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Abstract: Chiral nanoporous solids are a fascinating class of materials, allowing efficient enantiomer
separation. Here, we review the status, applications, and potential of thin films of homochiral
metal–organic frameworks (MOFs). Combining the advantages of MOFs, whose well-defined,
crystalline structures can be rationally tuned, with the benefits of thin films enables new opportunities
for the characterization of the enantioselectivity, e.g., via chiroptical spectroscopy and straightforward
molecular uptake quantifications. By incorporating photoresponsive molecules in the chiral MOF
films, the enantioselectivity of the material can be dynamically remote-controlled. The most promising
application of MOF films is their use as membranes, where the enantioselective separation of chiral
molecules is demonstrated and parameters for further improvements are discussed.

Keywords: chirality; nanoporous metal–organic frameworks; thin films and membranes; circular
dichroism; enantiomer separation

1. Introduction

Enantiomer separation of chiral molecules is based on their selective interaction with a chiral
medium, like a chiral surface. In addition to fundamental questions and the scientific aim of a detailed
understanding, the research on enantioselective separation is driven by many important applications
in pharmaceutical, agricultural, and chemical engineering [1]. Based on their large specific surface
area and their tunable structure, homochiral metal–organic frameworks (MOFs) are very promising
candidates for an efficient enantiomer separation. MOFs are nanoporous crystalline materials composed
of metal nodes connected by organic linker molecules [2,3]. Since the first synthesis of homochiral
MOFs in 1999 [4], the field of chiral MOFs has rapidly developed [5–7]. Usually homochiral MOFs are
composed of chiral ligand molecules [8], but syntheses from achiral molecules or racemic mixtures are
also possible [9]. Furthermore, post-synthetic modification [10] enables the modification of achiral
MOFs after their synthesis to yield chiral frameworks [11,12]. In many review articles, the features
and advantages of chiral MOFs have been discussed, mainly with the focus on the material in the
form of powders [6,8,13–17]. The applications of chiral-MOF-powders include asymmetric catalysis,
enantiomer separation using chromatography, and enantioselective adsorption of (bio-)functional
molecules, like pharmaceuticals. For many applications and detailed physicochemical investigations,
using the chiral MOF material in the form of thin film is beneficial, which is the topic of the present
review article. In comparison to its powder equivalent, the main advantages of thin chiral MOF films
are the possibilities of:

• Detailed optical investigations by UV-vis and circular dichroism (CD) spectroscopy in transmission
• Precise quantification of the enantiopure uptake by a quartz crystal microbalance (QCM)
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• Enantiomer separation by pinhole-free thin membranes
• Photoresponsive chiral MOF films (which are thin enough to allow the entire irradiation by light

with short penetration length)

Chiral MOF films can be prepared by various methods; for instance, by one-pot solvolthermal film
syntheses on the substrate, as shown in Figure 1a [18]. A particularly interesting method for the MOF
film preparation is the layer-by-layer (lbl) synthesis based on liquid-phase (quasi)-epitaxy, resulting in
surface-mounted MOFs (SURMOFs), as shown in Figure 1b [19,20]. There, the MOF components are
consecutively deposited on an appropriately functionalized substrate. In addition to the control of the
film thickness and the small surface roughness [21,22], SURMOFs typically have a low defect density,
resulting in a high transparency of the material [23,24] and fast uptake and release kinetics [21,25].
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Figure 1. Syntheses of metal–organic framework (MOF) films with chiral linker molecules. (a) MOF 
film prepared by one-pot synthesis, where the functionalized substrate is immersed in one reaction 
solution. (b) Alternative sample immersion in the metal-node and in the linker solutions for many 
cycles results in a layer-by-layer growth of the MOF thin film, referred to as surface-mounted MOF 
(SURMOF). Sketches of chiral MOF structures are shown in c) and d). (c) (S)-KUMOF-1 ((Cu2(S)-
1)2(H2O)2) with chiral (S)-1 ((S)-2,2′-dihydroxy-6,6′-dimethyl(1,1′-biphenyl)-4,4′-dicarboxylate) linker. 
(d) Cu(Dcam) layer of Cu2(DCam)2(dabco) (Dcam = (1R,3S)-(+)-camphoric acid; dabco = 
diazabicyclo[2.2.2]octane). (a) and (c) Reprinted with permissions from [18,26], Copyrights 2013 and 
2011, The Royal Society of Chemistry. (b) Reprinted with permission from [20]. (d) Reprinted with 
permissions from [27], Copyright 2007, American Chemical Society. 

