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ABSTRACT: The development of surfaces with chiral features is a fascinating challenge for modern material science, 
especially when they are used for chiral separation technologies. In this contribution, the design of hierarchically struc-
tured chiral macroporous ZIF–8 electrodes is presented. They are elaborated by an electrochemical deposition–
dissolution technique, based on the electrodeposition of metal through a colloidal crystal template, followed by con-
trolled electrooxidation. This generates locally metal cations, which can interact with a chiral ligand present in solution 
to form Metal–Organic Frameworks (MOFs). The macroporous structure facilitates the access of the chiral recognition 
sites, located in the mesoporous MOF and thus helps to overcome mass transport limitations. The efficiency of the 
designed functional materials for chiral adsorption and separation can be fine–tuned by applying an adjustable electric 
potential to the electrode surfaces. This hierarchical chiral ZIF–8 structure was deposited at the walls of a microfluidic 
device and used as a stationary phase for enantioselective separation. The potential– controlled interaction between 
the stationary phase and the chiral analytes allows baseline separation of two enantiomers. This opens up interesting 
perspectives for using hierarchically structured chiral MOF as an efficient material for the selective adsorption and sep-
aration of chiral compounds.  

1. Introduction 
The development of chiral materials/compounds 

is a fascinating topic, especially in the frame of biological 
and pharmaceutical applications, because only one enan-
tiomer can exhibit a positive biological effect, whereas the 
other one exhibits no or eventually a negative effect1. As a 
consequence, it is very important to develop functional 
chiral materials, as they can be used for various potential 
applications ranging from adsorption2–3 to separation3–16 
and catalysis17. In recent years, various approaches have 
explored solid surfaces with integrated chiral features, 
obtained by the adsorption of chiral molecules,18–21 the 
binding/grafting of chiral ligands,22 the synthesis of in-
trinsically chiral metals10, 17, 23–30 or chiral porous frame-
works,3 and the incorporation of chiral ligands inside 
porous materials.11–16, 31 

Metal–organic frameworks (MOFs) are very use-
ful crystalline hybrid porous materials, based on the co-
ordination chemistry between metal nodes and organic 
ligands.32–48 MOFs have attracted considerable attention 
in the context of various potential applications32–33 such as 
gas storage,34–35 drug delivery,39 sensing,40 catalysis,38, 41–42 
molecular recognition,43 electronics44, separation,45 and 
water-gas shift reactions,49 due to their unique properties, 
such as high surface area, crystalline structure and tuna-
ble pore size. In addition, it is possible to generate chiral 
MOF surfaces by introducing chiral ligands. As an exam-
ple, Slater et al. have successfully synthesized a 
homochiral metal−organic framework, Zn2(bdc)(L–
lac)(dmf) (ZnBLD; bdc = 1,4–benzenedicarboxylic acid, L–
lac = L–lactic acid, dmf = N,N′ –dimethylformamide) for 
the enantioselective separation of 1–phenylethanol and 2–
butanol.50 They found that missing linker defects in 
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ZnBLD can improve the enantiomeric separation of 1–
phenylethanol by around 35%. The results clearly demon-
strate that chiral MOFs can be obtained by integrating a 
chiral ligand and used for challenging applications. 

Although there are some reports demonstrating 
the possibility to design chiral MOFs, most of them have 
a purely microporous structure, which might limit the 
access of molecules to the active sites due to mass 
transport limitations. In order to improve the efficiency of 
conventional MOFs, a lot of effort has been made to de-
sign MOFs with a hierarchical pore structure by introduc-
ing additional larger pores such as meso– and 
macropores.51–54 Zhang et al. have for example successfully 
designed hierarchical Zn/Ni–MOF–2 nanosheet–
assembled hollow nanocubes for the alkoxy carbonylation 
of aryl iodides, resulting in a superior catalytic activity 
(conversion yield ~70%).53 

It is well–known that several concepts can be ap-
plied to synthesize hierarchical MOFs including 
solvothermal synthesis,55 microwave synthesis56–57 and 
electrochemical methods.58 Among them, the electro-
chemical synthesis of MOFs to generate hierarchical po-
rous structures is a very interesting choice and is still in 
the early stage of development.59–61 Electrochemical con-
cepts have the advantage that the synthesis of MOFs can 
be carried out under mild conditions (e.g. green solvent, 
low temperature and pressure), have low operating costs 
and a short synthesis time. In addition, the electrochemi-
cal approach allows controlling precisely the rate of nu-
cleation and crystallization during the MOF formation via 
the amplitude of the applied potential. For example, hier-
archical macro–/microporous HKUST–1 electrodes were 
obtained by electrochemical synthesis when using silica 
spheres as colloidal crystal templates to create 
macroporous Cu, which then can be further transformed 
into porous MOF by the interaction of ligand and copper 
ions resulting from the controlled electrodissolution of 
the electrode.58 

