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Abstract: Homochiral metal-organic frameworks (MOFs)
have gained much attention because of their chiral properties
and disposition for chiral separation. However, the fabrication
of high-quality homochiral MOF membranes remains chal-
lenging because of the difficulty in controlling growth of MOF
membranes with chiral functionalities. A homochiral zeolitic
imidazolate framework-8 (ZIF-8) membrane is reported for
efficient chiral separation. The membrane is synthesized by
incorporating a natural amino acid, L-histidine (L-His), into
the framework of ZIF-8. The homochiral L-His-ZIF-8 mem-
brane exhibits a good selectivity for the R-enantiomer of
1-phenylethanol over the S-enantiomer, showing a high enan-
tiomeric excess value up to 76 %.

Chirality is a unique property of molecular isomers that
manifests as non-superposition of the mirror images of those
isomers. This property plays an essential role in aspects of
medical and life sciences, food chemistry, and drug manufac-
ture.'l With intrinsic biological effects/activities that are
highly specific to each enantiomer, considerable research
efforts have been directed toward developing advanced
techniques that allow discrimination between chiral com-
pounds; including, spontaneous crystallization, enzymatic
kinetic resolution, and the use of enantioselective stationary
phases in chromatography.””! In the last decade, metal-organic
frameworks (MOFs) and their derivative membranes have
emerged as promising materials for molecular separation as
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these exhibit pores of defined and tunable dimensions, with
high surface area, and generally good adsorption properties.”
While the main research focus has been on the applications of
MOFs for processes such as gas storage, gas separation,
catalytic processes and drug delivery a few new MOF
materials with chiral properties have been reported recently
that are capable of chiral separation. Conceptually, homo-
chiral MOFs with a chiral environment in the open channels
of the framework may be synthesized in the following ways:
1) directly, using a chiral (enantiopure) ligand;*! 2) through
formation of secondary building units with a chiral linker;®
3) by post synthesis of achiral MOF; or 4) by self-assembly
of chiral ligands.®! The self-assembled chiral ligands can
sometimes be complex and expensive, but in none of these
cases can success be guaranteed.

In addition to separation based on MOF particles/
columns, membrane-based separations show potential advan-
tages over other techniques because of their low operating
cost, low energy consumption, and potential for scalability.”!
However, MOF membranes are still relatively new to the
chiral separations field, and thus reports of homochiral MOF
membranes are relatively limited to date. For instance, Wang
etal. reported the successful fabrication of [Zn,(bdc)-
(L-lac)(dmf)] (1,4-benzenedicarboxylic acid (bdc), L-lactate
(L-lac), dimethylformamide (dmf)) membrane, which ach-
ieved an enantiomeric excess (ee%) value of 33% with
R-methyl phenyl sulfoxide in excess.'""”) Another homochiral
MOF [Ni,(L-asp)(bipy)] (L-aspartic acid (L-asp), 2,2'-bipyri-
dine (bipy)) membrane was reported by the same group that
was able to separate racemic 2-methyl-2,4-pentadiol with an
ee% of 35.54+2.5% (R-enantiomer in excess).!'”! These works
demonstrate the potential of homochiral MOF membranes in
chiral separation, but the selectivity of MOF membranes
remain relatively low. Therefore, it is important to fabricate
MOF membranes with high chiral selectivity.

Herein, we report a homochiral zeolitic imidazolate
framework, L-His-ZIF-8 (Zn(Hmim/i-His),: 2-methylimid-
azolate (Hmim), L-histidine (L-His)), membrane to efficiently
separate racemic 1-phenylethanol, the R-enantiomer of which
is a useful chemical as ophthalmic preservative, inhibitor of
cholesterol adsorption, and component of fragrances.''! The
homochiral L-His-ZIF-8 membrane is synthesized by incor-
porating a natural amino acid, L-His, into the ZIF-8 frame-
work using a contra diffusion method.” The L-His-ZIF-8
membrane showed good capability in separating the R- and S-
enantiomer of racemic 1-phenylethanol, thereby allowing
preferential permeation of the R-enantiomer across the
membrane with an enantiomeric excess value up to 76 %
with R-(4)-1-phenylethanol in excess. Such a high chiral
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Figure 1. A representation of a homochiral L-His-ZIF-8-membrane for separating the R-enantiomer of 1-phenylethanol from the S-enantiomer.

selectivity of the L-His-ZIF-8 membrane is attributed to the
specific interaction between the S-enantiomer and the chiral
MOF framework.

