo-2,3,5,6-

tetrafluorophenyl 4-(pyren-1-yl)butanoate (BrPy) and 2,3,5,6-tetrafluoro-4-iodophenyl 

4-(pyren-1-yl)butanoate (IPy), which replace the fluorine atom at the para-position of 

FPy with chlorine, bromine, or iodine atoms, respectively (Figure 4a). The SEP 

mapping of three compounds reveals that the interaction sites of π-hole∙∙∙π interaction 

and C-H∙∙∙O H-bond are retained (Figure S17). Besides, these halogen atoms X (X = 

Cl/Br/I) provide distinct positive potential regions (σ-hole), which would allow the 

formation of halogen bonds with the nucleophilic regions of neighboring molecules.38,42 

Under the same condition of crystallization, all three molecules experienced 
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spontaneous symmetry breaking, leading to the formation of chiral crystals composed 

of molecules with homochiral conformation. The SC-XRD analysis reveals that all 

three molecules adopt cis-conformation, and self-assemble into orthorhombic space 

group P212121 for ClPy and BrPy, and tetragonal P41212/P43212 for IPy, which belong 

to chiral nonpolar point group 222 (D2) and 422 (D4), respectively (Table S5‒S10).  

The three molecules exhibit nearly identical cis-conformations, and their 

supramolecular 21-helices are driven by π-hole∙∙∙π interactions and C-H∙∙∙O H-bonds, 

reminiscent of FPy (Figure 4b). As for ClPy and BrPy, it is worth noting that the 

chlorine and bromine atoms indeed form halogen bonds, i.e., C-Cl∙∙∙F (3.2 Å) and C-

Br∙∙∙F (3.1 Å), with the molecules of the adjacent supramolecular helices, which induces 

the up-side down packing of one 21-helix with the neighboring helices. These 

homochiral supramolecular helices self-organize in an antiparallel fashion, therefore 

forming a chiral nonpolar crystalline phase (Figure S11 and S12). This result is in 

contrast with the polar crystals formed by FPy, within which the homochiral 

supramolecular helices are aligned in parallel, so that their dipoles are accumulated. 

(Figure S9). As for IPy, C-I∙∙∙π (3.6 Å) halogen bonds induce 21-helices to further 

assemble into nonpolar 41/43-helices via the operation of 41/43-screw symmetry (Figure 

S13). The 41/43-helices eventually form a chiral nonpolar crystalline. The chirality of 

ClPy and IPy crystals was also confirmed by CD in solid state (Figure 4c and Figure 

S18). BrPy molecules crystallized into needle-like crystals that are too small to measure 

solid-state CD of an individual crystal. 
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Figure 5. (a) The molecular structures of achiral molecules PhPy and NaPy that undergo chiral 
symmetry breaking. (b) The 21-helices of self-assembled by PhPy (top) and NaPy (below) 
molecules, mediated by multiple noncovalent interactions including C-H∙∙∙π, π∙∙∙π and C-H∙∙∙O 
interactions along the screw symmetry. (c) The chiral conformations in M-PhPy and P-PhPy 
crystals, respectively (top). Solid-state CD spectra of individual bulk M-PhPy and P-PhPy 
crystals dispersed in KBr tablet, respectively (below). 

We also synthesized phenyl 4-(pyren-1-yl)butanoate (PhPy) and naphthalen-2-yl 

4-(pyren-1-yl)butanoate (NaPy), which replace the perfluorophenyl group of FPy with 

phenyl and naphthyl groups, respectively (Figure 5a). Under the same condition of 

crystallization, both PhPy and NaPy self-assembled into monoclinic space group P21, 

belonging to chiral polar point group 2 (C2, Table S11‒S14). The two molecules exhibit 

nearly identical arrangements in chiral polar crystalline phases (Figure 5b, S14 and S16).  

To avoid verbiage, only the conglomerate of M-PhPy is illustrated here for 

example, the molecules also exhibiting cis-conformation. These molecules are arranged 

off crystallographic b-axis. Each molecule rotates by 180° with respect to another 

(Figure 5b). As a result, it forms a polar supramolecular 21-helix, which is mediated by 

multiple noncovalent interactions along the screw symmetry, including C-H∙∙∙π (2.6 Å), 
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π∙∙∙π interactions (3.7‒3.6 Å) and C-H∙∙∙O (2.8 Å) H-bonds. Each supramolecular helix 

consists of two columns located on the opposite side of b-axis. These helical columns 

are connected by C-H∙∙∙π interactions. In each column, the π∙∙∙π interactions act as 

conformation clamps between PhPy molecules (Figure 5b). Ultimately, the polar 

supramolecular helices are extended parallelly on the ac plane to afford the chiral polar 

monoclinic crystalline phase (Figure S14). The chirality of PhPy bulky crystals was 

also confirmed by CD in solid state (Figure 5c). 

Mechanoluminescence activity of these pyrene-based crystals. Despite the first 

observation of the ML phenomenon since 1605 by Francis Bacon,43 no consensus on 

its mechanism and rational design principle has merged.37, 44−46 Different factors, 

including molecular structure,47−48 intermolecular interactions,36 molecular packing49, 

and impurity50−51 are thought to play significant role in generating this appealing 

phenomenon. It's therefore important to note that, because of the simultaneous presence 

of various factors that contribute to the ML process, a careful elaboration of its 

mechanisms has yet to establish.  

