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SUMMARY

Separation of racemic mixtures is crucial in pharmaceuticals and agrochemicals, whose enantiomers exhibit 

distinct pharmacological and biological activities. Herein, we design chiral membranes via stereoregular self- 

assembly of recyclable polymers for enantioselective nanofiltration. By incorporating two inherent stereo

genic centers into the repeating unit, we created well-defined chiral recognition sites for amino acids. As a 

result of stereoregular self-assembly, the polymer adopted more extended conformations with larger radii 

of gyration, denser packing, and higher crystallinity, leading to superior thermal, mechanical, and chemical 

stabilities. The dual stereogenic centers enable tailoring both enantioselectivity and nanofiltration perfor

mance. We unveil the relation between enantioselectivity and enantiomer rejection, and reveal the effects 

of applied pressure on the enantioselectivity in both permeate and retentate, highlighting the pressure- 

dependent separation behavior. The design of stereoregular self-assembled membranes offers intrinsically 

ordered architectures, refined molecular selectivity, and precise structural control without complex process

ing, establishing a new design strategy for sustainable, high-performance separation systems.

INTRODUCTION

Chirality refers to the asymmetric arrangements of different 

atoms, creating nonoverlapping mirror images (enantiomers) of 

a compound with a given chemical structure. As the enantio

meric purity of chemical compounds is crucial for the environ

ment and human health, enantioselective purification is widely 

applied to pharmaceuticals,1,2 pesticides,3 food additives,4

and fragrances.5,6 Enantiomerically pure compounds are most 

commonly obtained through natural chiral drug extraction, 

asymmetric synthesis, and enantiomer separation.7 Isolation of 

natural chiral drugs is limited by the availability of natural chiral 

PROGRESS AND POTENTIAL Numerous pharmaceuticals and agrochemicals are mixtures of mirror-image 

molecules, where one version is beneficial and the other may be inactive or harmful. Efficiently separating 

these mixtures remains a great challenge. By engineering the polymer’s molecular design, we developed a 

membrane that differentiates between mirror-image molecules without extra chemicals or complex pro

cesses while maintaining high stability. This research presents a sustainable approach using a recyclable 

polymer that self-assembles into more ordered, chiral structures. This strategy can enhance the safety 

and affordability of pharmaceuticals and specialized chemicals production. The recyclability and durability 

of these membranes in harsh environments can reduce the environmental impact of chemical manufacturing. 

This work establishes a foundation for advanced materials with simple designs that improve availability, 

simplify infrastructure, and lower the cost of pure chemical manufacturing. 
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compounds and requires a complex extraction process. Asym

metric synthesis can effectively yield pure enantiomers but is 

costly and requires a long development time.8 Among the 

various enantiomer separation techniques—chiral chromatog

raphy,9 enantioselective crystallization,10 liquid-liquid extrac

tion,11 classical resolution,12 chiral adsorption,13 and chiral 

membrane separation14—membrane-based separation is ad

vantageous due to low cost, low energy consumption, contin

uous operation, and facile scale-up.15

Enantioselective membranes are selective barriers that prefer

entially allow one of the enantiomers to permeate due to the for

mation of diastereomeric complexes. Driven by differences in 

the Gibbs free energy and stability between an enantiomer and 

the chiral recognition sites in diastereomeric complexes, the en

antiomers migrate through the membrane at different rates.16

Chiral recognition is mediated by van der Waals forces, 

hydrogen bonding, hydrophobic effects, Coulombic interac

tions, and steric effects.17,18 Binding of chiral polymers to enan

tiomers is often facilitated by specific interactions between the 

chiral recognition sites and enantiomers.15 The enantioselectiv

ity of a membrane can stem either from the intrinsic chiral struc

ture of the polymer17 or from the chiral selectors incorporated 

into the membrane.19

Many researchers have incorporated chiral selectors such as 

cyclodextrins,20,21 amino acids,22,23 deoxyribonucleic acids,24

proteins,25 crown ethers,26 metal-organic frameworks,27,28 co

valent-organic frameworks,29,30 and ionic liquids20,31 into enan

tioselective membranes. Chiral polymer membranes can also be 

fabricated by polymerizing chiral monomers or employing inher

ently chiral polymers. Homochiral polymers are particularly 

promising for chiral separation due to their easy processability. 

For instance, Wang et al.32 embedded graphene oxide nano

sheets into homochiral poly(2-oxazoline)-based membranes, 

achieving a high enantiomeric excess (ee = 98.3% ± 1.7%) of 

S-limonene. Homochiral polymers with intrinsic microporosity 

have also demonstrated notable enantioselectivity, with ee 

values of 53% and 32% for racemic BINOL and mandelic acid, 

respectively.33,34 Natural enantiopure polymers such as cellu

lose,35 chitosan,36 sodium alginate,37 and their alternatives, 

with a high content of asymmetric carbons on their backbone 

structures,38 are emerging materials in chiral separation.

Among polymers, polyesters are sustainable, highly biode

gradable alternatives that cover 90% of the biodegradable plas

tics market.39 However, the use of chiral polyesters as mem

brane materials for chiral separation has been rarely reported. 

Ke et al.40 covalently bonded chiral cyclodextrins selectors to 

a commercial cellulose acetate membrane, using trimesoyl chlo

ride as the crosslinking agent, forming a chiral polyester com

posite membrane. Lu et al.41 similarly fabricated an enantiose

lective composite membrane via interfacial polymerization of 

cyclodextrins with trimesoyl chloride on a cellulose nanofiber 

layer. Although these approaches have successfully formed chi

ral polyester membranes, they require complex synthesis steps 

combining multiple monomers, including toxic materials. There

fore, the efficiency and environmental impacts of these mem

branes have raised concern.

In this study, we incorporate two distinct stereogenic centers 

into a biobased monomer. Upon polymerization, these chiral 

centers direct stereoregular self-assembly into hierarchically 

chiral structures that was achieved without the use of enantiomer 

mixtures. Besides simplifying the fabrication process, our strat

egy mitigates environmental concerns by avoiding the use of 

toxic monomers. Stereoregular self-assembly of a polymer re

fers to the formation of an organized structure of polymers with 

regular stereochemistry that is driven by noncovalent interac

tions (NCIs) such as hydrogen bonding, van der Waals forces, 

or electrostatic interactions.42 Increased stereoregularity in the 

polymer backbone typically enhances its physical and mechan

ical properties.43 The self-assembly of stereoregular polymers 

regulates chain packing, leading to improved molecular order44

and thermal and mechanical properties.45 Consequently, we 

aim to exploit these advantages and design membranes for 

enantioselective nanofiltration.