The chiral character of MOFs can be tuned be-
cause chiral ligands can be introduced into the 
microporous structure. These materials have been used 
for various applications such as chromatography3, 11–13, 16, 62–

63 and also for asymmetric synthesis64 due to their unique 
crystal structure, flexible composition and tunable chiral 
active sites. As the above–mentioned hierarchical MOFs 
have in general a superior performance due to the better 
accessibility of the internal reaction space, it would be 
very interesting to combine hierarchically structured 
porous MOFs and chiral features. However, the design of 
hierarchical porous MOFs with chiral functionalities has 
not yet been reported, even though they should have 
significant benefits for several applications.  

Recently, potential induced fine–tuning of the 
interactions between chiral molecules and a chiral sta-
tionary phase has been proposed in the context of separa-
tion science.29 It was found that chiral imprinted 
mesoporous Pt films as stationary phase in a hyphenated 
microfluidic electrochromatography device allow the 
separation of chiral compounds. Applying a suitable posi-
tive potential to the stationary phase leads to baseline 

separation of a racemic mixture.29 In this context, the 
electrosynthesis of hierarchical macroporous MOFs with 
chiral features is proposed as a complementary approach. 
Hierarchical chiral ZIF–8 has been chosen as a model 
material due to its thermal and chemical stability. In 
addition, ZIF–8 can be synthesized in a wide range of 
solvents under mild conditions.65–66 The obtained material 
is tested with respect to its efficiency for enantioselective 
adsorption and separation. In particular, the hierarchical 
macroporous chiral MOF has been used as a stationary 
phase in a microfluidic electrochromatographic device. 
 

2. Experimental Section 

2.1. Materials 

For the synthesis of hierarchical macroporous 
chiral ZIF–8, zinc sulfate heptahydrate (ZnSO4.7H2O: 
99%, Sigma–Aldrich), 2–methyl imidazolate (2–mIm; 
99%, Sigma–Aldrich), L–histidine (99%, Sigma–Aldrich) 
and D–histidine (99%, Sigma–Aldrich) were used as metal 
center, original ligand and chiral ligand, respectively. 
Styrene monomer (TCI), potassium peroxide (KPS), ethyl 
acetate (Sigma–Aldrich) and ethanol (98%, Sigma–
Aldrich) were used for the polystyrene bead synthesis. All 
chemicals were used without further purification. 

 

2.2. Synthesis of polystyrene (PS) beads 

10 grams of styrene monomer, 62 mL of ultrapure 
water (18.2 MΩ·cm) and 8 mL of ethyl acetate were 
mixed. Then, the mixture was added into a potassium 
peroxide solution (KPS), and stirred at 70°C for 14 hours. 
Subsequently, the resulting polymer beads were washed 
with an excess of ethanol and kept in water. 

 

2.3. Synthesis of flat ZIF–8, chiral flat ZIF–8 and hier-
archical macroporous chiral ZIF–8 electrodes 

2.3.1. Synthesis of flat ZIF–8 and chiral flat ZIF–8 electrodes 

An Au electrode, Pt mesh and a Ag/AgCl elec-
trode were used as working, counter and reference elec-
trodes, respectively. The deposition of Zn was performed 
in 0.5 M of ZnSO4 solution prepared in 0.05M Na2SO4 
electrolyte under N2 flow to avoid contamination with 
oxygen. A negative potential of –1.08 V (vs. Ag/AgCl) was 
applied for Zn deposition to reduce Zn2+ into metallic Zn. 
Subsequently, a less negative potential of –0.70 V (vs. 
Ag/AgCl) was applied in a 1M solution of 2–methyl 
imidazolate (2–mlm) ligand for Zn oxidation and for-
mation of ZIF-8. In the case of the synthesis of chiral flat 
ZIF–8, the chiral ligand, L–histidine or D–histidine (1M), 
was added to the 2–mlm solution so that the final concen-
tration of histidine is 0.1M, and the same 
electrodissolution procedure was followed. 



