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For the first time, a homochiral metal–organic framework

membrane was prepared for the enantioselective separation of

important chiral compounds, especially chiral drug intermediates,

which will allow for the potential development of a new, sustainable

and highly efficient chiral separation technique.

Chirality is a universal phenomenon in nature. Many pharma-

ceuticals, nutraceuticals, and agricultural chemicals have their

own stereoisomers, with each enantiomer showing a unique

biological activity. Production of a pure enantiomer is essential

to medication safety and efficacy. The enormous demands for

enantiopure compounds in pharmaceutical, chemical industry,

agriculture and clinical analysis have facilitated the substantial

development of chiral resolution techniques. Particularly,

membrane-based separation outperforms other techniques for

the resolution of racemic mixtures because of its low cost,

energy saving potential, high capacity, continuous operation

and easy scale-up.1 However, high-performance chiral separation

membrane materials are currently scarce. Therefore, there is a

critical need to develop a new generation of chiral separation

membranes with superior separation performance.

In recent years, a new series of homochiral metal–organic

frameworks (MOFs) have been synthesized by judicious

choices of chiral building blocks or templates.2 Ideal homochiral

MOFs can discriminate chiral enantiomers via the open channels

or cavities.3 In a few latest studies, homochiral MOFs have

been used for chiral adsorption/separation and some were

found to exhibit good separation performance.4 These studies

indicate that homochiral MOFs are potentially a new generation

of chiral separation membrane materials. More intriguingly,

homochiral MOF membranes are expected to possess high

enantioselectivity because of their open chiral channels or cavities

and high permeation flux as the result of the high porosity and

low mass transfer resistance.

To the best of our knowledge, very few studies have been

reported to date on homochiral MOF membranes for enantio-

selective separation except a recent one on enantiopureMOF thin

film for enantioselective adsorption of racemic 2,5-hexanediol.5

This is attributed to the formidable challenges associated with the

design of chiral molecular-recognizable MOF materials and the

fabrication of integrated homochiralMOFmembranes on porous

substrates.

In this study, a homochiralMOFmaterial [Zn2(bdc)(L-lac)(dmf)]

(DMF) (Zn-BLD) is used for the preparation of aMOF separation

membrane via the solvothermal reaction of a metal cation, a chiral

ligand, and an organic connector. Zn-BLD exhibits preferential

adsorption ability to (S)-methyl phenyl sulfoxide (S-MPS)

over R-MPS. MPS enantiomers can be used as both efficient

synthetic auxiliaries and valuable pharmaceuticals. The pores of

roughly 5 Å in Zn-BLD are interconnected in three directions and

the chiral centers of the L-lactate moieties are exposed within the

voids. The Zn-BLD membranes are, therefore, expected to show

good performance for the separation of sulfoxide enantiomers.

For preparing the integrated MOF membranes, the binding

strength between the MOF crystals and supports is a crucial

factor. For most of MOFs, however, it is difficult to form

direct chemical bonds between the organic linkers of MOFs

and the surface of supports. To address this problem, a

number of attempts have been made to modify the surface

of the support and facilitate the nucleation and growth of

MOF crystals.6 In our previous work, a novel MOF membrane

preparation method, namely reactive seeding (RS), has been

developed.7 In this method, the porous support that acts as an

inorganic source reacts with an organic precursor to grow a

seeding layer for the secondary growth of the MOF membrane.

A strong adhesive and uniform seeding layer can, therefore, be

expected to form and aid in the preparation of a superior MOF

membrane. By the RS method, we prepared an integrated

homochiral Zn-BLD membrane on a porous ceramic support

and succeeded in an efficient enantioselective separation of

the MPS racemic mixture. Fig. 1 illustrates a typical enantio-

selective separation process, in which the racemic MPSs are

fed to the Zn-BLD membrane side. Because of the different

diffusion rates of R-MPS and S-MPS through the membrane,8

they can be separated.