Herein, we strategically engineered novel chiral membranes 

from recyclable poly(R,S)-6-oxabicyclo[3.2.1]octan-7-one 

(PBiL) polyester featuring two inherent distinct stereogenic 

centers for enantiomer separation and nanofiltration applica

tions (Figure 1). PBiL polyester is recyclable46 and derivable 

from natural materials.47,48 However, depolymerization of the 

membrane material may require a prior purification step, 

which should also be considered when assessing end-of- 

life processing. The monomer of PBiL, BiL, can be regarded 

as a hybrid structure of five-membered γ-butyrolactone 

and seven-membered ε-caprolactone. γ-Butyrolactone, a 

biomass-derived monomer obtained from natural succinic 

acid, is ranked among the top 12 biomass-derived com

pounds for petrochemical replacement by the US Department 

of Energy.49 ε-Caprolactone, a cyclic ester used in biodegrad

able polycaprolactone production,50 can be obtained through 

microbial oxidation of cyclohexanol into adipic acid.51 Inte

grating various analytical techniques with computational sim

ulations, we elucidated the structural features of the polymers 

and investigated the effects of structural configuration—linear 

versus cyclic architectures and chiral versus racemic confor

mations—on membrane performance. Furthermore, we estab

lished the interplay between enantioselectivity, enantiomer 

rejection, and applied pressure, offering insights into the un

derlying mechanisms of chiral discrimination. Our study eluci

dates the structure, mechanism, and performance of self- 

assembled stereoregular polyester membranes, highlighting 

their promise as advanced materials for sustainable separa

tion technologies.

RESULTS AND DISCUSSION

Rational design of biobased chiral polyesters and 

membrane formation

To elucidate the effects of stereogenic centers and polymer con

figurations on the properties of stereoregular polymer mem

branes, we engineered a series of PBiL polyesters with diverse 

structural features: chiral versus racemic conformations and 

linear versus cyclic architectures (Figure S1). The designations 

and characteristics of the polymers are presented in Table 1. 

The linear chiral polymer (LCP) and cyclic chiral polymer (CCP) 

were obtained in their enantiopure and racemic forms, as 

confirmed by circular dichroism (CD) spectroscopy (Figure 2A). 
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The pronounced negative and positive bands at 290 and 345 nm, 

respectively, in the CD spectrum of the LCP indicate a strong 

interaction between this polymer and circularly polarized light, 

suggesting the presence of multiple chiral chromophores.52

Corroborating this observation, the nuclear magnetic resonance 

(NMR) analysis revealed two chiral centers in the polymer 

(Figures 2B, S2, S3, S4, and S5). In contrast, the CD spectrum 

(Figure 2A) of the CCP showed no obvious peaks, suggesting 

that the interaction between circularly polarized light and the cy

clic structure was disrupted, leading to signal interference or 

suppression. The signal between 270 and 310 nm likely mani

fests from transition of the carbonyl chromophore at 280 nm.53

Given the absence of an extended conjugated system, the signal 

at 345 nm may result from a specific electronic transition influ

enced by the molecular environment. Overall, the CD spectra 

confirm the chirality of both the LCP and CCP. In contrast, the 

CD spectra of the other two polyesters—the linear racemic poly

ester (LRP) and cyclic racemic polyester (CRP)—showed no 

signal, confirming their racemic nature.

To further clarify the chirality, we measured the optical 

rotations of the polymers. The specific rotations of LCP and 

LRP were [α]21:7
589 = 64 ◦ dm− 1 g− 1 cm− 3 and [α]21:9

589 = 15 ◦ dm− 1 

g− 1 cm− 3, respectively, whereas those of CCP and CRP were 

[α]21:4
589 = 58 ◦ dm− 1 g− 1 cm− 3 and [α]21:9

589 = 4 ◦ dm− 1 g− 1 cm− 3, 

respectively. The higher optical rotation values of LCP and 

CCP than of their racemic counterparts confirm their chiral na

ture. As the molecular weight of a polymer can affect the enan

tioselectivity54–56 and the nanofiltration performance,57 it is 

important to address the exact molecular weight for reproduc

ibility. The LCP exhibited a lower number-average molecular 

weight (Mn = 31.5 kDa) and broader dispersity (Ð = 1.90) 

(Figure S6A) than LRP (Mn = 78.5 kDa; Ð = 1.32; Figure S6B). 

The Mn and Ð of CCP/CRP were 8.2/37.1 kDa and 1.63/16.1, 

respectively (Figures S6C and S6D).

Polymers are preprocessed by dissolution in suitable solvents 

followed by casting and phase inversion to obtain membranes. 

After screening of 43 solvents (Table S1), only dichloromethane 

(DCM) and chloroform were identified as being suitable 

(Figure S7). DCM was selected for membrane fabrication 

because it is less toxic than chloroform, as stated in the 

GlaxoSmithKline solvent-selection guide.39

To investigate the effects of DCM on polymer dissolution, we 

estimated the polymer-solvent interaction energy through den

sity functional theory (DFT) calculations. The interaction energy 

Figure 1. Self-assembled stereoregular membrane design for enantioseparation 

The BiL monomer was synthesized from biomass-derived precursors. The PBiL polyester was obtained via ring-opening polymerization of the BiL monomer, 

using benzyl alcohol as the initiator and La-N as the catalyst in toluene at 23◦C. The resulting PBiL was dissolved in dichloromethane (DCM) and processed into 

membranes through solution casting, followed by 1 min of solvent evaporation and phase inversion in ethanol. The poly(R,S)-6-oxabicyclo[3.2.1]octan-7-one 

(PBiL) monomer could be recovered through catalytic depolymerization. The two inherent stereogenic centers of the polymer promote stereoregular self-as

sembly. The molecular order was improved by increasing the polymer concentration, thus reducing the polymer chain mobility. The membranes exhibited high 

chemical, thermal, and mechanical stability, along with selective enantioseparation capabilities.
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(Einteraction) was considerably higher between DCM and LRP 

(− 9.37 kcal mol− 1) than between DCM and LCP (− 6.06 kcal 

mol− 1) (Figure 2C), indicating that LRP is more stable than LCP 

in DCM. This observation is further evidenced by the more nega

tive solvation free energy (ΔGsolvation) of LRP in DCM (suggesting 

a more energetically favorable solvation process) than of LCP in 

DCM. Aligning with these findings, the experiments revealed that 

LRP remains fully soluble in DCM at concentrations above 

3 wt %, whereas LCP is less soluble at similar concentrations. 