As shown schematically in Figure 1, a chiral selector layer
of L-His-ZIF-8 was grown on a 20nm porous anodic
aluminum oxide (AAO) support (Supporting Information,
Figure S1) by an in situ growth method (Supporting Informa-
tion, Experimental Section). The existence of L-His intro-
duced a homochiral environment in the framework and
allowed R-(+)-1-phenylethanol to pass through. The mem-
brane morphology was determined with scanning electron
microscopy (SEM). Top-view SEM images reveal a continu-
ous film of L-His-ZIF-8 with good intergrowth, which suggests
that the membrane possesses high integrity (Figure 2a). A
magnified image showed that L-His-ZIF-8 covers the AAO
substrate fully (Figure 2b). The integrity of the L-His-ZIF-8
membrane was further examined with gas permeation experi-
ments, which suggest excellent gas selectivities and high
membrane quality (Figure S2). From the cross-sectional view
(Figure 2¢), a consistent layer of L-His-ZIF-8 with a thickness
of approximately 3.9+0.19 um was obtained. To further
examine the quality of the rL-His-ZIF-8 layer grown on the
porous AAO support, the crystal structures of both L-His-
ZIF-8 crystal and membrane were examined. According to
the X-ray diffraction (XRD) pattern (Figure 2¢), L-His-ZIF-8
showed a similar crystal structure to that of ZIF-8 with no
extra XRD peaks. Typical characteristic peaks of ZIF-8 with
26 at 7.4°,10.4°, and 12.8° were observed with slight shifts to
larger angles—indicating that L-His-ZIF-8 exhibits the same
sodalite (SOD) topology as ZIF-8 with a slightly smaller unit
cell. The peak shift was caused by the incorporation of the
amino acid L-His, which causes slight lattice distortion in the
crystal according to previous studies.”! On the other hand,
the chirality in MOF crystals exerts lattice distortions because
homochiral amino acid is present, and therefore the incorpo-
ration of L-his can be further justified.['¥

To prove the successful incorporation of L-His into the
L-His-ZIF-8 framework, the L-His-ZIF-8 (Zn(Hmim/A.-His),)
and ZIF-8 (Zn(Hmim),) membranes/crystals were systemati-
cally characterized with element mapping by energy-disper-
sive X-ray spectroscopy (EDX), Fourier-transform infrared
(FTIR) spectroscopy, X-ray photoelectron spectroscopy
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(XPS), and solid-state nuclear magnetic resonance (NMR).
With respect to the molecular structures of the Hmim and
L-His organic ligands, L-His comprises additional amine
groups (-NH,) and carboxy groups (-COOH) compared to
Hmim, which allows its presence in the framework of L-His-
ZIF-8 to be identified. As shown in Figure 2d, the elemental
mapping of the cross-section of the L-His-ZIF-8/AAO
membrane showed a sufficient amount of oxygen atoms on
the L-His-ZIF-8 layer, corresponding to the two additional
oxygen atoms of the carboxy group in the L-his molecular
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Figure 2. a,b) SEM images of the top surface of L-His-ZIF-8/AAO
membrane at low (a) and high (b) magnifications. c) SEM image of
the cross-section of the membrane. d) XRD patterns of ZIF-8 crystal,
L-His-ZIF-8 crystal, L-His-ZIF-8 crystal/AAO membrane, and AAO
support. e) EDX elemental mapping of oxygen on the cross-section of
the L-His-ZIF-8/AAO membrane. f) FTIR spectra of L-His-ZIF-8, ZIF-8,
and L-His. Insets indicate the chemical molecular structures of L-His-
ZIF-8, ZIF-8, and L-His, respectively.

www.angewandte.org

17131


http://www.angewandte.org

GDCh
~—

17132

structure. As a comparison, elemental mapping of the ZIF-8/
AAO membrane confirmed that the oxygen atoms did not
exist in the ZIF-8 layer (Figure S3). FTIR spectroscopy of
L-His presents an adsorption peak at 1627 cm™'; this was
attributed to the C=0 stretch in the carboxy group for L-His,
which was observed to have a slight shift to 1648 cm™" for
L-His-ZIF-8 (Figure 2 f). An additional adsorption peak was
also found at 1057 cm™' in L-His and L-His-ZIF-8, which
corresponded to the side-chain amine group of L-His. How-
ever, FTIR spectroscopy of ZIF-8 did not present these two
adsorption peaks. Analysis of the C1s spectrum by XPS
identified the binding energy of the carboxylic group
(-COOH) of L-His-ZIF-8 at 288.21 eV; this peak was not
present in ZIF-8! (Figure S4). A comparison of the O 1s
spectra of L-His-ZIF-8 and ZIF-8 revealed a larger signal at
531.3 eV for L-His-ZIF-8 (Tables S1 and S2). On the basis of
the atomic percentage (at%) of L-His-ZIF-8, the ratio of
L-His to Hmim is calculated to be 1:9. Solid-state NMR was
performed to further verify the incorporation of L-His into
the framework. Additional peaks attributed to L-his were
identified compared to pure ZIF-8 with several peak shifts.
Peak shifts corresponding to L-His arise because of the
bonding of L-His within the framework (Figure S5).

