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Chiral substrate-induced chiral covalent
organic framework membranes for
enantioselective separation of
macromolecular drug
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Chiral drugs are essential in modern medicine, but separating their enantio-
mers is challenging due to their similar physicochemical properties. However,
traditional methods are often costly and inefficient. Here we show that chiral
covalent organic framework (CCOF-300) membranes, induced by chiral
dopants (L-(+)-/D-(-)-tartaric acid), can achieve high enantioselectivity in
separating chiral drugs. Specifically, CCOF-300 membrane achieved 100%
enantiomeric excess in separating racemic N-Fmoc-N’-[1-(4,4-Dimethyl-2,6-
dioxocyclohexylidene)ethyl]-lysine (Fmoc-Lys(Dde)-OH). We found that size
matching and differences in diffusion rates between enantiomers are key
factors in chiral separation. Additionally, there were no significant differences
in the binding energy between ibuprofen (IBU), Fmoc-Lys(Dde)-OH, and
CCOF-300, indicating that binding energy is not the dominant factor in chiral
separation. This study proposes a cost-effective and scalable method for chiral
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drug separation, highlighting the potential of chiral induction strategy in
improving chiral separation technology in the pharmaceutical industry.

The global pharmaceutical market is increasingly dominated by chiral
drugs, projected to exceed USD 140 billion by 2025, These drugs,
comprising enantiomerically pure compounds, are crucial in treating a
broad spectrum of conditions due to the unique and often superior
therapeutic properties exhibited by individual enantiomers®”. How-
ever, separating enantiomers from their racemic mixtures poses a
significant challenge in pharmaceutical manufacturing’®'. The similar
physicochemical properties of enantiomers hinder traditional separa-
tion techniques, leading to high costs and limited efficiency”®?.
Although widely used, current methods for chiral separation, such as
chiral chromatography”2, diastereomeric crystallization””, and
asymmetric synthesis”, often lack scalability and cost-effectiveness®
(Supplementary Table 1). The demand for innovative and more efficient
separation techniques is urgent™.

In recent years, chiral porous materials, such as chiral metal-
organic frameworks (MOFs)*™* and chiral covalent organic frame-
works (COFs)**=! have become prominent for chiral drug separation.
These materials provide a unique combination of high surface area,
adjustable porosity, and the integration of chiral functionalities,
making them excellent for selective enantiomeric separation. How-
ever, the synthesis of these materials is often constrained by the high
cost of chiral building blocks, which limits their wider use’ ™. To
overcome this obstacle, the chiral-induced strategy has been intro-
duced as a cost-efficient method for producing chiral porous
materials®. Chiral induction can be achieved through various methods
to promote the formation of chiral structures in molecules or
materials®’*%. For example, Morris et al. synthesized chiral SIMOF-1 by
employing 1-butyl-3-methylimidazolium L-aspartate, an ionic liquid
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containing chiral anions, as the reaction medium®’. Additionally, Bu
et al. demonstrated that using (-)-cinchonidine and (+)-cinchonidine
as chiral catalysts enables achiral metal ions and organic ligands to
develop specific chirality during self-assembly, resulting in chiral
MOFs®°. Further studies indicated that chiral catalysts can also facil-
itate the synthesis of chiral COFs. For instance, (S)-DTP-COF and (R)-
DTP-COF were synthesized using a chiral Cu(l)-pybox catalyst,
demonstrating high efficiency in catalyzing asymmetric Michael
addition reactions®’.

In addition to these methods, introducing chiral dopants repre-
sents an effective approach for chiral induction. The Zaworotko group
pioneered the use of enantiomers L-proline and D-proline as chiral
dopants to induce asymmetric crystallization of MOF-5, resulting in
enantiomeric forms of MOF-5 with axial chirality®>. This research gar-
nered significant attention and subsequent studies demonstrated that
various chiral dopants could synthesize chiral MOFs. For instance,
chiral MOFs ([L-HAPA], [Cdg(OBA);0] and [D-HAPA],[Cdg(OBA);o]) for
enantioselective sensing of chiral alkamines were achieved in the
presence of the enantiomerically pure chiral dopants L- or D-2-amino-
1-propanol®. Additionally, another study used chiral pyridine deriva-
tives to selectively induce FJI-H27(M) and FJI-H27(P)**. The introduc-
tion of chiral dopants has enabled the successful synthesis of various
chiral MOFs and facilitated the synthesis of chiral COFs. Cui et al. used
(S)- or (R)-1- phenylethylamine as chiral dopants to synthesize chiral
COFs which exhibit potential applications in asymmetric catalysis and
enantioselective sensing®. The use of chiral dopants has also been
extended to other COF systems, where the incorporation of chiral
amines induces chirality, facilitating the desired chiral properties and
leading to tunable circularly polarized luminescence (CPL). These
findings demonstrate the wide applicability of chiral dopants in the
synthesis of both chiral MOFs and COFs.