Owing to its rigid and ordered structure, LCP is less likely to 

interact favorably with DCM than the more flexible LRP 

(Figure 2C).

The linear polymers (LCP and LRP) with good film-forming abil

ity were deemed suitable for membrane preparation. In contrast, 

the CCP did not form a film (Figure S8A), possibly because its mo

lecular weight was too low. Although CRP demonstrated film- 

forming ability (Figures S8B and S8C), it was excluded because 

a racemic polymer is unsuitable for chiral separation. Scanning 

electron microscopy (SEM) images of the membranes fabricated 

from LCP and LRP, denoted as LCM and LRM, respectively, re

vealed dense morphologies with similar thicknesses (∼7.1 μm; 

Figures S9D and S9E). The LCM exhibited a more textured sur

face morphology than the LRM (Figures 2D and 2E). From the 

atomic force microscopy (AFM) analysis, the root-mean-square 

roughness values (Rq) of LCM and LRM were determined as 

9.7 ± 0.5 and 0.7 ± 0.1 nm, respectively (Figures 2D, 2E, S9D, 

and S9E), confirming the rougher surface morphology of LCM. 

Both membranes were hydrophilic (contact angle < 90◦) owing 

to the ester groups in their polymer structures (Figures 2D and 2E).

The X-ray diffraction (XRD) patterns (Figure S9A) of LCM and 

LRM presented broad peaks indicating the amorphous-domi

nated structure of both membranes. The membranes yielded 

slightly sharper XRD peaks than the pristine polymers, suggest

ing that the polymer chains had become partially rearranged 

into a more ordered structure during membrane formation. In 

addition, the diffraction peaks in the patterns of both membranes 

were systematically shifted toward lower 2θ angles from those of 

their corresponding polymers. Specifically, the XRD peaks of 

LCP and LCM at 20.2◦ and 17.5◦, respectively, and peaks at 

20.4◦ and 18.4◦ appeared in the XRD patterns of LRP and LRM, 

respectively. This shift to lower diffraction angles implies an 

increased interchain d-spacing, possibly because the polymer 

chains were relaxed and reorganized during the casting process.

Stereoregular self-assembly in the polymers and 

membranes

A heterochiral arrangement of two distinct stereogenic centers 

per repeating unit can enhance the molecular order of a polymer, 

in contrast to the homochiral arrangement.58 The LCP pos

sesses two stereogenic centers with opposite configurations 

(R and S, Figure S1), which facilitate stereoselective interactions 

between the polymer chains and, hence, self-assemble to form 

tighter chain packing. To investigate the self-assembly of LCP, 

the stabilization energies were calculated using DFT. The opti

mized total energies of the LCP and LRP systems were 4.21 

and 13.24 kcal mol− 1, respectively (Figure 3A), demonstrating 

the higher stability of the LCP than that of the LRP. The stability 

of the LCP is attributed to the low energy of the chain conforma

tion, which promotes an ordered chain arrangement. In contrast, 

the LRP adopts a distorted conformation (Figure 3A) that may 

hinder the formation of an orderly packed structure. To account 

for the thermodynamics of stereoregular self-assembly, we 

formulated a hypothesis based on Flory-Huggins theory (Note 

S2).59–61 As each repeating unit in the enantiomerically pure 

LCP shares the same absolute stereochemistry, two chains 

can align in a perfect mirror-image fashion, forming a continuous 

row of C–H⋅⋅⋅O hydrogen bonds at every backbone repeat as 

observed in other polyester systems.62 The mixing free energy 

(ΔGmᵢx) at the resulting uniform R–S interface is largely negative, 

maintaining the blend in a single phase in which total hydrogen- 

bond stabilization drives the stereoregular self-assembly. In 

contrast, each repeating unit in the racemic LRP is randomly 

derived from equal proportions of the two mirror-image mono

mers, preventing continuous R–S pairing across an entire 

chain-chain interface. In LRP, few R–S contacts tend to align in 

the correct orientation for C–H⋅⋅⋅O bonding; the majority of near

est-neighbor encounters involve R–R or S–S pairs that provide 

no extra hydrogen-bond stabilization.63 Therefore, ΔGmᵢx is pos

itive and far exceeds the crystallization threshold, inducing sep

aration of the material into R-rich and S-rich domains before 

crystals can form. Without a continuous R-S interface, self-as

sembly cannot occur, and the LRP remains amorphous.

Self-assembly in the LCP and its membrane counterpart 

(LCM) was compared in molecular dynamics (MD) simulations 

of their structural configurations. The LCP was modeled in 

toluene to reflect its polymerization synthesis conditions, 

whereas the LCM was simulated in DCM to represent the solvent 

environment of the membrane fabrication. The atomic spatial or

ganizations and intermolecular interactions in DCM and toluene 

were investigated through a radial distribution function (RDF) 

analysis and nonbonded energy calculations. The RDF quan

tifies the likelihood of finding a neighboring atom at a given dis

tance from a reference atom, providing insight into the spatial or

ganization of atoms. Nonbonded energy assessments capture 

the strength of intermolecular interactions, with more negative 

energies indicating stronger interactions. The LCM yielded 

Table 1. Designations, polymer characteristics, and film-forming abilities of the designed PBiLs

Polymer code Structural configuration Structural conformation Mn (kDa) Ð (− ) Film forming Membrane code

LCP linear chiral 31.5 1.90 yes LCM

LRP linear racemic 78.5 1.32 yes LRM

CCP cyclic chiral 8.2 1.63 no n.a.

CRP cyclic racemic 37.1 16.10 yes CRM

n.a., not applicable.
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pronounced RDF peaks (Figure 3B), indicating stronger binding 

interactions and greater entanglement of the polymer chains in 

LCM than in the LCP. The calculated nonbonded energy 

(Figure 3C) was substantially higher in LCM (− 8,505 kcal 

mol− 1) than in LCP (− 7,700 kcal mol− 1). Furthermore, the MD 

snapshots (Figure 3D) revealed that LCM is structurally more 

compact than LCP, indicating its stronger molecular interac

tions. Collectively, these findings suggest that the DCM environ

ment strengthens the secondary interactions, creating a more 

ordered and tightly bound polymer network.