2. Optical Investigation by CD Spectroscopy 

Due to its small thickness, typically far below 1µm, thin MOF films are transparent to some 
extent. In addition, the small defect density of SURMOFs increases its transparency [23,24]. As a 
result, the optical properties of thin MOF films and SURMOFs can be directly measured by UV-vis 

Figure 1. Syntheses of metal–organic framework (MOF) films with chiral linker molecules. (a) MOF film
prepared by one-pot synthesis, where the functionalized substrate is immersed in one reaction solution.
(b) Alternative sample immersion in the metal-node and in the linker solutions for many cycles results
in a layer-by-layer growth of the MOF thin film, referred to as surface-mounted MOF (SURMOF).
Sketches of chiral MOF structures are shown in c) and d). (c) (S)-KUMOF-1 ((Cu2(S)-1)2(H2O)2) with
chiral (S)-1 ((S)-2,2′-dihydroxy-6,6′-dimethyl(1,1′-biphenyl)-4,4′-dicarboxylate) linker. (d) Cu(Dcam)
layer of Cu2(DCam)2(dabco) (Dcam = (1R,3S)-(+)-camphoric acid; dabco = diazabicyclo[2.2.2]octane).
(a) and (c) Reprinted with permissions from [18,26], Copyrights 2013 and 2011, The Royal Society
of Chemistry. (b) Reprinted with permission from [20]. (d) Reprinted with permissions from [27],
Copyright 2007, American Chemical Society.

2. Optical Investigation by CD Spectroscopy

Due to its small thickness, typically far below 1µm, thin MOF films are transparent to some
extent. In addition, the small defect density of SURMOFs increases its transparency [23,24]. As a result,
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the optical properties of thin MOF films and SURMOFs can be directly measured by UV-vis spectroscopy
in transmission mode. This avoids more complex methods like integrating spheres which are typically
used to record UV-vis spectra of powder MOF materials. Equally simple, circular dichroism (CD)
spectroscopy [28] in the UV-vis range can be applied to MOF thin films in transmission mode.
Recording the MOF CD spectra in transmission mode allows the direct comparison with the spectra of
the molecular components, which are typically recorded from the respective solution in the same way.

The CD spectra of PcTPDC dissolved in ethanol and incorporated in the SURMOF structure are
shown in Figure 2 [29]. PcTPDC contains a planar, chiral paracyclophane moiety. Both spectra are very
similar with the same characteristics. This indicates that the molecules are incorporated in the MOF
structure without significant structural changes in comparison to the solvated form, keeping its chirality.
A detailed inspection shows a small red-shift of the bands in the SURMOF spectrum, indicating small
differences in the close proximity of the chiral moiety due to manifold reasons [30].
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Figure 2. Planar chiral paracyclophane. (a) The structure of SURMOF-2 Cu(PcTPDC). Carbon is shown
in black, oxygen in red, and copper in cyan. Hydrogen is not shown. The center ring of the terphenyl
dicarboxylic acid (TPDC) linker possesses an oriented paracylophane group, causing its chiral character.
(b) The CD spectra of the PcTPDC molecule in ethanol solution (black) and in the SURMOF structure
(red). Reprinted with permission from [29]. Copyright 2015, The Royal Society of Chemistry.