Additionally, our group effectively controlled the chirality of
Eu(BTC)(H,O)-DMF MOF by using reusable chiral dopants, such as
chiral amino acids, and cost-effective achiral building blocks to create
a chiral MOF with P- and M-excess (CE-MOF)°°. Moreover, CE-MOF
particles were integrated into a PIM-1 matrix to fabricate a mixed
matrix membrane (Eu(BTC)(H,0)-DMF@PIM-1 MMM) that resolves
chiral organic small molecules. However, the enantiomeric excess (ee)
value for enantiomeric separation of 2-amino-1-butanol is only 9%. We
found that the performance of Eu(BTC)(H,0)-DMF@PIM-1 MMM in
chiral separation was below expectations, prompting us to further
explore the potential of chiral COF membranes in chiral separation.

In recent years, chiral COF membranes have emerged as promis-
ing platforms for chiral drug separation. Pioneering studies demon-
strated their potential for small chiral drug (<1.5nm), achieving
notable ee values up to 94.2% for naproxen® and 100% for
tryptophan®® through strategic incorporation of chiral building blocks.
However, these membranes face significant challenges when it comes
to large chiral drug (>1.8 nm), with reported ee values typically below
20% for antibiotics and peptide derivatives®®, primarily due to frame-
work distortion and pore size mismatch. Moreover, current fabrication
strategies relying on expensive chiral monomers or complex post-
synthetic modifications face scalability challenges, highlighting an
urgent need for cost-effective approaches that reconcile structural
precision with industrial feasibility. The use of chiral dopants to guide
the formation of a chiral framework can reduce the dependence on
expensive chiral building blocks. Despite its promise, the chiral-
induced strategy encounters challenges, particularly in the selection of
chiral dopants. Additionally, the efficiency of chiral separation neces-
sitates further optimization, especially for large chiral drug molecules,
which continue to present significant difficulties.

In this study, we present the synthesis of chiral COF-300 using a
chiral induction strategy. Building on this, we propose the sergeants-
and-soldiers effect strategy and have synthesized a chiral COF-300
membrane through in-situ growth. We utilized L-(+)-/D-(-)-tartaric

acid as chiral dopants, which were subsequently embedded them onto
the surface of polyaniline-coated aluminum oxide substrates. This
process enabled the fabrication of a chirality-induced COF-300
membrane on the substrate. Circular dichroism (CD) analysis con-
firmed the chiral characteristics of the synthesized chiral COF-300
membranes, which demonstrated chiral separation performance.
Remarkably, the membranes achieved 100% ee in separating racemic
Fmoc-Lys-(Dde)-OH within a specific timeframe. Detailed analysis
identified that diffusion factors, especially chiral matching diffusion,
predominantly controlled the enantioselective separation. Meanwhile,
the efficiency of chiral separation is also strongly influenced by host-
guest size matching. This research not only advances our under-
standing of chiral membrane synthesis technology but also introduces
a cost-effective method for chiral drug separation. Our findings indi-
cate that chiral-induced strategies hold promise for enhancing chiral
separation techniques and could processes in the pharmaceutical
industry.

Results

To effectively separate large chiral drug, materials with suitable pore
sizes are crucial. Crystalline COF-300, possessing a uniform pore size
of 1.8nm, emerges as a promising candidate for the separation of
larger drug molecules. Additionally, COF-300 exhibits a dia-seven-fold
interpenetrated diamond topology, where the interpenetrated struc-
ture promotes the close packing of benzene rings along the crystal’s c-
axis via -1 stacking interactions. These robust interactions ensure the
reliable transmission of chiral configurational information along the
pore walls during crystal growth, allowing the entire framework to
acquire chirality through chiral induction.

In accordance with established methodologies in the literature’,
we modified the synthesis process of chiral COF-300 by incorporating
chiral tartaric acid as both chiral dopants and an acid catalyst (see
Methods section). Tetrakis(4-aminophenyl)methane (TAPM) and ter-
ephthalaldehyde (TPA) were homogeneously dispersed in a dioxane/
chiral tartaric acid mixture and subjected to a reaction at 100 °C for
three days (Fig. 1). The resulting insoluble solid was isolated by filtra-
tion and subsequently washed with anhydrous ethanol, 1,4-dioxane,
and tetrahydrofuran. This procedure effectively removed the chiral
tartaric acid and any unreacted monomers, ultimately yielding a high-
purity yellow chiral COF-300 (A-CCOF-300/A-CCOF-300) powder with
ayield of 78%.