To corroborate the MD simulations results, we measured the 

characteristic changes in melting temperature arising from adja

cent packing of the polymer chains, strong intermolecular inter

actions, and increased crystallinity. The differential scanning 

calorimetry (DSC) profile of the LCP (Figure 3E) exhibited a 

melting temperature (Tm) of 237◦C during the first heating cycle, 

a crystallization peak (Tc) at 223◦C during the cooling cycle, and 

a second melting peak (Tm) at 258◦C during the second heating 

cycle. The distinct melting and crystallization peaks suggest a 

high-order structure within the chiral structure. The DSC thermo

gram of LCM (Figure 3F) similarly displayed obvious melting 

peaks at 266◦C and 258◦C during the first and second heating 

cycles, respectively, and a sharp crystallization peak at 225◦C. 

The lower Tm of LCP than of LCM indicates the higher thermal 

stability of LCM, likely owing to its more ordered structure. More

over, the melting and crystallization enthalpies were lower in LCP 

(22.9 and 13.3 J g− 1, respectively) than in its membrane counter

part (26.5 and 14.1 J g− 1, respectively), indicating a higher crys

talline content in LCM than in LCP. According to this observation, 

the membrane fabrication process facilitates self-assembly, 

probably by enhancing the secondary intermolecular interac

tions. The increased structural arrangement resulting from the 

enhanced molecular ordering is consistent with the XRD results 

(Figure S9A), which show sharper diffraction peaks for the mem

branes than for the corresponding polymers. Meanwhile, the 

DSC profiles of both LRM and LRP only exhibited a glass transi

tion temperature (Tg) during the heating and cooling cycles 

(Figures 3G and S9C). The absence of detectable Tm and Tc in

dicates the mostly amorphous nature of these samples. The 

disordered polymer network in LRP and LRM is attributed to 

the lack of stereoregularity, which limits the occurrence of sec

ondary interactions.

Furthermore, we hypothesized that increasing the polymer 

concentration in the membrane enhances molecular ordering 

by increasing the density of available stereoregular centers. To 

confirm this hypothesis, we prepared membranes from polymers 

at three concentrations and obtained their XRD patterns 

(Figure S10A). As the polymer concentration increased, the 

diffraction peaks sharpened and the integrated peak area 

grew, confirming an increasing degree of crystallinity. Corrobo

rating these findings, the Tm in the DSC profile increased with 

the increasing polymer concentration (Figure S10B and 

Table S2), indicating a higher degree of molecular ordering in 

the membranes. Together, these results indicate that increasing 

the polymer concentrations increases the density of stereoregu

lar interactions, and hence the ordering and crystallinity of the 

self-assembled membrane.

The crystallinity and long-range structural ordering in the LCM 

and LRM were investigated using wide-angle X-ray scattering 

(WAXS). The WAXS scattering patterns of both LRM and LCM 

Figure 2. Polymer and membrane properties 

(A and B) Circular dichroism (A) and 13C NMR (B) spectra of the different polymers (see Figures S3 and S5 for the full NMR spectra). 

(C) Molecular structures optimized in dichloromethane, along with their interaction energies and solvation free energies. 

(D and E) Surface scanning electron microscopy (SEM), water contact angle (WCA), and atomic force microscopy (AFM) 3D surface topography images of LCM 

(D) and LRM (E).
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Figure 3. Stereoregular self-assembly 

(A) Predicted crystalline structures of the LCP and LRP systems. 

(B) Radial distribution functions of the LCP chains in dichloromethane (DCM) and toluene. 

(legend continued on next page) 
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(Figure 3H) were consistent with the degree of structural 

ordering. The peak at the scattering vector (q) of approximately 

0.42 Å− 1 was assigned to the Kapton tape64 adhering the mem

brane samples to the holder. The magnified WAXS spectra of 

LRM and LCM at higher q values (0.5–4 Å− 1) were similar, with 

observable scattering peaks at approximate q values of 0.86 

and 1.28 Å− 1, respectively, and shoulders at 1.84 and 

3.21 Å− 1, respectively. However, as shown in the inset of 

Figure 3H, the scattering intensity was higher in the WAXS pat

terns of LCM than in those of LRM, suggesting a higher degree 

of structural ordering in LCM. These results validate the DSC 

results.

Figure 3I shows the small-angle X-ray scattering (SAXS) re

sults of the LCM and LRM membranes. The SAXS spectrum of 

LRM displayed a primary correlation peak at a small scattering 

vector (q = 0.028 Å− 1), indicating a large average distance 

(d = 224 Å) between the polymer domains65 and a lower density 

in LRM than in LCM. To better understand the polymer packing in 

the membranes, we measured the densities of LCM and LRM 

(Figure 3J), obtaining 1.11 and 1.03 g cm− 3, respectively. The 

higher density in LCM was attributed to the more compact struc

ture of the chiral polymer and the chirality-driven stereoregular 

self-assembly, which results in a densely ordered membrane ar

chitecture. Consequently, the fractional free volume (FFV) was 

lower in LCM (0.25) than in LRM (0.36), consistent with the tighter 

chain packing in LCM (Figure 3A). The packing is then tightened 

by the large number of intermolecular interactions.

The degree of unfolding in the polymer chains, which corre

lates with the flexibility of the chains, was qualitatively assessed 

from Kratky plots derived from the SAXS profiles (Figure 3K). The 

Kratky plot of the LRM showed a prominent parabolic curve, 

suggesting a coil arrangement of the polymer chains within a 

globular shape.66 Contrarily, the LCM displayed a linearly 

increasing trend with a less discernible shape, which character

izes unfolded polymer chains. These experimental results agree 

with the MD-simulated polymer conformation in DCM: LCP ex

hibited an extended conformation with a gyration radius of 

13.57 Å, whereas the LRP showed a coiled conformation with 

a gyration radius of 12.62 Å (Figure 3L).