To confirm the feasibility of the RS method for the preparation

of the Zn-BLD membrane on a porous ZnO support, the crystal

a State Key Laboratory of Materials-Oriented Chemical Engineering,
Nanjing University of Technology, 5 Xinmofan Road,
Nanjing, 210009, P. R. China. E-mail: wqjin@njut.edu.cn;
Tel: +86-25-8317-2266

bDepartment of Chemical and Biomolecular Engineering,
National University of Singapore, 4 Eng. Drive 4, Singapore 117576,
Singapore

w Electronic supplementary information (ESI) available: Experimental
details, the simulation details and results. See DOI: 10.1039/c2cc32595k
z These authors contributed equally to this work.

ChemComm Dynamic Article Links

www.rsc.org/chemcomm COMMUNICATION

Pu
bl

is
he

d 
on

 2
6 

A
pr

il 
20

12
. D

ow
nl

oa
de

d 
by

 N
an

jin
g 

U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
on

 2
9/

09
/2

01
3 

10
:1

2:
39

. 

View Article Online

http://dx.doi.org/10.1039/c2cc32595k
http://dx.doi.org/10.1039/c2cc32595k
http://dx.doi.org/10.1039/c2cc32595k


This journal is c The Royal Society of Chemistry 2012 Chem. Commun., 2012, 48, 7022–7024 7023

structures of the seeding layer and the membrane were analyzed.

As shown in Fig. 2a, the weak characteristic peaks of the Zn-BLD

crystal can be observed in the X-ray diffraction (XRD) pattern

of the seeding layer (Fig. 2a3). The corresponding surface

morphology (Fig. 2b) shows that regular crystal particles with

a dimension of ca. 2 mm are uniformly deposited on the ZnO

support, indicating that a Zn-BLD seeding layer has been

formed via the reaction of a chiral ligand and an organic

connector with the ZnO support. Based on the Zn-BLD seeding

layer, the membrane can be formed via a second growth step.

The crystal structure of the membrane is shown in Fig. 2a4.

Compared with the Zn-BLD single crystal XRD pattern

(Fig. 2a1) reported in the literature,9 full Zn-BLD phase can

be observed. No impurity phases are found except for the ZnO.

For separation applications, an integrated membrane layer

deposited on a porous support is required to obtain high

separation performance. The surface and cross-sectional micro-

structures of the prepared Zn-BLD membranes are shown in

Fig. 2c and d, respectively. Themembrane surface is homogeneous,

free of cracks and covered by truncated cubic grains with an

average edge length of 10 mm. A high degree of intergrowth within

the Zn-BLD membrane is obtained. Fig. 2d illustrates that the

membrane layer is well bonded with the support, and the thickness

of the membrane is about 25 mm.

To further assess the integrity of the Zn-BLD membranes,

the permeance of nitrogen was measured at different trans-

membrane pressure drops. As shown in Fig. S1 (ESIw), the
permeance of the support increases with increasing transmembrane

pressure drop, indicating that gas transport through the support

includes both Knudsen diffusion and viscous flow. In contrast, the

permeance of the homochiral Zn-BLD membrane is independent

of the transmembrane pressure drop, implying that the homochiral

Zn-BLD membrane has no macroporous defects.

The chiral separation performance of the Zn-BLD

membrane was measured on a home made side-by-side diffusion

cell (see the ESIw for details). The resolution process was driven

by a concentration difference. During the separation experiment,

the change of the MPS concentration at the feed side did

not exceed 2%. Fig. 3 shows the concentrations of S-MPS and

R-MPS at the permeate side as a function of separation time.

The concentrations of both enantiomers increase with increasing

permeation time. The R-MPS enantiomer has a higher yield

than that of the S-MPS enantiomer. The difference between

the concentrations of the two enantiomers becomes noticeable

after permeation for about 18 h. After 48 h separation, the

enantioselectivity appears to be the highest and the enantiomeric

excess (ee, given in %) reaches 33.0%. The performance of

the Zn-BLD membrane was repeated three times on three

membranes from different batches, respectively. It was found

that Zn-BLD membranes prepared in this work exhibited

good reproducibility. Table 1 illustrates the effect of feed

concentration on the chiral separation performance of the

Zn-BLD membrane. As the concentration of the feed solution

increases from 5 to 50 mmol L�1, the ee value of the permeated

product decreases apparently whereas the permeation flux of

Fig. 1 Schematic diagram of a homochiral Zn-BLD membrane for

the enantioselective separation of racemic MPSs.