 

 

 

Scheme 1. Illustration of the synthesis steps of hierarchical macroporous chiral ZIF–8 including: (i) PS bead assembly via 
electrophoretic deposition, (ii) Electrodeposition of macroporous Zn, (iii) Removal of PS beads, (iv) Electrodissolution of 
Zn in the presence of the organic ligands. 

2.3.2. Synthesis of hierarchical macroporous chiral ZIF–8 
electrodes 

PS bead template formation by electrophoretic deposition: 
A suspension of PS beads was prepared with a concentra-
tion of 50 mg/mL in ultrapure water. For the electropho-
retic deposition of PS beads on Au electrodes, pulsed 
electrodeposition was used with an applied potential of –
1.80 V vs. Ag/AgCl (pulse duration and relaxation time of 
5 seconds and 20 seconds, respectively). Subsequently, 
the electrode was heated at 80°C for 10 min to ensure that 
the PS beads stay in a compact arrangement on the Au 
electrode surface. 

Electrodeposition of macroporous Zn: For the 
electrodeposition of Zn through the PS bead template, a 
negative potential of –1.08 V (vs. Ag/AgCl) was applied in 
order to reduce Zn2+ to metallic Zn using 0.05 M of 
Na2SO4 as supporting electrolyte. In order to obtain 
macroporous Zn, the PS bead template was removed by 
immersion in tetrahydrofuran for 15 min. 

Electrodissolution of macroporous Zn to form chiral 
macroporous MOFs: A potential in the range from –0.70 V 
to +0.30V (vs. Ag/AgCl) was applied to the Zn deposit in a 
mixture of 2–mIm (1M) as original ZIF–8 ligand and D– or 
L–His as chiral ligand (0.1 M) using 0.05 M of Na2SO4 as 
supporting electrolyte. The electrooxidation of Zn pro-
duces Zn2+ ions, which interact with the ligand solution to 
form a hierarchical chiral ZIF–8 layer (Scheme 1). 

 

2.4. Characterization and chiral recognition studies 

To investigate the morphology of the designed 
electrodes, scanning electron microscopy (SEM) images 
were obtained using a JEOL JSM–7610F microscope with 

0.5–2 kV accelerating voltage. The samples were mounted 
without metal coating. To confirm the structure of MOFs, 
powder X–ray diffraction (XRD) patterns were recorded 
with a Bruker D8 ADVANCE instrument with 0.02˚ step 
size in the 2Ө range from 5 to 60˚ in the thin film mode. 
In order to confirm the presence of the chiral ligand in 
the MOF skeleton, the as–synthesized electrodes were 
characterized by Fourier Transform Infrared (FTIR) spec-
tra, recorded with a PerkinElmer machine (Attenuated 
Total Reflectance (ATR) mode) during 32 scans in the 
range of 4000–400 cm–1 at room temperature. X–ray Pho-
ton Spectroscopy (XPS) was carried out using a JEOL JPS–
9010 equipped with non–monochromatic Al Kα X–rays at 
12kV and 25mA. The binding energy of N 1S was recorded 
using O 1S at 532.9 eV as a reference to correct the posi-
tion of spectra.  

In order to evaluate the enantioselective recogni-
tion, the prepared electrodes were tested with 0.1 mM of 
DL–tryptophan as a racemic solution in either acidic solu-
tion (pH~1–2) or basic solution (pH~10–11) and with or 
without applied potential for 24 hours at 15°C. Afterwards, 
the solution was analyzed by HPLC, performed on a Shi-
madzu LC2030C3D equipped with a chiral HPLC column 
(CHIROBIOTIC T, 25 cm x 4.6 mm I.D., 5 µm particles 
(12024AST)) using a mobile phase containing 70% metha-
nol, 30% ultrapure water (18.2 MΩ·cm) and 0.02% formic 
acid at a flow rate of 1 mL/min and an optical detection at 
260 nm. To study the effect of applied potential, a poten-
tial of +0.75V was applied during the adsorption experi-
ment. 