The mechanical properties of the chiral and racemic mem

branes were assessed through a stress-strain analysis 

(Figure S9B). The Young’s modulus was determined from the 

linear elastic region of the curves, while the tensile strength 

was obtained from the maximum stress prior to failure. The 

LCM exhibited a considerably higher Young’s modulus and ten

sile strength than the LRM (Figure 3M and Table S3). We hypoth

esize that the stereoregular self-assembly in the LCM acts as 

intermolecular noncovalent crosslinking, which increases the 

connectivity, reinforcing the structure, and hence enhancing 

the mechanical properties. These findings are consistent with 

previous reports demonstrating that, compared to their nonas

sembled analogues, films that are formed by stereoregular 

self-assembly exhibit higher tensile strength, increased Young’s 

modulus, and greater elongation at break.43,67,68

The LCM and LRM exhibited high thermal stabilities with no 

signs of degradation up to 340◦C (Figure 3N). However, as re

vealed in the differential thermogravimetric (DTG) analysis, 

the maximum degradation rate is 350◦C for LRM and 361◦C 

for LCM, indicating that LCM is more thermally stable than 

LRM. Therefore, stereoregular self-assembly effectively in

creases the thermal stability of materials, consistent with liter

ature findings.67 Integrating the experimental characterizations 

and computational simulation results, we conclude that stereo

regular self-assembly can effectively tune both the structural 

arrangement and the mechanical and thermal properties of 

the membranes.

Performances of the chiral polyester membranes

The two stereogenic centers in each repeating unit of the LCP 

backbone serve as chiral recognition sites, enabling stereoregu

lar self-assembly into a densely ordered LCM structure that es

tablishes a chiral environment for enantiomer discrimination. 

Chiral selectivity is quantified as the ratio of retention times 

of the two enantiomers retained by the membranes. To investi

gate the chiral separation of various racemic solutes, we calcu

lated the atomic distances between the polymer and racemic 

solutes through MD simulations (Figure 4A). In all cases, the 

polymer-solute system dissociated within 30,000 ps, as evi

denced by the increasing atom-atom distances between the 

polymer and solute (Figures S14, S16, S17, and S18). Based 

on the estimated retention times, the chiral selectivity was maxi

mized in mandelic acid. Consequently, we examined the NCIs 

between the enantiomers of mandelic acid and the chiral mem

brane. The dense green regions in the NCI plots (Figure 4B) 

reveal stronger binding of D-mandelic acid than of L-mandelic 

acid to the chiral membrane (Table S4), reflecting enhanced 

van der Waals interactions and greater spatial complementarity 

between D-mandelic acid and the chiral membrane. In contrast, 

green surfaces in the NCI plot of L-mandelic acid are less intense 

and more extended, suggesting less favorable binding of the 

L-enantiomer (Figure 4C).

We also conducted MD simulations of the polymer-solute 

binding energies (Figure S15 and Table S4). In mandelic acid, 

phenylalanine, and tryptophan (selected as representative sol

utes), the retention times were short, moderate, and long, 

respectively. Binding energy calculations across uniformly 

(C) Nonbond energy simulations of the LCP in DCM and toluene. 

(D) Molecular dynamics snapshots illustrating the self-assembly of LCP chains in DCM and toluene. 

(E–G) Differential scanning calorimetry (DSC) thermograms of LCP (E), LCM (F), and LRM (G). 

(H and I) Wide-angle X-ray scattering spectra (H) and small-angle X-ray spectra (I) of LCM and LRM. 

(J) Molecular simulations and fractional free volumes (FFVs) of LCM and LRM; the gray, red, and white spheres represent C atoms, O atoms, and H atoms, 

respectively. 

(K) Kratky plots of LCM and LRM. 

(L) Radii of gyration and conformations of LCP and LRP in DCM. 

(M and N) Tensile properties (M) and thermogravimetric analysis (TGA) and differential thermogravimetric (DTG) spectra (N) of LCM and LRM.
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spaced frames along the MD trajectories initially fluctuated, then 

sharply declined as the polymer-solute distance increased 

(Table S4 and Figure S15). The average polymer-solute binding 

energies of the L- and D-enantiomers were positively correlated 

with their retention times: higher binding energies were associ

ated with longer retention times (Table S4 and Figure 4A). The 

retention times of isomers (e.g., L- and D-phenylalanine) are pri

marily determined by the polymer-solute binding energy. How

ever, according to comparisons of the retention times of different 

molecules (e.g., mandelic acid, phenylalanine, and tryptophan), 

the separation of such molecules is influenced by factors other 

than the binding energy, namely hydrogen bonding, electrostatic 

and van der Waals forces, the steric-hindrance effect, and other 

molecular interactions.69,70

Figure 4. Enantiomer separation and nanofiltration performance 

(A) Retention times of solute molecules on the polymer. 

(B and C) Noncovalent interactions between the chiral membrane and D-mandelic acid (B) and L-mandelic acid (C). 

(D, F, and H) Enantiomeric excesses of racemic phenylalanine (D), racemic tryptophan (F), and mandelicacid (H) at different transmembrane pressures. 

(E, G, and I) Rejection and rejection differences of the two enantiomers of phenylalanine (E), tryptophan (G), and mandelic acid (I) at different transmembrane 

pressures. The pink and blue bars correspond to the R/D and S/L isomers, respectively. 

(J) Solvent permeance as a function of solvent parameters. 

(K) Solute rejection in methanol as a function of solvent molecular size. 

(L) Pore size distributions of LCM and LRM. The estimated pore sizes of the membranes are given.
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The computational predictions were validated through chiral 

separation experiments on the three selected racemic amino 

acids. Figure 4D plots the ee values of phenylalanine in both 

the permeate and retentate as the functions of applied pressure. 

Whereas many studies have reported ee only in the 

permeate,71,72 we measured both the permeate and retentate 

to more comprehensively evaluate the separation performance 

and enantiomeric selectivity under different operating condi

tions. Aligning with the computational predictions (Figure 4A), 

L-phenylalanine was consistently enriched in the permeate 

across all tested pressures, reaching a maximum ee value of 

15.41% ± 1.03% at 0.1 bar. However, the enantioselectivity 

gradually decreased with further increase in transmembrane 

pressure. At 6 bar, the ee value fell to 8.10% ± 0.6%, nearly 

half its initial value, indicating that the membrane partially lost 

its enantiomer-differentiation ability under elevated pressure 

(Figure 4D). Previous studies have attributed the ee decrease 

to a coupling effect under increasing transmembrane pres

sure.73 Increasing the pressure increases the quantity of solute 

permeating through the membrane, thereby reducing the enan

tioselectivity. This behavior was explained by the solution-diffu

sion model, which describes membrane transport as a sequence 

of sorption, diffusion, and desorption steps. Chiral selectivity 

arises when each enantiomer interacts differently with the mem

brane during sorption and diffusion. Under higher pressures, the 

decreased residence time of the solute within the membrane re

duces the likelihood of enantioselective interactions, particularly 

during diffusion. Additionally, enantioselectivity can be influ

enced by molecular interactions and its conformational changes 

(Note S4).74,75 MD simulations showed the pressure-induced 

changes in polymer conformation (Figure S19D), where 

increasing pressure led to chain compaction, as evidenced by 

a decrease in the radius of gyration. This compaction reduces 

the accessibility of chiral binding sites, likely contributing to 

decreased enantioselectivity at higher pressures.