We investigated the impact of chiral tartaric acid quantity on the
synthesis of CCOF-300 by varying the molar ratio of carboxyl groups in
chiral tartaric acid to amino groups in TAPM (1.1, 1:5, 1:10, 1:20). The
results indicated that no solid product was observed at molar ratios of
1:1 and 1:20, whereas highly crystalline CCOF-300 was obtained at
molar ratios of 1:5 and 1:10. Fourier transform infrared spectroscopy
(FT-IR) clearly showed the disappearance of characteristic peaks from
the amino groups (3390 cm™) and aldehyde groups (1690 cm™) pre-
sent in the monomers (Supplementary Fig. 1). Simultaneously, a new
signal at 1620 cm™, attributed to C =N bond stretching, indicated the
formation of imine bonds. No evidence of the chiral dopants appeared
in the FT-IR spectrum, suggesting the absence of chiral tartaric acid
within the pores of CCOF-300. Supplementary Figs. 2-5 illustrate the
'H nuclear magnetic resonance (NMR) spectrum of acid-digested COF
in DMSO-dg, which reveals the stoichiometric ratio of TPAM and TPA as
2:1. Hence, we propose the following mechanism of chiral induction
(Supplementary Fig. 6): First, TAPM combines with chiral tartaric acid
(chiral dopants) via hydrogen bonding to form transitional chiral
building blocks. TPA then attacks these chiral building blocks,
affording chirality-enriched entities. Powder X-ray diffraction (PXRD)
patterns showed that the CCOF-300 resembled achiral COF-300,
implying that the introduction of the chiral dopants did not alter the
crystal structure (Supplementary Figs. 7, 8). Scanning Electron
Microscope (SEM) images indicated that CCOF-300 powder retained a
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spindle-like morphology similar to COF-300 (Supplementary Figs. 9,
10). CD (Supplementary Fig. 11) shows that both A-CCOF-300 and A-
CCOF-300 exhibit a near-mirror cotton effect in the 300 — 600 nm
wavenumber range. Similarly, vibrational circular dichroism (VCD)
(Supplementary Fig. 12) demonstrates that the same compounds dis-
play a near-mirror cotton effect in the wavenumber range
1300 - 900 cm™, supporting that two nearly opposite chiral diaster-
eoisomeric COF channel have been induced and prepared in the pre-
sence of L-(+)-tartaric acid or D-(-)-tartaric acid, respectively. These
results demonstrated that introducing chiral dopants could asymme-
trically arrange the achiral COF-300 framework, resulting in chiral
CCOF-300.

During the preparation of this manuscript, we became aware that
Sun’s group had employed a similar methodology (Fig. 1c)”. They used
chiral amino acid derivatives as chiral dopants to disrupt the meso
structure of COF-300 during synthesis, resulting in chiral single crys-
tals and elucidating the precise mechanism of chiral induction. In COF-
300.-cp and COF-300p-cp, alterations in the dihedral angles of the
connecting groups (@1, @1, @2, ¢») led to different conformational
chirality. It is important to note that our study utilizes chiral tartaric

acid as the chiral dopant, which results in distinct chiral signals, as
confirmed by CD spectroscopy.

Based on the aforementioned experimental evidence, we further
investigated the feasibility of applying this method for in-situ chirality
induced chiral COF-300 membrane growth. Porous alumina sheets
were selected as substrates and modified them with polyaniline via
spin coating’?, followed by immersion in a 2.0 mol L™ solution of L-(+)-
or D-(-)-tartaric acid for secondary modification. During this process,
the color of the polyaniline-coated aluminum oxide substrate changed
from blue to green. This phenomenon is attributed to the protonation
of the emeraldine base form of polyaniline under acidic conditions,
which results in the formation of emeraldine salt, typically exhibiting a
green color’>”*, Consequently, the chiral tartaric acid can be anchored
on the surface of the polyaniline layer due to charge interactions,
thereby providing numerous surface chiral active bonding sites.
Building on this, the preparation of the chiral COF-300 membrane
involved the following steps (Fig. 2a): 36.0 mg (0.3 mmol) of TPA and
60.0 mg (0.2 mmol) of TAPM were added to a 50 mL reactor, followed
by 9 mL of anhydrous 1,4-dioxane. The mixture was then sonicated to
ensure complete dissolution, yielding a clear yellow solution.
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Subsequently, 0.6 mL of 3 M acetic acid aqueous solution was gradu-
ally added while stirring. It is important to note that the acetic acid
catalyst does not possess chiral induction capabilities, all chiral
induction factors arise from the adsorption of small-molecule chiral
tartaric acid on the substrate surface. The modified substrate was then
quickly placed into the reactor with the modified side facing upward,
and the reactor was sealed. After 24 h of treatment at 100 °C, a con-
tinuous yellow chiral COF-300 membrane was fabricated. The mem-
brane was repeatedly washed with anhydrous ethanol, 1,4-dioxane,
and tetrahydrofuran. It was subsequently immersed overnight in
anhydrous tetrahydrofuran and vacuum-dried at 100°C for 12h,
resulting in the final chiral COF-300 membrane (A-/A-CCOF-300
membrane).