Circular dichroism (CD) spectroscopy and nitrogen
sorption isotherm measurements were performed to confirm
the chirality and porosity of the L-His-ZIF-8 membrane.
Compared with pure ZIF-8, there is an adsorption peak at
234 cm ! in the CD spectrum of the L-His-ZIF-8 membrane
that demonstrates its homochirality (Figure S6). Further-
more, nitrogen adsorption analysis results showed that the
Brunauer—-Emmett-Teller (BET) surface area of L-His-ZIF-8
was 12759 m*g™! with a micropore volume of 0.34 cm’g™
(Figure S7), indicating that L-His-ZIF-8 possessed a typical
porous structure with a high surface area.

High-quality L-His-ZIF-8/AAO membrane was used to
separate enantiomers of 1-phenylethanol. Since the enantio-
selectivities of a homochiral MOF arise from the chiral
environment in open channels,'® one of the enantiomers is
expected to interact with the chiral L-His-ZIF-8 framework
and pass through the membrane at a slower rate than the
other enantiomer. The separation process was performed in
a homemade diffusion cell and the concentration gradient was
used as the driving force. Real-time components of the
permeate solution were analyzed every 2 h by enantioselec-
tive gas chromatography (GC) analysis.

Single-component permeation experiments were per-
formed to evaluate the diffusion flux of R-(+)-1-phenyl-
ethanol and S-(—)-1-phenylethanol. The elution times of the
R- and S-enantiomers were identified at around 6.03 min and
6.42 min, respectively. As shown in Figure S8, R-(+)-1-
phenylethanol diffusion through the membrane is much
faster than S-(—)-1-phenylethanol. R-(+)-1-phenylethanol
flux is 1.87 x 10~ molm?s™! and S-(—)-1-phenylethanol flux
is 0.19x10°molm~2s~!, and thus, the ideal selectivity of
R-(+)-1-phenylethanol over S-(—)-1-phenylethanol is 9.5. A
mixture of R-(4)-1-phenylethanol and S-(—)-1-phenylethanol
(50:50) was then used to determine the separation property of
the L-His-ZIF-8 membrane. Figure 3 shows the GC results of
the permeate solution versus time, where different intensities
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Figure 3. Gas chromatograms of resolved 1-phenylethanol enantiomers
after separation for a) 2 h, b) 4 h, ¢) 6 h, and d) 8 h under conditions
of 0.008 mol L' feed solution at room temperature.

of enantiomer peaks were observed. The GC results provided
the most direct evidence that L-His-ZIF-8 was capable of
performing chiral separation. The different peak areas of both
enantiomers were obvious in the corresponding GC chroma-
tograms (Figure 3; Figures S9 and S10) and R-(+)-1-phenyl-
ethanol generally showed greater peak response compared to
S-(—)-1-phenylethanol. Compared with pure ZIF-8 mem-
brane (Figure S11), no differences in peak areas were
observed, indicating the achiral ZIF-8 is not capable of
performing chiral separation. Note that there is no peak of
S-(—)-1-phenylethanol detected when the permeation time is
shorter than 2 h. Therefore, all permeation data presented in
this work starts at 2 h. Figure 4a shows the enantioselectivity
of the membrane when 0.008 molL™' racemic 1-phenyl-
ethanol in feed solution was measured in the receiving
solution side of the membrane over 8 h measurements. The
highest enantiomeric excess (ee% ) of 76 % was observed in
the first 2 h with the R-enantiomer in excess. As shown in
Figure 4b, the membrane showed an R-(+)-1-phenylethanol
flux of 1.42x 10"* molm2s~! and S-(—)-1-phenylethanol flux
of 0.193x 10 °*molm *L " in the first 2 h. The mixed selec-
tivity of R-(+)-1-phenylethanol over S-(—)-1-phenylethanol
is 7.34, which is lower than the ideal selectivity, as expected.
As the diffusion proceeded, the diffusion rates of both
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Figure 4. Chiral separation results under conditions of 0.008 mol L'
racemic 1-phenylethanol as a feed solution at room temperature.
a) Enantiomeric excess (ee%) and b) concentration of each enantiomer
at the permeate side as a function of time.
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enantiomers decreased but the concentration of R-(+)-1-
phenylethanol still remained higher than that of S-(—)-1-
phenylethanol, suggesting L-His-ZIF-8 has higher affinity to
interact with S-(—)-1-phenylethanol. During the permeation
process, the feed concentrations decreased and the permeate
concentrations decreased with time (Figure S12), leading to
a reduction in concentration gradients. As shown in Fig-
ure 4b, R-(+)-1-phenylethanol flux decreases with permea-
tion time, whereas S-(—)-1-phenylethanol flux increases
slightly because the permeation tends to reach equilibrium.["”
These two factors contribute to a gradual decrease in ee%,
with 46.6 % at 8 h.