In contrast, the retentate was initially modestly enriched in D- 

phenylalanine at low pressures, but both the permeate and re

tentate became enriched in the L-enantiomer at 3.0 and 6.0 

bar, respectively. This behavior can be rationalized by the stron

ger binding affinity of L-phenylalanine (− 39.5 kJ mol− 1) than of 

D-phenylalanine (− 33.2 kJ mol− 1) to the chiral membrane 

(Table S4). At low pressures, this interaction promotes the selec

tive transport of L-phenylalanine into the permeate, while retain

ing some D-phenylalanine in the retentate. As the pressure in

creases, the elevated flux saturates the chiral binding sites 

faster and reduces the interaction times, resulting in less 

L-phenylalanine being able to pass and thus its greater enrich

ment in the retentate than in D-phenylalanine. More L-phenylal

anine then passes through the membrane, while its presence in 

the retentate increases due to incomplete selectivity. This 

reverse separation behavior at a particular pressure is reflected 

in the flux-selectivity tradeoff described by the solution-diffusion 

model.76 Furthermore, the enantioselectivity of the membrane 

remained stable, with minimal ee variations (Figure S19A) over 

three separation cycles with phenylalanine, demonstrating 

promising operational stability and reproducibility.

The enantiomer-rejection profile of phenylalanine (Figure 4E) 

reveals negative rejection of the L-enantiomer from 0.1 to 3 

bar, suggesting that the L-enantiomer is preferentially trans

ported over the D-enantiomer. Negative rejection occurs when 

one enantiomer has a stronger affinity for the membrane material 

than for the solvent, resulting in preferential permeation.77 To 

rationalize this behavior, the binding energies between the chiral 

polymer and the phenylalanine enantiomers, as well as between 

the polymer and solvent, were calculated (Figure S19E). The re

sults indicated that the L-enantiomer interacts more strongly 

with the polymer than with water, which is consistent with its 

preferential permeation and the observed negative rejection. 

This interpretation is consistent with the ee data shown in 

Figure 4D. Moreover, the decreasing rejection values of both 

the D- and L-enantiomers with increasing pressure limited the in

teractions between the enantiomers and chiral recognition sites, 

thereby lowering the enantioselectivity.

The tryptophan permeate (Figure 4F) was enriched in the 

D-enantiomer, with an ee of 16.30% ± 1.51% at 0.1 bar. 

Increasing the pressure decreased the ee in the permeate, as 

observed for phenylalanine. In contrast to phenylalanine, the 

tryptophan retentate was strongly enriched in L-enantiomer 

(ee = 19.19% ± 0.43% at 0.1 bar). Therefore, the enantiomer 

distribution between the permeate and retentate for tryptophan 

in the membrane opposed that of phenylalanine, although both 

solutes exhibited the same trends of ee with increasing pres

sure. Such contrasting enantioseparation behavior between 

phenylalanine and tryptophan has been reported in other 

studies.78,79 Unlike phenylalanine and mandelic acid, trypto

phan displayed only positive rejection in its rejection profile 

(Figure 4G), indicating no preferential transport of either enan

tiomer. This behavior is attributed to the smaller difference 

between the polymer-solute binding energies of the tryptophan 

enantiomers (3.4 kJ mol− 1) than between those of phenylala

nine (6.3 kJ mol− 1) and mandelic acid (4.5 kJ mol− 1) 

(Table S4). As the pressure increased, rejections of the L- 

and D-enantiomers of tryptophan decreased and increased, 

respectively.

Experimentally, the membrane exhibited the highest enantio

selectivity for mandelic acid, as predicted in the simulations. 

Specifically, mandelic acid yielded the highest ee values 

(26.73% ± 0.66% for D-mandelic acid in the permeate and 

27.12% ± 0.36% for L-mandelic acid in the retentate at 0.1 

bar) among the tested solutes (Figure 4H). The pressure-depen

dent trend of mandelic acid followed that of tryptophan 

(Figure 4F), although with slightly higher ee values. Contrary to 

tryptophan, mandelic acid exhibited negative rejection of its 

D-enantiomer (Figure 4I), likely because the D-enantiomer 

preferentially interacted with the membrane (Figure 4B and 

Table S4). Although the ee values are moderate relative to 

some membranes that incorporate dedicated chiral selectors 

(Table S8), the results demonstrate that measurable enantiose

lectivity is achievable with a single-component, intrinsically chiral 

polymer membrane in the absence of additional chiral selectors. 

This finding underscores a balanced design strategy between 

materials simplicity and membrane performance.

Interestingly, regardless of the rejection direction (positive or 

negative) and solute, the changes in rejection values (ΔRejection) 

with pressure (Figures 4E, 4G, and I) were strongly correlated 

with the enantioselectivity trends (Figures 4D, 4F, and 4H). 
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Therefore, the applied pressure plays a crucial role in enantio

selectivity; under higher pressures, the rejection difference be

tween enantiomers is minimized, and the chiral separation per

formance diminishes.

Next, we extended the application of LCM and LRM to 

aqueous and organic solvent nanofiltration (OSN). The LCM 

with a higher solvent resistance relative to the LRM 

(Figure S7 and Table S1) was tested over a wider range of sol

vents, highlighting its broader chemical compatibility than the 

LRM, which was limited to only five solvents. The solvent per

meance was nearly linearly correlated with the solvent param

eters (Figure 4J), which combine the polar contribution of the 

Hansen solubility parameters (δP), inverse viscosity (η), and in

verse molar diameter (dm).80 The permeances of all tested sol

vents were lower through LCM than through LRM because the 

dense molecular configuration of the LCM lowers the FFV, 

consequently hindering the solvent-molecule transport. Water 

exhibited the highest permeance (Figure 4J) among the tested 

solvents (Table S5) owing to its high δP value (16 MPa1/2), mod

erate viscosity (1.00 mPa s), and small molar diameter 

(0.39 nm). The water permeance was slightly lower through 

the LCM (12.7 ± 0.3 L m− 2 h− 1 bar− 1) than through the LRM 

(14.3 ± 0.2 L m− 2 h− 1 bar− 1). Permeances of the alcohols 

decreased with the increasing viscosity and molar diameter. 