 

2.5. Enantioselective separation of chiral compounds 
with chiral macroporous MOFs surfaces 



 

In order to build the microfluidic channel, two 
electrodes, on which a narrow strip of chiral MOF (brown 
band in Figure S14A) has been synthesized by 
electrodeposition, were placed face to face by positioning 
double–sided tape along both sides of the chiral MOFs 
deposit. This leads to the configuration illustrated in the 
cross section scheme of Figure S14C, where the two MOF 
deposits constitute the upper and lower wall of the 
microchannel, leaving an empty space in between, where 
the solution is able to flow (final channel dimensions of 

0.2 cm x 4.2 cm x 0.8 m). This channel was mounted in a 
microfluidic set–up with a Pt wire as pseudo–reference 
electrode placed at the exit of the microfluidic channel 
(Figure S14B). Various potentials were applied at the sta-
tionary phase (from 0 to +0.75V vs Pt). During the exper-
iment, 0.2 µL of the racemate solution under basic condi-
tions (pH~10–11, adjusted by KOH) was injected at the 
entrance of the microfluidic channel with a flow rate of 
0.5 mL h–1. At the exit, the fluorescence of the molecules 
is detected by a spectrophotometer, connected to an opti-
cal fiber, using an excitation wavelength of 396 nm from a 
UV light–emitting diode. 

 

3. Results and discussion  

3.1. Engineering and characterization of 
macroporous chiral ZIF–8 

For the electrochemical synthesis of hierarchical 
macroporous chiral ZIF–8, PS beads were used as colloidal 
crystal templates to generate a macroporous structure. 
The porous electrode has been successfully prepared by 
following the four steps illustrated in Scheme 1: i) electro-
phoretic assembly of PS beads on a Au coated glass slide 
to generate a colloidal crystal template; ii) Zn 
electrodeposition through the PS bead layer by 
electroreduction of Zn2+; iii) template dissolution to reveal 
the macroporous Zn structure; iv) transformation of the 
macroporous Zn electrode into chiral ZIF–8 via electro-
chemical dissolution of the metal in the presence of 2–
imidazolate as main ligand and D– or L–histidine as chiral 
ligands.  

In order to optimize the conditions for Zn and 
ZIF–8 deposition (e.g., applied potential, concentration of 
the solution, deposition and dissolution times), all exper-
iments were first performed with flat deposits, without 
using PS templates. As can be seen in Figure S1, the sur-
face morphologies of electrodes obtained with two differ-
ent electrodeposition methods are quite different. Steady–
state deposition (Figures S1A and S1B) results in non–
uniform surface structures. More homogeneous surfaces 
can be produced when using pulsed electrodeposition 
(Figures S1C and S1D). These observations relate to the 
fact that in the case of pulsed electrodeposition, applying 
the potential for a short time (5 seconds) followed by a 
relaxation period (20 seconds) prevents the formation of 

too strong Zn2+ concentration gradients at the electrode 
surface, thus avoiding the growth of dendrites.  

In order to generate chiral ZIF–8, the deposited 
Zn was slowly electrooxidized at a potential of –0.70V vs 
Ag/AgCl in the presence of the organic ligands. Obvious-
ly, the degree of MOF crystallization strongly depends on 
the used oxidation potential. It was found that dissolution 
at high potentials (+0.30V vs Ag/AgCl) is preferable for 
the dissolution of Zn and leads to the formation of small-
er MOF crystallites (Figure S2A). In contrast, the dissolu-
tion rate at low potentials (–0.70V vs Ag/AgCl) is slower, 
eventually resulting in larger crystals (Figure S2B). There-
fore, the latter condition is more suitable for the synthesis 
of chiral ZIF–8 with a very homogeneous crystal distribu-
tion on flat surfaces (Figure S3). For generating a 
macroporous chiral ZIF–8 structure, PS beads were as-
sembled homogeneously on the Au electrode surface as 
macroporous template via electrophoretic deposition. 
Figure 1A and Figure 1B show the top and cross–sectional 
views, respectively, after deposition of the PS beads and 
heating at 80°C for 10 min in order to stabilize the PS 
beads on the electrode surface. Subsequently, Zn was 
deposited through the template via pulsed 
electroreduction of Zn2+. Then, the PS beads are removed 
using tetrahydrofuran (THF) to produce macroporous Zn 
as shown in Figures 2A and 2B.  

Figure 1 SEM images of the polystyrene bead arrange-
ment on a Au coated glass–slide obtained by electropho-
retic deposition: A) top view and B) cross–sectional view. 

Figure 2 SEM images of A) a macroporous Zn electrode 
obtained with pulsed electrodeposition at an applied 
potential of –1.08V vs Ag/AgCl (5 s pulses and 20 s relaxa-
tion time) at low magnification B) macroporous Zn at 



 

high magnification, C) hierarchical macroporous chiral 
ZIF–8 generated at –0.7V vs Ag/AgCl in the ligand solu-
tion for 10 min at low magnification, and D) at high mag-
nification. 