The SURMOF approach allows control over the crystalline growth direction by appropriate
substrate functionalization, offering the opportunity to investigate the oriented CD spectra of chiral
molecules along different directions. Figure 3 shows the CD spectra of Cu2(Dcam)2(dabco) SURMOF
measured along the crystalline [001] and [110] directions of the framework (that means perpendicular
and parallel to the plane of the chiral Dcam linker molecules) [31]. The spectra for the different
orientations show different intensities of the CD band. These experimental findings were also found in
detailed computations of the optical excitations.

Moreover, recording the CD spectra of the chiral MOF film loaded with chiral guest molecules
allows a straightforward estimation of the enantiomeric excess (ee) of the uptake. The spectra of
Cu2(Dcam)2(dabco) SURMOF loaded with ethyl-lactate in its enantiopure form, and also in its racemic
mixture, are shown in Figure 3c. Comparing the empty and the loaded SURMOF CD spectra shows
that the average area obtained for a 100 % loading with enantiopure ethyl lactate is +/-158.5 mdeg nm,
while the loading from the racemic mixture results in an area of -45 mdeg nm. As a result, an ee-value
of 28% is estimated, implying a loading of 64 % of the (+)- and 36 % of the (−)-isomer.
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for the mirror images of the host SURMOF. 

Figure 3. Oriented CD spectroscopy. (a) The structure of Cu2(Dcam)2(dabco) SURMOF, where carbon
is shown in black, oxygen in red, copper in grey, and nitrogen in cyan. Hydrogen is not shown.
Dcam stands for D-camphoric acid, and dabco stands for 1,4-diazabicyclo[2.2.2]octane. The (001)
and (110) MOF planes are indicated. (b) Oriented CD (OCD) spectra in the [001] and [110] direction.
The OCD spectra are compared with the CD spectra of Dcam in ethanolic solution. (c) CD spectra of
Cu2(Dcam)2(dabco) SURMOF (D-MOF) in the [001] direction before (red) and after (black and blue)
loading with the enantiomers and with a racemic mixture (green) of ethyl-lactate (EtLt). The dotted
curves represent the difference between the CD spectrum of the pristine SURMOF and the SURMOF
loaded with (+)EtLt (blue) or (−)EtLt (black). The shaded areas represent the relative net amount of the
loaded enantiomers. Reprinted with permission from [31]. Copyright 2014, Wiley-VCH.

3. Precise Uptake Measurements Using a Quartz Crystal Microbalance (QCM)

The rational design and modification of MOFs allows the tuning of their pore sizes and
functionalization. Due to the large porosity and specific surface area, guest molecules in the pores
have strong interactions with the host MOF. For reaching efficient separation of chiral molecules, it is
a highly promising path to explore and tune homochiral MOFs with the aim of high enantioselective
interactions. As a measure for the enantioselectivity, the individual enantiopure uptake of both isomers
by the chiral MOF material can be compared.

The uptake of guest molecules by MOF materials in the powder form can be recorded by
gravimetric and volumetric techniques [32,33]. In addition, the uptake by large individual MOF
crystals can be recorded by optical methods [34,35]. The molecular uptake by thin MOF films can be
monitored by various techniques, like surface-plasmon resonance methods [36], X-ray diffraction [37],
or spectroscopy with infrared [38] or visible [39] light.

A particularly powerful and straightforward technique is based on a quartz crystal microbalance
(QCM) [40]. QCMs are typically very sensitive and can record changes of the mass density in the
ng/cm2 range. By using the SURMOF approach, the film can be grown directly on the QCM sensor,
allowing the direct real-time quantification of the mass during the synthesis. By connecting the QCM
to a liquid- or gas-flow system, the molecular uptake by the SURMOF from the liquid or gas phase can
be measured [41,42]. Taking advantage of the mass quantification by QCM, the uptake in units of guest
molecules per MOF pore (or per unit cell) can be directly calculated. Please note that the enantiopure
uptake data do not allow the direct determination of the enantiomeric excess (ee) for the adsorption of
a racemic mixture at a certain concentration, but the calculation of the ee value at very low loadings,
in the limit of negligible small guest–guest interaction, is possible.