The methanol permeance through LCM and LRM was 9.9 ± 

0.3 L m− 2 h− 1 bar− 1 and 11.9 ± 0.5 L m− 2 h− 1 bar− 1, respec

tively, whereas ethanol showed lower permeance values of 

2.5 ± 0.2 L m− 2 h− 1 bar− 1 and 2.9 ± 0.3 L m− 2 h− 1 bar− 1 

through LCM and LRM, respectively. Nonpolar solvents such 

as heptane and toluene, with the lowest δP values, exhibited 

the lowest permeances. Alongside water, acetone (tested 

only through the LCM) and methanol exhibited high permean

ces, indicating that both membranes favor the transport of 

polar solvents with low-to-moderate viscosities and small molar 

diameters.

To evaluate the solute rejection performances of the mem

branes in OSN, we prepared feed solutions containing a mixture 

of six small molecules (molecular weights less than 850 g mol− 1; 

Table S6). Figure 4K plots the solute rejection values of the mem

branes as functions of molecular weight. Rejection rates above 

0.9 were observed at molecular weights between 517.6 and 

837.0 g mol− 1 for the LCM and between 602.9 and 837.0 g 

mol− 1 for the LRM. The lower molecular weight cutoff of LCM 

(517.6 g mol− 1) than of LRM (602.9 g mol− 1) is attributed to the 

denser molecular configuration of the LCM, which reduces the 

membrane porosity. Fitting the pore size distributions to the gen

eral logistic function,81 the dominant pore sizes of the LCM and 

LRM were estimated as 0.482 and 0.523 nm, respectively 

(Figure 4L). The OSN data align with the structural features 

described in ‘‘stereoregular self-assembly in the polymers and 

membranes.’’ The chiral, stereoregularly self-assembled LCM 

exhibited a denser structure and lower FFVs than the racemic 

analogue (LRM), resulting in a narrower molecular weight cutoff 

and a smaller dominant pore size. To further understand the 

rejection behavior, we obtained the logP values of the solutes 

(Table S6). The logP is a hydrophobicity measure reflecting the 

preference of a molecule for organic rather than aqueous envi

ronments. Polar and nonpolar (hydrophobic) compounds are 

characterized by low/negative and high logP values, respec

tively. Highly polar solutes such as roxithromycin (logP = 1.7) 

and oleuropein (logP = 0.13) were found in the high-rejection 

domain (R > 0.9), whereas most of the lowly rejected 

solutes (R < 0.5) were hydrophobic compounds, including the 

styrene dimer (logP = 5.29) and estradiol (logP = 4.01). These 

findings suggest that beyond size exclusion, polarity-governed 

solute-membrane interactions critically determine the OSN 

performance.

To further assess the separation performance of the two mem

branes, we calculated the selectivity figure of merit (SFM; βA/B) 

for each solute pair.82 The binary selectivity increased with 

increasing molecular size difference between the two solutes. 

In general, the binary selectivities of the same solute pairs 

were higher through the LCM membrane (Figure S20A) than 

through the LRM membrane (Figure S20B). The separation factor 

was most pronounced between the largest and smallest mole

cules (the styrene dimer vs. roxithromycin; SFM(βA/B) = 56.3). 

To further assess the selectivity of the membranes, we analyzed 

the rejection selectivity against the rejection of the less perme

able solute (Figures S20C and S20D). The broader distribution 

of points in the LCM evaluation than in the LRM evaluation indi

cates that the LCM better discriminates between solutes with 

similar properties. To quantify this effect, we calculated the areas 

enclosed by the data points in the x-y plane. The substantially 

larger area coverage of the LCM data (Figure S20C) than of the 

LRM data (Figure S20D) confirms the higher overall rejection 

selectivity of the LCM.

The enantioseparation and OSN experiments collectively 

demonstrate the dual functionality of the chiral membrane 

(LCM). The incorporation of two distinct stereogenic centers 

enabled the preferential transport of certain enantiomers (e.g., 

mandelic acid and phenylalanine). The stereogenic centers es

tablished a stereoregular self-assembled membrane with 

enhanced solvent resistance, broadening its solvent compati

bility for OSN applications.

Using a chiral, recyclable polyester, we strategically engi

neered stereoregular self-assembled membranes with two 

inherent stereogenic centers for enantiomer separation and 

OSN. Unlike conventional methods to boost polyester perfor

mance, this strategy does not require the blending of different 

polymer systems. Stereoregular self-assembly harnesses a sin

gle polymer whose uniform chain stereochemistry facilitates 

packing into ordered domains on its own. Stereoregular self-as

sembly imparts enantioselectivity and increases the degree of 

molecular ordering, substantially enhancing the chemical, ther

mal, and mechanical stability of the membrane. The enantiose

lectivity of the membrane was demonstrated in separation tests 

of racemic amino acid mixtures. Both the permeate and reten

tate were analyzed under a range of applied pressures. The 

membrane was selective for L-mandelic acid, achieving an ee 

of 27.12% ± 0.36% in the retentate, and demonstrated water 

permeance of 12.7 ± 0.3 L m− 2 h− 1 bar− 1. The observed in

stances of negative rejection suggested the preferential trans

port of specific enantiomers. Interestingly, regardless of the 

rejection direction, the pressure-induced change in rejection 

value between the two enantiomers was positively correlated 

with the pressure-induced reduction in enantioselectivity, 
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indicating that increasing the pressure impairs chiral separation 

by minimizing the rejection difference between the enantiomers. 

The stereoregular packing that governs chiral discrimination also 

resulted in denser structures favorable for OSN, as evidenced by 

the effective rejection of solutes down to 517.6 g mol− 1 and 

demonstrated methanol permeance of 9.9 ± 0.3 L m− 2 h− 1. 

The developed membrane with dual functionality—enantiose

lectivity and broad solvent compatibility—is a promising plat

form for chiral separation workflows.