XRD analysis confirms that the diffraction peaks of the CCOF-300
membrane are consistent with those of COF-300 powder and align well
with the simulated pattern, validating the effectiveness of this mem-
brane fabrication method (Fig. 2b). SEM images showed that a con-
tinuous and dense CCOF-300 membrane, with a thickness of 790 nm,
formed on the substrate surface (Fig. 2c-e). Additionally, the pore size
distribution of the CCOF-300 membrane was analyzed, showing a
uniform structure with an average pore diameter of 1.8 nm. Such well-
ordered channels play a critical role in ensuring high selectivity and
efficiency in chiral separation (Supplementary Fig. 13). To further
assess the structural stability of the CCOF-300 membrane, we con-
ducted an experiment where the membrane was immersed in different
solvents (ethanol, methanol, and n-hexane) for one week. Both XRD
and FT-IR analyses were performed on the membranes after immer-
sion. The XRD analysis showed no significant changes in the diffraction
patterns, indicating that the CCOF-300 membrane maintains its
structural integrity across various solvents (Supplementary Fig. 14).
Similarly, the FT-IR spectra revealed no noticeable differences com-
pared to the original CCOF-300 membrane, further confirming the
stability of the membrane under prolonged solvent exposure (Sup-
plementary Fig. 15). This result highlights the robustness of the CCOF-
300 membrane under different solvent conditions, which is essential
for practical applications. Supplementary Fig. 16 presents the typical
CD and UV-Vis absorption spectra of the CCOF-300 membranes. The
CCOF-300 membranes exhibited CD signals, which are near-mirror
images of each other. A-CCOF-300 membrane displayed a positive
cotton effect at 493 nm and negative cotton effects at 332 nm, 458 nm
and 548 nm, while A-CCOF-300 membrane exhibited a negative cotton
effect at 501 nm and positive cotton effects at 327 nm, 463 nm and
556 nm. The A- and A-CCOF-300 membranes, having nearly opposite
absolute configurations to each other showed opposite cotton effect
signs. Although CD signals did not represent a perfect mirror corre-
lation, this result confirmed that the preparation of chiral membranes
with opposite chirality were achievable through chiral induction
synthesis strategies.

In a control experiment, we introduced a chiral tartaric acid
solution into the precursor solution of COF-300 and employed a
polyaniline-coated aluminum oxide substrate to induce the chiral
growth of COF-300 membranes. However, we were unable to fabricate
continuous and dense membrane. In contrast to the synthesis method
reported by Sun et al., we utilized the advantage of allowing the basic
polyaniline to adsorb a substantial amount of chiral tartaric acid. The
polyaniline-coated alumina substrate was modified with chiral tartaric
acid, which induced the in-situ growth of the chiral COF-300 mem-
brane. This process concentrates the chiral induction environment in
the initial layer. resulting in pore channels within the subsequently
grown framework that exhibit chirality, similar to the sergeants-and-
soldiers effect. The sergeants-and-soldiers effect describes a phe-
nomenon where chiral information is transmitted and amplified
among molecules. It was first observed in the 1960s and was later
named and described by M. Green in the context of poly(isocyanate)”.
In this process, a small number of chiral molecules (the sergeants)

direct a large number of achiral molecules (the soldiers) to form an
assembly with enhanced chiral signals. In this study, the modification
of polyaniline-coated aluminum oxide substrate with chiral tartaric
acid results in the creation of a chiral substrate surface. Acting as a
sergeant, the chiral substrate promotes the stacking of monomers in a
chiral configuration. The initial layer of chiral CCOF-300 formed by the
monomers acts as soldiers, aligning themselves according to the chiral
surface while transmitting chiral information. The 1-it stacking inter-
actions ensure the reliable transmission of chiral configurational
information along the pore walls during crystal growth, allowing the
entire framework to acquire chirality through chiral induction. Ulti-
mately, a chiral CCOF-300 membrane is fabricated.

To confirm that the chirality of the A-/A-CCOF-300 membrane
arises from the overall chiral structure formed during self-assembly,
FT-IR and CD measurements were performed. Initially, CD testing was
conducted on a polyaniline-coated aluminum oxide substrate (PANI-
Al,O3). Then, FT-IR and CD testing was conducted on PANI-Al,O3. As
illustrated in Supplementary Fig. 17, FT-IR spectra show peaks at
1167 cm™ (C-H), 1305cm™ (C-N), 1503 cm™, and 1593 cm™ (C=C),
confirming the modification of polyaniline on the aluminum oxide
substrate surface. Furthermore, no CD signal was detected in the
300 - 600 nm range (Fig. 2f). After immersing PANI-Al,05 in 2.0 mol L™
L-tartaric acid solution (LT-PANI-Al,O3), FT-IR analysis revealed a peak
at 1717 cm™ corresponding to the carboxyl group of L-tartaric acid. CD
testing revealed a signal at 220 nm, corresponding to the characteristic
signal of L-tartaric acid, but no additional CD signals were observed in
the 300 - 600 nm range. Subsequently, LT-PANI-Al,O3 was immersed
separately in solutions of TAPM for 24 h. The FT-IR spectra exhibited
peaks associated with the amine group of TAPM. No CD signal was
detected in the 300 — 600 nm range, suggesting that chirality was not
effectively transferred to the monomers before the formation of the
COF lattice. In contrast, after the self-assembly of the A-CCOF-300
membrane, a distinct CD signal was observed in the 300 - 600 nm
range. This observation is attributed to the immobilization of dihedral
angles following lattice formation, resulting in the lattice achieving a
stable state that typically corresponds to the system’s energy mini-
mum. In this lowest energy state, chirality is transferred and
maintained.