To investigate the effect of feed concentration,
0.004 molL™' and 0.006 molL"' racemic 1-phenylethanol
concentrations were used in feed solutions (Figures S13 and
S14). The results showed a similar ee% and the same declining
trend in ee% with an increase in permeation time.

To understand the chiral separation mechanisms in the
L-His-ZIF-8 membrane, we performed high-resolution syn-
chrotron powder XRD (PXRD) and solid-state NMR experi-
ments to identify permeation pathways. The lattice parame-
ters of L-His-ZIF-8 calculated from the synchrotron PXRD
data before and after the permeation experiments are
compared in Table S3. A 3D framework distortion of L-His-
ZIF-8 unit cells after the permeation was observed, suggesting
that the chiral molecules do indeed enter into the framework.
Meanwhile, the solid-state NMR analysis of L-His-ZIF-8 after
the permeation showed two peak shifts at about 14 ppm and
124 ppm, while the other peaks remained at the same
positions; these results suggest that the interaction of chiral
molecules and L-His-ZIF-8 is spatially close to these two sites
at a molecular level (Figure S15). Therefore, S-phenylethanol
is more easily adsorbed in the chiral channel of L-His-ZIF-8
while R-phenylethanol preferentially passes through the
membrane.

To prove the reproducibility of the membrane prepara-
tion, we also performed the above chiral separations using
three membranes and the average ee% is shown in Fig-
ure S16. Consistent ee% values ranging from 56 % to 60 %
were observed in the first sampling analysis, which reduced to
27% to 28% in the final analysis. Therefore, the concen-
tration of feed solution did not have a significant impact on
the chiral selectivity. Furthermore, we examined the effect of
AAO support by using it for separation under the same
conditions. The results show that AAO support does not have
any chiral selectivity, and thus the effect of support on chiral
selectivity is negligible.

In addition to excellent chiral separation performance, the
L-His-ZIF-8 membrane exhibits good stability. Firstly, ZIF-8
was previously reported to be stable in ethanol—the diffusion
medium used in this work.'®! Moreover, experimental data
has proven the consistency of enantioselectivity over three
separations of racemic 1-phenylethanol with different con-
centrations. The SEM and XRD results demonstrate the
integrity of the membrane after the tests. Figures 5a and b
show that the L-His-ZIF-8 crystals remained intact on the
support even after three cycles of separation. The XRD
patterns confirmed that the crystal structure of the membrane
remained the same (Figure 5c¢).
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Figure 5. SEM images of the L-His-ZIF-8/AAO membrane a) before
and b) after tests. c) XRD patterns of the L-His-ZIF-8/AAO membrane
before and after tests.

In summary, we have successfully incorporated homo-
chiral amino acid L-His into a ZIF-8 membrane; namely, a
L-His-ZIF-8 membrane. The chiral environment in this
framework made it the first chiral ZIF membrane capable
of chiral separation. In particular, the AAO supported
membrane is prepared with a continuous L-His-ZIF-8 layer
of approximately 3.9 um thickness. The L-His-ZIF-8 mem-
brane exhibits good chiral selectivity for racemic 1-phenyl-
ethanol. The highest ee% of 76 % with R-(+)-1-phenylethanol
in excess was achieved for a feed concentration of
0.008 mol L~! at room temperature. Moreover, the membrane
did not show any loss in enantioselectivity after three cycles of
separation. This work provides a new insight into the
preparation of homochiral MOF membranes with high
selectivity for potential practical chiral separation.
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