The transformation of macroporous Zn into hier-
archical chiral ZIF–8 is achieved by steady–state 
electroconversion at a potential of –0.70 V (vs. Ag/AgCl) 
for 10 min. During this step, Zn is oxidized to produce 
Zn2+ ions, which react with the ZIF–8 ligand and the 
histidine enantiomers at the electrode surfaces. By opti-
mizing the molar ratio of ZIF–8 ligand to histidine from 
90:10 to 80:20 and 70:30, it was found that for the latter 
two ratios it is impossible to obtain a homogeneous cov-
erage of ZIF–8 on surface (Figure S4). This is due to the 
fact that a too low amount of intrinsic ligand does not 
allow the formation of the ZIF–8 lattice. Therefore, the 
most suitable ratio between the original ZIF–8 ligand and 
histidine as enantiomeric ligand should be 90:10. Under 
these optimized conditions, hierarchical macroporous 
chiral ZIF–8 was successfully obtained as shown in Fig-
ures 2C and 2D. In order to confirm the ZIF–8 crystal 
structure, the XRD patterns obtained from thin film 
measurements were analysed. They show the main char-
acteristic peaks (2Ө) at 7.4°, 10.4°, 12.7°, 14.7°, 16.4°, 18.0°, 
corresponding to the indices of the (011), (002), (112), 
(022), (013) and (222) crystal planes, respectively.67 These 
findings are very similar to what has been obtained with 
powder samples, but obviously the signal has a lower 
intensity due to the thin layer configuration (Figure S5).  
In addition, the physisorption results of hierarchical chi-
ral D–His–ZIF–8 indicate a complete preservation of the 
microporosity (1556 m2/g), similar to and slightly higher 
than the one of flat chiral D–His–ZIF–8 (1482 m2/g). The 
external surface area also slightly increases as shown in 
Table S1 and Figure S6. This is expected, as the 
microporosity shouldn’t change too much because it is 
still the same MOF. However, the accessibility of the 
porous structure is improved by the presence of the 
macropores, acting as diffusional channels.  

In order to confirm that the chiral ligand is in-
corporated into the ZIF–8 framework, additional XPS and 
FTIR experiments were performed and the results are 
illustrated in Figures S7, S8 and S9, respectively. The XPS 
spectrum over the full range of binding energy is shown 
in Figure S7. The XPS N 1s data (Figures S8), indicate the 
presence of signals at 399 eV, 400 eV, and 401 eV corre-
sponding to the characteristic peaks of imidazole (=N–) 
and imidazole–NH– of the original MOF ligand, as well as 
–NH2 referring to the functional group of histidine, re-
spectively. In the case of the chiral MOF electrodes, the 
characteristic nitrogen signal of histidine (401eV) is pre-
sent whereas in the achiral MOF it is absent. Further-
more, the deconvoluted XPS results (N 1s) show that the 
peak intensity of –NH2 at 401.0 eV is higher for 
macroporous MOF–L–His (Figure S8B) compared to flat 
MOF–L–His (Figure S8D), indicating the presence of a 
higher amount of chiral functions in the case of 
macroporous MOF–L–His. However, the obtained XPS 

data only prove the presence of histidine in the synthe-
sized chiral MOF electrodes, but do not allow confirming 
the type of interaction with the framework. In order to 
distinguish between histidine which is just loosely present 
in the MOF pores and histidine which is really incorpo-
rated into the skeleton, FTIR measurements have been 
performed in addition. The results reveal that the NH 
vibration at 925 cm–1 which can be attributed to free 
histidine disappears for the histidine containing chiral 
MOF (Figure S9). In addition, FTIR results again confirm 
the presence of L–His at 1627 cm–1, corresponding to the 
stretching of the C=O bond in the carboxy group of L–
His.3 Combining these two independent and complemen-
tary pieces of information (presence of histidine, but no 
free amino group), it is reasonable to conclude that the 
histidine is incorporated into the MOF skeleton of the 
synthesized chiral MOF electrodes. 