Next, we utilized the fabricated chiral membrane for the enan-
tioselective  separation of chiral drug. Fmoc-Lys(Dde)-OH
(18.8 Ax14.6 A x10.1A), which has a molecular size compatible with
the chiral pore size of CCOF-300 (ca. 18.0 A), was selected as the target
for chiral separation. Fmoc-Lys(Dde)-OH is a commonly used pro-
tecting amino acid in peptide synthesis, and it holds significant phar-
maceutical value due to its pivotal role in drug development,
particularly in the design of targeted therapeutics and bioactive pep-
tides. The chiral separation performance was evaluated using a
custom-designed side-by-side diffusion cell (Supplementary Fig. 30).
For instance, A-CCOF-300 membrane was placed between two cham-
bers, with rubber gaskets ensuring a secure seal. Both the feed and
permeate sides were continuously stirred using magnetic stirrers. A
5.0 mmol L solution of racemic Fmoc-Lys(Dde)-OH in ethanol was
introduced to the feed side, while pure ethanol was used on the
permeate side, with the separation process driven by a concentration
gradient. Figure 3a-c show the high-performance liquid chromato-
graphy (HPLC) results from the permeate side after one hour. At this
time, only Fmoc-L-Lys(Dde)-OH was detected on the permeate side,
achieving the highest enantiomeric selectivity with an ee value of 100%.
As the permeation time increased, Fmoc-D-Lys(Dde)-OH began to
permeate after approximately 9 h, with the ee maintained at 79%.
Notably, after 3 h, the flux of Fmoc-L-Lys(Dde)-OH decreased sig-
nificantly, likely due to the obstruction of molecule passage by Fmoc-L-
Lys(Dde)-OH accumulated within the pores (Fig. 4a). These separation
experiments demonstrate the ability of the CCOF-300 membrane to
effectively separate racemic mixtures of chiral compounds.
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Fig. 3 | Chiral separation experiment and ee value of Fmoc-Lys(Dde)-OH

and IBU. a HPLC result of racemic Fmoc-Lys(Dde)-OH. Retention time: Fmoc-L-
Lys(Dde)-OH (light blue shadow, 6.70 min) and Fmoc-D-Lys(Dde)-OH (pink shadow,
8.17 min). b HPLC result of resolved Fmoc-Lys(Dde)-OH enantiomers after separa-
tion for one hour under condition of 5.0 mmol L™ racemic Fmoc-Lys(Dde)-OH as
feed solution at room temperature, the ee is 100% (Illustration shows the enlarged
region of the HPLC chromatogram, x 100). ¢ ee value of A-CCOF-300 membrane

under condition of 5.0 mmol L™ Fmoc-Lys(Dde)-OH-ethanol as feed solution at
room temperature. Data are presented as mean * standard error (SE, n=3).d HPLC
result of racemic IBU. Retention time: S-IBU (dark blue shadow, 7.85 min) and R-IBU
(green shadow, 8.82 min). e HPLC result of resolved IBU enantiomers after
separation for one hour under condition of 5.0 mmol L™ racemic IBU as feed
solution at room temperature, the ee is 88%. f ee value of A-CCOF-300 membrane
under condition of 5.0 mmol L™ IBU-ethanol as feed solution at room temperature.

In a control experiment, we employed a chiral tartaric acid-
polyaniline-alumina substrate to achieve the chiral resolution of Fmoc-
Lys(Dde)-OH. HPLC analysis indicated an ee of merely 0.36%, thereby
confirming that the chiral resolution capability is derived from the
chiral environment provided by the pores of the CCOF-300 mem-
brane. The separation experiments demonstrated that the CCOF-300
membrane effectively separates racemic drug.

To investigate the effect of pore size, we selected ibuprofen (IBU,
12.9 Ax 7.0 Ax 5.5 A), which has a molecular size smaller than the pore
size of CCOF-300, as the target for chiral separation. The same chiral
separation procedure was applied to racemic IBU. Figure 3d-f show the
HPLC results from the permeate side after 1 h. Within the first hour, the
S-IBU enantiomer was enriched over the R-IBU enantiomer, exhibiting
the highest enantioselectivity with an ee of 88%. In contrast to the chiral
separation of Fmoc-Lys(Dde)-OH, where ee values of 100% were main-
tained within a specific timeframe, the chiral separation of IBU showed
the presence of both S-IBU and R-IBU enantiomers within the first hour.
This disparity is likely due to the significantly smaller molecular size of
IBU relative to the CCOF-300 pore size, which resulted in a lower
separation efficiency and further corroborates the impact of the pore
size effect on chiral resolution. Fmoc-Lys(Dde)-OH exhibits superior
compatibility with the pore size of CCOF-300, resulting in enhanced
separation efficiency for Fmoc-Lys(Dde)-OH. While significant
advancements have been made in the separation technology for
smaller chiral drug molecules*?, the chiral separation of larger drug
molecules remains a considerable challenge. Our developed technol-
ogy shows promise for the separation of large chiral drugs.

To elucidate the factors influencing the chiral separation cap-
ability of CCOF-300 membranes, we examined the underlying
mechanism. Initially, we explored the interaction between the pores
(binding sites) of CCOF-300 (host) and the chiral drug molecules
(guest). Table 1 presents the binding affinities of CCOF-300 with var-
ious chiral drug molecules across different solvents (Details of the
experimental procedures can be found in the Supplementary Infor-
mation). The solvent effect on the binding affinity between chiral drug
molecules and the host framework was analyzed using three solvents
with distinct polarities: n-hexane (polarity 0.06), ethanol (polarity 4.3)
and methanol (polarity 6.6). As illustrated in Table 1, the formation of
the host-guest complex with A-CCOF-300 as the host and S-IBU as the
guest showed a decrease in the binding constant (Kp) from 1.7 x10° M
in n-hexane to 1.3 x10°M™ in ethanol, and further to 1.2x10*M™ in
methanol. The corresponding binding free energies (4,G,(7)) were
-184, -17.8, and -17.6kJmol™, respectively (Supplementary
Figs. 18-23). Although differences in binding energies are present, they
are negligible, suggesting that solvent polarity has minimal impact on
the interaction between the chiral framework and guest drug
molecules.