By using a QCM, the enantiopure uptake of (2R,5R)-2,5-hexanediol (R-HDO) and
(2S,5S)-2,5-hexanediol (S-HDO) in homochiral SURMOFs of type Zn2(Dcam)2(dabco) and
Zn2(Lcam)2(dabco), which have similar structures to their copper equivalents (see Figures 3a and 1d),
was studied. The time-dependent uptake curves of R-HDO or S-HDO in the SURMOF are shown in
Figure 4 [43]. While the uptake of R-HDO is approximately 1.5 times as big as the S-HDO uptake
by the Dcam-SURMOF, it is opposite in the Lcam-SURMOF. The study shows that, as expected,
the enantioselectivity inverts for the mirror images of the host SURMOF.
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Figure 4. Enantiopure uptake of R-HDO (black) and S-HDO (red) by Zn2(Dcam)2(dabco) (a) and by
Zn2(Lcam)2(dabco) (b). The data are recorded with a QCM. Reprinted with permission from [43].
Copyright 2012, Wiley-VCH.

In addition to the chiral center, the pore structure and the achiral components of the MOF are
also crucial for the enantioselective host–guest interaction. A series of isoreticular chiral SURMOFs
with identical chiral linkers but different pore sizes were prepared, namely Cu2(Dcam)2(dabco),
Cu2(Dcam)2(BiPy), and Cu2(Dcam)2(BiPyB), as shown in Figure 5 [44]. (BiPy stands for 4,4’-bipyridine
and BiPyB for 1,4-bis(4-pyridyl)benzene.) While the lattice distance in the [001] direction varies
between 0.95 nm and 1.8 nm, the parameters for the lattice planes perpendicular to [001] are identical.
As expected, the QCM data show that the adsorption capacity of the SURMOFs increases with
increasing pore size. However, the enantioselectivity does not follow such a simple trend, and the
medium pore size shows the highest enantioselectivity (Figure 5d). The different enantioselectivity
is caused by the different alignments of the chiral guest molecules adsorbed in the pores, where the
stereogenic center has a different impact on the enantiomer selectivity. It may be hypothesized that the
ideal pore size, where the chiral center has the highest impact on the host–guest interaction, resulting in
the highest enantiomer separation, is roughly as large as the guest molecule. For “too” small pores,
the guest molecules are “forced” to adsorb in the pores in such a position where the impact of the chiral
moiety of the framework is small. For “too” large pores, the molecules can adsorb all over the large
pore, and the impact of the chiral moiety is small, too (Figure 5e). A significant influence of the pore
size on the enantioselectivity was also found for other MOF structures in the form of powders [45].
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The Royal Society of Chemistry. 
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where bdc denotes terephthalic acid, L-lac is L-lactate, and dmf is dimethylformamid. The separation 
of R- and S-methyl phenyl sulfoxide (R- and S-MPS) from n-hexane solution was studied, and an 
enantioselective enrichment of R-MRS in the permeate was found, as shown in Figure 6. For an R- 
and S-MPS feed concentration of 5 mmol L−1, an enantioselective excess (ee) of up to 33% was 
obtained, showing that decent enantiomer selectivities can be achieved. Due to the diffusion-driven 
membrane permeation, the separation process took several hours. Increasing the concentration in the 
feed solution accelerated the separation process; however, the ee value in the permeate dropped 
drastically [52].  

Using a homochiral MOF membrane of type Ni2(L-asp)2(BiPy), where L-asp denotes L-aspartic 
acid, racemic solutions of diols were separated using pervaporation [18]. It was found that the 
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to the characteristics of the adsorption–diffusion model and the desorption kinetics of the isomers. 
By increasing the transmembrane pressure drop from 0.1 to 0.2 MPa, the ee value slightly decreases. 