METHODS

Materials

DCM (≥99%, GPR RECTAPUR) and ethanol (abs., ≥99.8%, 

HiPerSolv) were purchased from VWR. Benzyl alcohol and toluene 

were obtained from Alfa Aesar. Iodine, potassium iodide, and 

tris(trimethylsilyl)silane were purchased from ACROS Organics. 

Sodium bicarbonate was purchased from Fisher Chemical. 

2,2′-Azobis(2-methylpropionitrile) and tri[N,N-bis(trimethylsilyl)a

mide] lanthanum(III) were purchased from Sigma-Aldrich. 

3-Cyclohexene-1-carboxylic acid and (R)-(+)-3-cyclohexenecar

boxylic acid were obtained from TCI and Synthonix, respectively.

Polymer synthesis and membrane fabrication

Monomers 6-oxabicyclo[3.2.1]octan-7-one (BiL) and (R,S)-6-ox

abicyclo[3.2.1]octan-7-one [(1R,5S)-BiL] were prepared as 

detailed in our previous study.46 The linear polymers were syn

thesized at a feed ratio of [BiL]:[La-N]:[BnOH] = 600:1:3 in 

toluene (BiL concentration = 1.28 g mL− 1 toluene) at room tem

perature, where La–N and BnOH were added as the catalyst and 

initiator, respectively. Chiral and racemic polymers were ob

tained from chiral [(1R,5S)-BiL] and racemic BiL monomers, 

respectively, and their structures were confirmed from 1H and 
13C NMR spectra (Figures S2, S3, S4 and S5). The cyclic poly

mers were synthesized along the same route as the linear 

ones, but omitting the BnOH initiator. The cyclic polymer pro

duction employed only a La–N catalyst for cyclization to form 

the cyclic polymer. A 3 wt % polymer dope solution was homog

enized in DCM by stirring at room temperature, then casted with 

an Elcometer 4340 film applicator, using a 250-μm thick casting 

knife. After one minute, they were immersed in an ethanol coag

ulation bath at room temperature for 24 h.

Characterization methods

The molecular weights of the racemic and chiral polymers were 

determined using gel permeation chromatography (GPC) on an 

Agilent 1200 series system. The eluent was chloroform at a 

flow rate of 1.0 mL min− 1. The temperature of the columns 

and detector was maintained at 40◦C. The molar masses were 

calculated against a reference curve prepared from polystyrene 

standard samples with known Mw (<102–1 × 107 Da).

The CD spectra (250–370 nm) at 20◦C were recorded using 

a Jasco J-815 CD spectropolarimeter (Jasco Inc., Japan). 

Samples of the solution were injected into 10-mm path length 

quartz cells (Hellma GmbH). The polymer concentration was 

10 mg mL− 1 in chloroform. All spectra were recorded after accu

mulating 10 runs at a scanning speed of 20 nm min− 1. The spe

cific rotations of the enantiomers were measured at 589 nm, 

using a LAXCO polarimeter model (POL301, Fisher Scientific). 

The path length was 0.5 dm, and the solutions were prepared 

at 1 mg mL− 1 in chloroform. The liquid-phase NMR measure

ments were recorded on a Bruker AVANCE-III spectrometer 

operating at a resonance frequency of 500 MHz.

The morphologies of the polyester membranes were investi

gated using SEM (Magellan SEM, FEI). In preparation for cross- 

sectional image analysis, the frozen membranes were fractured 

in liquid nitrogen. Prior to SEM characterization, the membranes 

were coated with 4-nm iridium, using a sputtering system. AFM 

(Bruker Dimension ICON) was performed in tapping mode (Acous

tic AC) at room temperature. The scanning area was 20 × 20 μm2, 

and the scan rate was 0.996 Hz. The results were analyzed using 

NanoScope Analysis software. The surface roughness of the pre

pared membranes was measured in terms of the Rq. The Rq re

sults were averaged over three scans.

The water contact angles (WCAs) of the membranes were 

measured on a Kruss Easydrop instrument by applying the 

sessile-drop method and ellipse fitting. Prior to measurement, 

the membranes were adhered with double-sided tape to a glass 

plate. The final WCA of each sample was calculated as the 

average of three measurements. XRD data were collected using 

a Bruker D8 Advance diffractometer within the 2θ = 5◦–40◦ range 

at 0.02◦ increments and a scanning speed of 2.29◦ min− 1. The 

freestanding polyester membranes were placed on a zero-back

ground XRD sample holder. WAXS and SAXS measurements 

were performed on a Xenocs Xeuss 3.0 high-resolution X-ray 

scattering system, using a Genix3D CuKα radiation source at 

wavelength λ = 1.542 Å (50 kV, 60 mA) and a Dectris Eiger2 4M 

detector. The WAXS and SAXS spectra of all samples were 

measured for 360 s.

The thermal properties of the polyester membranes were inves

tigated using DSC on a DSC Discovery 250 instrument (TA Instru

ments) under the following thermal program: (1) initial cycle from 

25◦C to 120◦C, followed by a 5-min isothermal hold to remove 

any residual solvents and then cooling to 0◦C at 5◦C min− 1; (2) 

the first heating cycle from 0◦C to 280◦C at 5◦C min− 1; (3) a cooling 

cycle from 280◦C to 0◦C at 5◦C min− 1; and (4) the second heating 

cycle from 0◦C to 280◦C at 5◦C min− 1. Thermogravimetric analysis 

was performed on a Jupiter STA 449 F1 instrument (NETZSCH- 

Gerätebau) from 30◦C to 600◦C under an N2 atmosphere. The 

temperature ramp rate was 10◦C min− 1.

The mechanical properties of the polyester membranes were 

measured on a dynamic mechanical analyzer (DMA) (Q800, TA 

Instruments). The samples prepared for DMA were rectangular, 

with dimensions of 20 mm (length), 8 mm (width), and 0.13 mm 

(thickness). Stress-strain curves of three replicates of each 

sample were obtained at a force ramp rate of 0.5 N min− 1. The 

Young’s moduli were calculated from the linear regions of these 

curves, and the tensile strengths were obtained from the 

maximum strain values.

RESOURCE AVAILABILITY
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Materials availability

The details of the material preparation methods can be found in the methods.

Data and code availability

The data that support the findings of this study are available from the corre

sponding author upon reasonable request.
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