3.2. Enantioselective adsorption 

The enantioselective adsorption on the designed 
surfaces was tested by exposing the hierarchical 
macroporous chiral ZIF–8 electrode to a racemic mixture 
of L– and D–tryptophan for a certain time. Then, the 
solution composition is analysed by HPLC equipped with 
a chiral stationary phase. The D/L tryptophan separation 
factor (αD/L) was calculated as the quotient of the ratio of 
D–tryptophan to L– tryptophan concentrations in the 
solution, after and before being in contact with the elec-
trode. Tryptophan has been chosen as adsorbate because 
of the possibility to establish noncovalent N–H ––– O=C 
interactions between the guest amino acid and the chiral 
histidine.31, 45 Interestingly, the enantioselective adsorp-
tion is pH dependent, due to varying interactions be-
tween the chiral probe and the chiral ligand in the MOF 
(Table S2). Almost no enantioselective adsorption was 
observed at pH 7, while at pH ~10-11 the complete 
deprotonation of the amino acid allows much stronger 
electrostatic forces. The enantioselective adsorption at 
higher temperatures (30°C) (Entry 5 Table S2) is less pro-
nounced than at lower temperatures (15°C) (Entry 3, Table 
S2). αD/L of hierarchical macroporous ZIF–8 with L–
histidine as a chiral ligand is found to be 1.08. The oppo-
site trend is seen when using an electrode coated with a 
MOF containing D–histidine. In this case αD/L is 0.88 (Ta-
ble 1, Entries 1 and 2), indicating discriminating interac-
tions of chiral compounds with the two types of electrode 
surfaces. The adsorption results observed for L–Histidine–
ZIF–8 and D–Histidine–ZIF–8 should be in theory com-
pletely symmetric. However, the ratio between the origi-
nal 2–imidazole ligand and chiral histidine (L–Histidine 
or D–Histidine) is 90:10. Therefore, during the synthesis 
of chiral ZIF–8, the content of incorporated histidine can 
fluctuate, and also the thickness of the final electrode 
layer can vary within certain limits. Therefore, for a given 
adsorption time more or less chiral probe gets trapped in 
the porous structure. Thus the absolute values are not the 
most important result in this context, but the change in 
the type of enantiomer which is preferentially adsorbed ( 
αD/L>1 and αD/L<1). In order to confirm the origin of the 



 

selective interaction between the chiral ligands (L- or D-
histidine) of the ZIF-8 structure and the chiral probes (L- 
or D-tryptophan), DFT calculations were performed. A 
significant difference in adsorption energy for L- and D-
tryptophan on chiral ZIF-8 containing L-histidine ligands 
is observed (Table S3) and their interactions are illustrat-
ed in Figure S10.  
Table 1. The D/L tryptophan separation factor (αD/L) cal-
culated by integrating the respective HPLC peaks (in 
MilliQ water at pH~10–11).a  

Entry 
Structure 

name 

Applied 
potential 

(V) 

Adsorption 
time (h) 

αD/L 
b 

1 
L–

Histidine–
ZIF–8 

– 
24 1.08 

2 
D–

Histidine–
ZIF–8 

– 
24 0.88 

3 
L–

Histidine–
ZIF–8 

+0.75 
24 1.47 

4 
D–

Histidine–
ZIF–8 

+0.75 
24 0.38 

aThe separation was performed in bulk solution and 
measured by HPLC analysis. 
bThe D/L Tryptophan separation factor (αD/L) is calculated 
as the quotient of the ratios of D–Tryptophan to L–
Tryptophan concentrations in the solution, after and 
before being in contact with the electrode for 24 h. 
 

In order to enhance the interaction between the enanti-
omers and the chiral MOF structures, the electrostatic 
attraction between the molecules and the surface can be 
fine–tuned by applying an optimized potential of +0.75 V 
vs Ag/AgCl to the electrode during the adsorption pro-
cess, combined with an adjustment of the pH of the 
racemate solution. Tryptophan has a negative charge in 
basic solution (pH~10–11). Adding these electrostatic in-
teractions leads to a significant improvement of the 
enantioselective adsorption at the electrode surfaces (Ta-
ble 1, Entries 3 and 4), also confirmed by the simulation 
results. When an electric field is integrated in the simula-
tion, the adsorption energies are much higher, indicating 
a stronger selective interaction between L-tryptophan and 
chiral ZIF-8 containing L-histidine (Table S3). This is 
consistent with the results of the adsorption experiments. 
αD/L increases to 1.47 when using chiral ZIF–8 with L–
histidine inclusions, whereas αD/L is 0.38, when using the 
MOF containing D–histidine ligands. This demonstrates 
that the binding affinity of tryptophan for chiral ZIF–8 

can be significantly enhanced by controlling the electro-
static interactions.  