In our study of the chiral drug IBU and Fmoc-Lys(Dde)-OH, we
observed that although these chiral drugs exhibit distinct molecular
sizes, they possess a similar suite of functional groups, including car-
boxyl, carbonyl, and phenyl groups. These functional groups interact
with the benzene rings and Schiff base groups within the CCOF-300
pore network primarily through relatively weak van der Waals forces
and hydrogen bonding. Moreover, our experimental results indicate
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Fig. 4 | Chiral competitive diffusion and energy barriers in enantiomer separation channels. a Chiral separation channels originated from chiral competitive diffusion
between two enantiomers. b Energy barrier required for different enantiomers to traverse chiral channels.

that the binding energy differences between chiral drug molecules and
CCOF-300 are minimal, confirming that binding energy variations are
not the key determinant in chiral separation.

Subsequently, the binding affinities between Fmoc-L-Lys(Dde)-
OH/Fmoc-D-Lys (Dde)-OH and A-CCOF-300/A-CCOF-300 were further
investigated. As illustrated in Table 1, the formation of the host-guest
complex with A-CCOF-300 as the host and Fmoc-L-Lys(Dde)-OH as the
guest showed a K; decreasing from 2.5x10°M™ in ethanol to
1.5x10*M™ in methanol, with A,G(T) of -19.4 and -18.1k] mol’,
respectively. In contrast, for the host-guest complex with A-CCOF-300
as the host and Fmoc-L-Lys(Dde)-OH as the guest, the Ky decreased
from 3.1x10°> M in ethanol to 1.7 x 10* M! in methanol, with A,G(T)
of -19.9 and -18.4 k) mol™, respectively. The values for K; and A,G,(T)
were not provided for Fmoc-L-Lys(Dde)-OH in n-hexane due to its
insolubility (Supplementary Figs. 24-29). Despite the differences in
binding affinities between A-CCOF-300/A-CCOF-300 and Fmoc-L-
Lys(Dde)-OH, the observed variations were relatively minor. Com-
pared to the small-molecule drug IBU, the binding energy of the
macromolecular drug Fmoc-L-Lys(Dde)-OH shows only a marginal
increase, with a difference of just 1.6 k) mol™ in ethanol as the solvent.

This indicates that the chiral channel demonstrates similar binding
efficiency for both drug molecules, suggesting that binding strength is
not the key determinant for enantioselective separation.

We further investigated the role of kinetics in the separation
process, as detailed in the Methods section. The calculations pre-
sented in Supplementary Table 2 indicate that the diffusion rate of
S-IBU through the membrane is significantly faster than that of R-IBU,
with S-IBU diffusing 400 times more rapidly within the first hour.
Additionally, we analyzed the diffusion rates of Fmoc-Lys(Dde)-OH
enantiomers, as shown in Supplementary Table 3. The diffusion rate of
Fmoc-L-Lys(Dde)-OH was 13 times greater than that of Fmoc-D-
Lys(Dde)-OH within the same time frame. Compared to the smaller IBU
molecules, Fmoc-L-Lys(Dde)-OH and Fmoc-D-Lys(Dde)-OH, which are
compatible with the pore size of A-CCOF-300, exhibited a slower initial
diffusion rate due to pore size effects. Supplementary Tables 2, 3
demonstrates that the diffusion barriers for the two enantiomers of
IBU are lower than those for Fmoc-L-Lys(Dde)-OH. Furthermore, the
more pronounced difference in diffusion rates for IBU, compared to
Fmoc-Lys(Dde)-OH, indicates that the difference in diffusion barriers
(AE) is greater than that for Fmoc-Lys(Dde)-OH (Fig. 4b).
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Table 1| Binding of CCOF-300 with chiral drugs in various solvents

Host Guest n-hexane Ethanol Methanol
Ki /M A,G(T)/ K¢/ M™" A,G(T)/ K¢/ M™ A,G(T)/
(x10%) kJ mol™ (x10%) kJ mol™ (x10%) kJ mol™
A-CCOF-300 S-IBU 1.7 -18.4 1.3 -17.8 1.2 -17.6
R-IBU 2.0 -18.8 1.7 -18.4 1.4 -18.0
A-CCOF-300 S-IBU 1.7 -18.4 1.6 -18.3 1.3 -17.8
R-IBU 1.7 -18.4 1.4 -17.8 1.1 -17.4
A-CCOF-300 Fmoc-L-Lys(Dde)-OH 25 -19.4 1.5 -18.1
Fmoc-D-Lys(Dde)-OH 3.2 -20.0 1.7 -18.4
A-CCOF-300 Fmoc-L-Lys(Dde)-OH 3.1 -19.9 1.7 -18.4
Fmoc-D-Lys(Dde)-OH 2.6 -19.5 1.5 -18.1
® Zn-BLD membrane
100k ° e e * ® Niy(L-asp),(bipy)] (Ni-LAB) membrane
° ® L-His-ZIF-8 membrane
® Zn(BLD)-PE MMM
80 ® MIL-53-NH-L-His-PES MMM
% ® CD-MOF/PES MMM
® Eu(BTC)/PIM-1 MMM
x 60 ® L-Trp-SWCNTs/Psf composite
3 membrane
® TpCMmembrane
4oF COF/SSCAM
®e B-CD-functionalized COF/PES MMM
20k . ® CC-DMP CCTF
® L-Tyr-COF nanochannel membrane
° ® B-CD-COFTFN
0 . 1 . 1 . 1 * CCOF-300 membrane (This work)
0 5 10 15 20