Fig. 2 (a) X-Ray diffraction patterns of simulation results from the

Zn-BLD single crystal diffraction data (a1), Zn-BLD crystal (a2),

Zn-BLD seed layer on a zinc oxide support (a3) and Zn-BLD

membrane on a zinc oxide support (a4); SEM images of a Zn-BLD

seed layer (b); surface of the Zn-BLD membrane (c) and cross-section

of the Zn-BLD membrane (d).

Fig. 3 R-/S-MPS concentrations on the permeate side of the

Zn-BLDmembrane as a function of separation time. Initial concentration

of racemic MPSs on the donor side was 5 mmol L�1.
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both enantiomers increases drastically. This is because the

concentration gradient between the feed and acceptor side

becomes larger at a higher concentration of feed solution,

which leads to a larger flux. In this situation, the chiral

channels of the Zn-BLD membrane are occupied by more

solute molecules, thus the discrimination capability of the

membrane drops, resulting in a lower ee value. From this

point of view, a lower feed concentration is beneficial for the

chiral separation despite a smaller permeation flux.

The preferential diffusion of R-MPS in the Zn-BLD

membrane suggests that R-MPS has a weaker affinity for the

membrane compared with S-MPS. This is confirmed by the

adsorption separation behavior of racemic MPSs in the Zn-BLD

crystals. As shown in Fig. S2 (ESIw), the concentration of adsorbed

S-MPS is significantly higher than that of R-MPS. In other words,

S-MPS can be preferentially adsorbed by the Zn-BLD crystals,

while the interaction between R-MPS and Zn-BLD is relatively

low. Similar adsorption behavior of racemicMPSs in Zn-BLDwas

also reported by Dybtsev et al.9 This is an essential and significant

factor that enables the chiral resolution of racemic MPS by the

Zn-BLD membrane. This result is further confirmed by the

following simulation data.

To provide microscopic insight into the experimentally observed

enantioselective separation in the Zn-BLD membrane, atomistic

simulationwas performed. Fig. S5a (ESIw) shows the displacements

of R-/S-MPS in the membrane as a function of simulation

duration. The displacements were calculated on the basis of

the centers-of-mass ofMPSmolecules. It can be found thatR-MPS

transports faster than S-MPS and the two enantiomers can be

separated. This is in accordance with the experimental data.

To elucidate the transport mechanism, the interaction energies

of R-/S-MPS with Zn-BLD were estimated. As illustrated in

Fig. S5b (ESIw), S-MPS has a stronger interaction (in both

Lennard-Jones (LJ) and Coulombic contributions) with

Zn-BLD compared withR-MPS. Therefore,R-MPS is less strongly

bound onto the Zn-BLD framework. This agrees well with our

adsorption separation data and the literature results.9 Furthermore,

Fig. S5c (ESIw) shows the radial distribution functions between

sulfur atoms in R-/S-MPS and zinc atoms in Zn-BLD. Both

enantiomers exhibit a pronounced peak at distance r = 0.2 nm;

however, the peak for S-MPS is higher than that for R-MPS.

These energetic and structural analyses reveal, at a molecular

scale, that S-MPS possesses a stronger affinity with the frame-

work. Consequently, S-MPS transports slower than R-MPS in

Zn-BLD as observed in our experiment. This is the intrinsic

chiral separation mechanism of the Zn-BLD membrane.

In summary, a new generation of a chiral separation

membrane composed of homochiral Zn-BLD was successfully

fabricated on a porous zinc oxide substrate by a reactive

seeding technique. The prepared Zn-BLD membrane was of

high integrity and pure phase. Using the concentration driven

permeation process, two MPS enantiomers could be readily

separated. An ee value of 33.0% for R-MPS over S-MPS was

obtained at the feed concentration of 5 mmol L�1. Experimental

and simulation results revealed that the intrinsic separation

mechanism of the Zn-BLD membrane is attributed to the

different interactions of the two enantiomers with the Zn-BLD

inner pores. Such a highly enantioselective separation approach,

synergizing the latest development inMOFmaterials and advanced

techniques in membrane separation, has not been reported to date.

This work brings advanced materials science to the forefront of a

major society need.
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