In order to validate the more general applicabil-
ity of these functional materials for chiral recognition, the 
enantioselective adsorption was not only tested for tryp-
tophan, but also for another chiral molecule i.e. phenylal-
anine. As can be seen in Table S4, the L-Histidine-ZIF-8 
structure is preferentially interacting with D-
phenylalanine. On the contrary, the D-Histidine-ZIF-8 
deposit has a stronger interaction with L-phenylalanine. 
This clearly indicates again that the MOF has intrinsic 
chiral features. However, at first sight rather surprisingly, 
in this case an opposite trend of affinity is obtained com-
pared to tryptophan adsorption (preferential adsorption 
of D on L and not D on D). In order to understand this 
phenomenon, we need to consider the three point inter-
action between the chiral ligand (L–histidine) of ZIF–8 
and the chiral probe molecules (either tryptophan or 
phenylalanine enantiomers). Interestingly, different 
three-point interactions are possible in these two systems 
as shown in Figure S13. The amino group of the amino 
acid probe always interacts with the carboxyl group of the 
amino acid present in the MOF framework, and corre-
spondingly also the carboxyl group of the probe with the 
amino group of the chiral constituent of the MOF. There-
fore, this is a two–point interaction. However, the big 
difference between tryptophan and phenylalanine origi-
nates from the third interaction, which involves the 
heterocycles of histidine and tryptophan or the benzene 
ring of phenylalanine. The hydrophilic nitrogen groups 
present in the histidine ring interact in a favorable way 
with the equally hydrophilic nitrogen group present in 
the heterocycle of tryptophan. The situation is different 
for phenylalanine where the hydrophobic benzene ring 
doesn’t like to be positioned close to the hydrophilic 
heterocycle of histidine. Therefore, the opposite 
enantiomeric conformation of phenylalanine, where at 
the asymmetric carbon atom the benzene ring exchanges 
position with the hydrogen atom, has a more favorable 
interaction with the histidine molecule. These additional 
results clearly indicate that not only tryptophan but also 
other molecules, such as phenylalanine, show 
enantioselective interactions with the chiral MOF phase. 

The ZIF–8 structure is not destroyed under the conditions 
used in the experiments described above, as has been 
verified by XRD of powder ZIF–8 (Figure S11). It was found 
that the crystalline structure of ZIF–8 can be preserved in 
basic solutions (pH~10–11) as illustrated by SEM and EDS 
mapping in Figure S12. However, it is well–known that in 
general MOF structures are rather sensitive to either 
acidic or basic conditions. As expected, when exposing 
the MOF structure to high or low pH solutions for pro-
longed periods of time, a degradation of the MOF is re-
vealed by XRD measurements (Figure S11). However, this 
degradation occurs over a time scale (48 h) which is much 
longer than the time scale of the adsorption and separa-
tion experiments. 



 

3.3. Enantioselective separation 

The advantage of hierarchical macroporous chiral ZIF–8 
is, as demonstrated above, the preferential adsorption of 
one enantiomer of a racemate solution. This feature can 
be further exploited by using the functional material as 
stationary phase in a microchannel device for chiral sepa-
ration (Scheme 2 and Figure S14). 

 

Scheme 2 Illustration of the electrochromatographic 
separation using a microfluid device containing hierar-
chical chiral ZIF–8 in the channel, equipped with a fluo-
rescence detector and a potentiostat for potential control 
of the stationary phase.  

Recently, we described the concept of introduc-
ing a chiral imprinted metal film as stationary phase de-
posited in a microfluidic channel.29 Fine–tuning the bind-
ing affinity eventually leads to a complete baseline separa-
tion of racemic mixtures.29 In a similar separation scheme 
the macroporous chiral ZIF–8 can be also employed as a 
stationary phase, combined with an injection system and 
fluorescence detector to characterize the separation ca-
pability. Based on the above–mentioned controllable 
enantioselective interaction between tryptophan and the 
chiral host material, this allows discrimination of the two 
enantiomers. In order to identify the most suitable condi-
tions for the separation, the microfluidic channel was 
connected with an injector, ensuring a mobile phase flow 
rate of 0.5 mL h–1, and a spectrophotometer as the fluo-
rescence detector with an excitation wavelength of 396 
nm from a UV light–emitting diode. In addition, a Pt wire 
was used as a counter and pseudo–reference electrode at 
the channel outlet. While injecting the racemate solution 
into the channel, a potential ranging from 0 to +1V vs Pt 
wire was applied to the stationary phase. Without applied 
potential, a single peak was observed, indicating a very 
weak interaction of the enantiomers with the stationary 
phase (Figure 3A). In contrast to this, a broad signal com-
posed of two peaks can be observed when applying +0.25 
V (Figure 3B), due to a stronger interaction between the 
MOF structure and the negatively charged racemate mol-
ecules. Interestingly, at an even higher positive potential 
(Figure 3C), the electrochromatogram of L–tryptophan 
and D–tryptophan shows a further improved separation. 
In particular, when applying +0.75 V, two distinct peaks 
appear, although not completely baseline separated (Fig-
ure 3D). However, when applying a too high positive 