According to Zink and coworkers,44 noncentrosymmetric, polar crystalline 

structures are necessary for the occurrence of ML, which is however contradicted with 

observation of ML from centrosymmetric, nonpolar structures made by Sweeting et 

al.45 With six chiral, i.e., noncentrosymmetric crystals in hand, we therefore would like 

to present a plausible correlation between the ML process and the polarity of the 

crystals.  
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Figure 6. The photoluminescence and mechanoluminescence spectra of (a) FPy and (b) ClPy 
crystals, respectively. Inset in (a): an image presenting mechanoluminescence of FPy crystals 
upon scraping with a glass rod. (c) Two supramolecular homochiral helical columns of FPy 
alignment in parallel orientation. Pink arrows indicate the alignments of dipoles of columns. (d) 
Two supramolecular homochiral helical columns of ClPy alignment in antiparallel orientation. 
Blue and pink arrows indicate the cancellation of dipoles of two columns. (e) The 32 
crystallographic point groups, within which 11 groups are chiral. (f) The comparison of 
photophysical properties, polarity and ML-activity of six chiral crystals presented in our study. 

The photophysical properties of these six pyrene-based derivatives in solution and 

crystal state were fully characterized (Figure 6). These compounds exhibit similar 

absorption and fluorescence behaviors in solution, all originating from the pyrene 

chromophore (Figure S23). It is worth noting that, as a classical type of polycyclic 

aromatic hydrocarbons, pyrene typically display excimer emission accompanied by 

concentration quenching in aggregated state. However, in the solid state, the 

photoluminescence (PL) of the six compounds exhibits monomeric emission from 

pyrene, with an emission peak at around 400 nm (Figure 6a and S24). We speculate 

that, as there is no direct contact between pyrene moieties in their crystalline phases 

(Figures 2d, 4b and 5b), this particular molecular packing might prevent the formation 

of excimers in the excited state and effectively overcome the aggregation-caused 

quenching, leading to the bright blue fluorescence of FPy/ClPy/PhPy/NaPy with the 
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high solid-state fluorescence quantum yield of 54.1%, 45.3%, 73.6% and 32.6%, 

respectively. On the other hand, as the heavy atom effect of bromine and iodine atoms 

leads to fluorescence quenching, only low fluorescence quantum yields of BrPy (3.6%) 

and IPy (1.9%) was observed in solid state.  

The ML behaviors of these compounds were then investigated. Upon scraping or 

grinding the crystalline powders, FPy, PhPy and NaPy belonging to polar point group 

2 (C2) exhibit a bright blue ML emission (Figure 6b and S25), whereas ClPy, BrPy and 

IPy belonging to nonpolar point group 222 (D2) and 422 (D4) are ML-silent (Figure 6e 

and 6f). The ML spectra of FPy, PhPy and NaPy are similar to their PL spectra, which 

indicates that their ML is attributed to the intrinsic monomeric emission of pyrene, 

which rather excludes the possible N2 emission caused by dielectric breakdown.52 

These results therefore suggest that the polarity of crystals is a key factor for ML-

activity.  

Furthermore, a comprehensive comparison of the structural and optical properties 

between FPy and ClPy further highlights the structure-property correlation. FPy and 

ClPy share almost identical structural parameters that affect their optical properties in 

crystalline state, including molecular structures, molecular conformations, stacking 

patterns in supramolecular helical columns and intermolecular interactions (Figure 2d 

and 3b). Consequently, both FPy and ClPy exhibit similar photophysical properties in 

crystalline state, with their fluorescent peak profiles and wavelengths being virtually 

indistinguishable (Figure 6a and 6b). Additionally, the fluorescent intensity decay of 

FPy and ClPy follows a single exponential pattern, with similar lifetimes of 131.0 ns 

and 106.2 ns, respectively (Figure S26). Their solid-state quantum yields are also 

similar. The notable difference between FPy and ClPy crystals can only be attributed 

to the orientation of their supramolecular helical columns. FPy helical columns adopt 
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a parallel arrangement, leading to the spontaneous polarization in crystalline phase, 

while ClPy helical columns adopt an antiparallel arrangement, resulting in cancellation 

of their dipoles (Figure 6c and 6d). This strict comparison of their structural and optical 

properties clearly unravels that the polarity of the crystal is the pivotal factor for the 

ML activity.  

CONCLUSION 

In summary, we designed a series of six achiral pyrene-based molecules with 

conformational flexibility. When the molecules adopt a cis-conformation and allow to 

exert multiple interactions along the helical trajectory of screw symmetry within the 

crystalline phase, these otherwise achiral molecules experience spontaneous symmetry 

breaking during crystallization, resulting into the formation of chiral superstructures. 

Out of the six chiral crystals, three polar crystals exhibit mechanoluminescence while 

the other three nonpolar crystals are ML-silent. Our work therefore presents a plausible 

correlation between the ML process and the polarity of the crystals. We believe that 

this work may inspire a deeper understanding and exploration of symmetry breaking 

during the self-assembly of achiral supramolecular building blocks, which can be 

applied for the search of the emergent functions of the resulting superstructures in the 

future. 
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