molecule size (for length) / A

Fig. 5 | Comparative analysis of chiral separation performance. Comparison of chiral separation performance of CCOF-300 membrane with reported representative

state-of-the-art enantioselective membranes®® %7656,

The observed differences in the diffusion rates of IBU and Fmoc-
Lys(Dde)-OH enantiomers can be attributed to the presence of chiral
diffusion barriers, which result in slower diffusion rates for R-IBU and
Fmoc-D-Lys(Dde)-OH compared to their respective enantiomers. The
greater disparity in diffusion rates between S-IBU and R-IBU, as
opposed to Fmoc-L-Lys(Dde)-OH and Fmoc-D-Lys(Dde)-OH, is due to
the rigid structure of IBU, particularly in the region containing the
chiral carbon. Unlike the more flexible structure of Fmoc-Lys(Dde)-OH,
IBU enantiomers exhibits a higher chiral diffusion barrier difference,
leading to a more pronounced difference in diffusion rates. Thus, it is
concluded that the primary factor influencing the chiral separation
capability of the A-CCOF-300 membrane is the variation in diffusion
rates of the chiral drugs.

The diffusion rate of R-IBU is significantly higher than that of
Fmoc-L-Lys(Dde)-OH due to the pore size effect, despite the relatively
low diffusion rate of R-IBU (0.01 mmol m™ h™). Consequently, absolute
separation was not achieved during the chiral resolution of IBU. In
contrast, absolute resolution was observed in the separation of chiral
Fmoc-Lys(Dde)-OH. We conclude that absolute chiral resolution can
only occur when the size of the chiral drug matches the pore size of the
CCOF-300 membrane, resulting in an extremely slow diffusion rate,
and when a chiral diffusion barrier exists.

To highlight the significance of our study, we compared the
chiral separation performance of CCOF-300 membrane with other

reported membranes, and the results are shown in Fig. 5 and Sup-
plementary Table 4. The CCOF-300 membrane is superior to other
membranes in separating large chiral drug. Unlike many existing
membranes that can only separate small chiral drugs, the CCOF-300
membrane achieves 100% ee value when separating large chiral drug
such as Fmoc-Lys(Dde)-OH. Therefore, the CCOF-300 membrane
represents an important progress in the field of chiral separation,
providing a highly selective and efficient separation solution for large
chiral drug.

Discussion

In summary, we synthesized CCOF-300 membrane using chiral
induction strategy. The membrane was prepared by embedding L-
(+)-/ D-(-)-tartaric acid as a chiral dopant into a polyaniline coating
on an aluminum oxide substrate, thereby achieving the preparation
of the chiral-induced COF-300 membrane. The prepared CCOF-300
membrane exhibited chiral separation performance in separating the
racemic Fmoc-Lys-(Dde)-OH, achieving 100% ee. The high separation
efficiency was primarily attributed to chiral-matching diffusion (dif-
ferences in diffusion rates between enantiomers) and the size
matching between the chiral drugs and the membrane pore. Notably,
our study further demonstrates that binding energy between the
membrane and chiral drugs does not play a significant role in chiral
separation. This study makes progress in the synthesis and
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application of chiral separation membranes. It not only proposes a
cost-effective method for chiral drug separation but also indicates
the effectiveness of the chiral induction strategy in improving
separation efficiency. Furthermore, it provides ideas and methods
for solving the chiral separation challenges faced by the pharma-
ceutical industry.

Methods

Materials

Terephthalaldehyde was purchased from Tokyo Chemical industry Co.
Ltd., Tetra(4-nitrophenyl)methane was purchased from Jilin Chinese
Academy of Sciences-Yanshen Technology Co., Ltd., Raney-Nickel
(50 um) were purchased from Aladdin, Polyaniline (PANI) were pur-
chased from Aladdin, n-hexane (=297.0%), Methanol (>99.5%), Ethanol
(299.5%), CH3COOH (>99.5%), NoH4-H,0 (>85.0%), Tetrahydrofuran
(299.0%) were purchased from Sinopharm chemical reagent Co., Ltd.,
the solvents were purified and dried according to the standard tech-
niques: 1,4-Dioxane was distilled from CaH,. All the glass instruments
were purchased from Synthware Glass. Aluminum oxide (99.99%,
metals basis, Crystal form a, 0.20 pm) were purchased from Aladdin.
Emery paper (800 mesh and 2000 mesh) was purchased from
Shanghai New Five Kyrgyzstant Abrasives Co. Ltd., Teflon reactors
were purchased from Jinan Henghua Sci.