potential (+1 V), the peak separation becomes less evi-
dent, most likely because the stationary phase gets dam-
aged at very high positive potentials (Figure S15). There-
fore, +0.75V seems to be the most suitable potential al-
lowing an optimized interaction between the chiral com-
pounds and the stationary phase. 

 

 

 

Figure 3 Fluorescence signals of tryptophan using an 
excitation wavelength of 396 nm from a UV light–
emitting diode recorded with an optical fiber at the outlet 
of the microfluidic channel modified with flat chiral D–
His–ZIF–8 A) no applied potential, B) +0.25V vs Pt wire 
applied to the stationary MOF phase, C) +0.50V, D) 
+0.75V E) Hierarchical chiral D–His–ZIF–8 as stationary 
phase with no applied potential, and F) +0.75V vs Pt wire. 
Red and green lines indicate the deconvoluted peaks of L–
tryptophan and D–tryptophan respectively. 

 

The beneficial effect of hierarchical macroporous 
chiral ZIF–8 is illustrated by the fact that when it is used 
instead of flat MOF with an applied potential of +0.75V 

the electrochromatogram shows now complete baseline 
separation and peaks are sharper (Figure 3F). As expected, 
completely overlapping peaks of the two enantiomers are 
observed when no potential is applied (Figure 3E). In 
order to confirm the specific retention times of L–
tryptophan and D–tryptophan, the individual enantio-
mers were injected separately. Figures S16A and S16B 
illustrate that L–tryptophan and D–tryptophan appear at 



 

retention times of around 300s and 800s, respectively, but 
slight variations can occur due to fluctuations in the flow 
rate. These results confirm that D–tryptophan has a sig-
nificantly stronger interaction with hierarchical D–His–
ZIF–8 compared to L–tryptophan.  

In order to investigate the stability of the 
macroporous structure under microfluidic conditions, the 
same device was reused for a sequence of several separa-
tion experiments (Figure S17). The results obtained after 
ten runs over a period of 30 days indicate that the separa-
tion performance decreases, but two peaks can still be 
identified. We attribute this decrease in performance to a 
partial loss of MOF, being slowly washed out from the 
microchannel due to the existing backpressure. However, 
in the future this can be minimized by adjusting and 
optimizing the experimental parameters, such as the 
injection pressure, the flow rate and the thickness of the 
MOF layers. Finally, a control experiment has been per-
formed to confirm the crucial role of the MOF inside 
microfluid channel. A racemic solution of tryptophan was 
injected into the empty microfluidic device without the 
MOF decorating the channel walls. This blank experiment 
was carried out with and without applied potential (Fig-
ure S18). As expected, there is no visible separation in 
both cases, confirming the absence of enantiospecific 
interactions between the tryptophan molecules and the 
channel environment. 

4. Conclusions 

Hierarchically structured chiral MOF has been 
successfully synthesized as a functional material via an 
electrochemical deposition–dissolution approach, using a 
colloidal crystal as a template to generate macropores in 
addition to the intrinsically present micropores. The chi-
ral MOF can be generated by introducing chiral ligands 
into the framework during the controlled 
electrooxidation of the metal. To illustrate the benefits of 
the prepared chiral material, it was used for 
enantioselective adsorption and separation experiments. 
Compared with flat chiral MOF, the effect of the chirality 
is amplified by the macroporous structure due to the 
presence of a higher and better accessible number of 
adsorption sites. In addition, the binding affinity of the 
designed MOF surfaces can be fine–tuned by applying a 
suitable potential. Hence, this work opens up interesting 
perspectives for the development of a new class of chiral 
surfaces based on the combination of macroporous struc-
tures together with chiral building blocks and the concept 
might serve for several chiral technology applications, 
ranging from adsorption and separation to catalysis. 
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