Instrumentation

'H NMR spectra were measured on a Bruker Fourier 600 MHz spec-
trometer. Unless otherwise stated, all spectra were measured at
ambient temperature. The FT-IR spectra (KBr) were obtained using a
SHIMADZU IRAffinity-1 Fourier transform infrared spectro-
photometer. A SHIMADZU UV-2450 spectrophotometer was used for
all absorbance measurements. XRD measurements were carried out
using Bruker D8 Advance X-ray diffractometer with Cu-Ka radiation,
40kV, 40mA and scanning rate of 0.30 min™ (26). The powdered
sample was added to the glass and compacted for measurement. SEM
and elemental mapping analysis were carried out with ZEISS Gemini-
SEM. VCD spectra were obtained using ChirallR-2X. The CD spectra
were obtained using JASCO J-1500.

Synthesis of TAPM

Hydrazine hydrate (4.0 g, 79.9 mmol) was added dropwise to a sus-
pension of Raney Ni (20.0 g) and tetra(4-nitrophenyl)methane (3.0 g,
6.0 mmol) in tetrahydrofuran (200 mL). After heating at 75 °C for 4 h,
the mixture was filtered while still hot. The filtrate was then con-
centrated by rotary evaporation to remove the solvent, yielding a
white solid of TAPM (2.4 g, 80%).

Preparation of CCOF-300 membranes

Porous alumina sheets were selected as substrates and modified them
with polyaniline via spin coating, followed by immersion in a
2.0 mol L solution of L-(+)- or D-(-)-tartaric acid for secondary mod-
ification. The color of the polyaniline-coated aluminum oxide sub-
strates transitioned from blue to green during this period. The specific
preparation steps of CCOF-300 membrane are as follows: 36.0 mg
(0.3 mmol) of TPA and 60.0 mg (0.2 mmol) of TAPM were added to the
50 mL reactor. Subsequently, 9 mL of anhydrous 1, 4-dioxane was
added and ultrasonically mixed to thoroughly dissolve the aforemen-
tioned raw materials. This process yielded a clear yellow solution. We
then gradually added 0.6 mL of 3 M acetic acid aqueous solution to the
solution while stirring. Following completion of the preceding pro-
cesses, the modified substrate was quickly placed into the reactor,
making sure that the modified side was facing up, and then the reactor
was sealed. After 24 h of processing at 100 °C, a continuous yellow
CCOF-300 membrane was fabricated. The CCOF-300 membrane was
sequentially cleaned with anhydrous ethanol, 1,4-dioxane, and tetra-
hydrofuran. It was then immersed in fresh tetrahydrofuran, with

solvent changes every 4 h, followed by an overnight immersion to
remove residual impurities. Finally, the membrane was vacuum-dried
at 100 °C for 12 h.

Chiral separation experiment

Two chambers were connected with clamp serve as the dialyzers. A-
CCOF-300 membrane was placed between the two chambers and
the rubber gaskets were used to seal the connection. The feed
side and the permeate side were continuously stirred by magnetic
stirring apparatus. Racemic Fmoc-Lys(Dde)-OH or IBU dissolved in
ethanol, with a concentration of 5.0 mmol L, were introduced to the
feed side, while the pure ethanol solvent was used at the
permeate side.

The enantiomeric concentration was analyzed with a HPLC sys-
tem. Chromatographic separations were performed at 40 °C using a
CHIRALPAK AD-RH column (5 pm, 4.6 mm x 150 mm). The analyses of
Fmoc-Lys(Dde)-OH were performed by a UV detector at 263 nm using a
mobile phase consisting of 80% acetonitrile, 20% phosphoric acid
aqueous solution at a flow rate of 0.4 mLmin™. The injected sample
volume was 10 pL (The analyses of IBU were performed by a UV
detector at 254 nm using a mobile phase consisting of 70% methanol,
30% phosphoric acid aqueous solution at a flow rate of 0.7 mL min™.
The injected sample volume was 10 pL.).

The ee was determined from the peak areas of their two enan-
tiomers, S-isomer (As) and R-isomer (Ag).

5 & 1)
9, = P —
ee % =100 x ST Ay

Permeation flux test
For the determination of permeation flux, Fmoc-L-Lys(Dde)-OH or
Fmoc-D-Lys(Dde)-OH (S-IBU or R-IBU) ethanol solution was introduced
into the feed side, and pure ethanol was introduced into the permea-
tion side. Hourly samples were collected, and the single-enantiomer
concentration in the permeation side was analyzed using HPLC to
determine the penetration flux.

The permeation flux of the CCOF-300 membrane can be written
as:

n
Flux= Axt 2)

where n is the permeated R- or S- enantiomer (L- or D- enantiomer)
(mol), A and t refer to the effective membrane area (m?) and the per-
meation time (h), respectively.

Data availability

The data that support the findings detailed in this study are available
within the article and supplementary information as well as on figshare
https://doi.org/10.6084/m9.figshare.29115320. All data are available
from the corresponding author upon request.
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