Figure 5. The effect of the pore size on the enantioselectivity. The SURMOF structure of
Cu2(Dcam)2(dabco) (a) Cu2(Dcam)2(BiPy) (b) Cu2(Dcam)2(BiPyB) (c) with the enantiopure uptake
of R-limonene (red) and S-limonene (black) measured by QCM. (d) The relative uptake of limonene.
The average values and the error bars representing the standard deviation of several uptake experiments
are shown. (e) The enantiomeric excess for the different SURMOFs, calculated for negligible guest–guest
interaction, i.e., at very small loadings. Reprinted with permission from [44]. Copyright 2015, The Royal
Society of Chemistry.

4. Membrane Technology

In comparison to conventional chiral separation technologies, like enantioselective crystallization
and chromatography [46–48], membrane separation technologies have the advantages of low energy
consumption, large capacity, and continuous operation. Due to the tunable sharp pore size and its
mechanical properties, MOFs are highly interesting materials for the membrane separation [49–51].

A chiral MOF membrane of type Zn2(bdc)(L-lac)(dmf) was prepared on mesoporous support, where bdc
denotes terephthalic acid, L-lac is L-lactate, and dmf is dimethylformamid. The separation of R- and S-methyl
phenyl sulfoxide (R- and S-MPS) from n-hexane solution was studied, and an enantioselective enrichment
of R-MRS in the permeate was found, as shown in Figure 6. For an R- and S-MPS feed concentration of
5 mmol L−1, an enantioselective excess (ee) of up to 33% was obtained, showing that decent enantiomer
selectivities can be achieved. Due to the diffusion-driven membrane permeation, the separation process
took several hours. Increasing the concentration in the feed solution accelerated the separation process;
however, the ee value in the permeate dropped drastically [52].
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Using a homochiral MOF membrane of type Ni2(L-asp)2(BiPy), where L-asp denotes L-aspartic
acid, racemic solutions of diols were separated using pervaporation [18]. It was found that the
enantiomer selectivity is enhanced by increasing the temperature. The authors attribute this finding
to the characteristics of the adsorption–diffusion model and the desorption kinetics of the isomers.
By increasing the transmembrane pressure drop from 0.1 to 0.2 MPa, the ee value slightly decreases.

Following these pioneering studies, the enantioselective separation of different chiral molecules
in the liquid phase was studied for different chiral MOF materials; a few examples are listed in
Table 1. So far, the highest realized ee value for the permeate was obtained with a Ni2(L-asp)2(BiPy)
membrane. It should be noted that most practical membrane separation studies are in the liquid phase,
since most pharmaceutical and biological relevant chiral molecules have a very small vapor pressure,
hindering their pervaporation or gas phase membrane separation.

For industrial applications, MOF-based membranes still suffer from the slow separation and
low ee values. Thus, it is necessary to further increase the membrane flux and selectivity. For MOF
membranes, this can be done be optimizing many parameters. For example, decreasing the membrane
thickness (e.g., from 25 µm [52] to less than 1 µm [58]), and increasing the active membrane area will
significantly increase the throughput. Optimizing the MOF structure will also increase the flux, as well
as the selectivity. Using polymer substrates [59] (and even better polymeric mixed-matrix-membranes
with chiral MOF fillers [60,61]) further increases its practicality. In addition, we expected that, similar
to the chiral separation in chromatography [62], the choice of the solvent is crucial for the separation
process of chiral molecules in solution.
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Table 1. Overview of chiral MOF films and membranes. 1 lbl = layer-by-layer synthesis resulting in
SURMOFs. 2 RS = reactive seeding method. 3 The values are calculated by ee = (S − R)/(S + R)×100%,
or vice versa. 4 The ee value presented in the article was calculated with a different formula.

MOF Structure Synthesis Application and Comments ee (%)3 Ref.

Zn2(D/Lcam)2(dabco) lbl1 2,5-hexanediol adsorption in film ~20 [43]

Zn(PcTPDC) lbl1
limonene

adsorption in film 26 [29]

Cu2(D/Lcam)2(dabco) lbl1
oriented CD and ethyl-lactate

adsorption in film 28 [31]

Cu2(Dcam)2(dabco)
Cu2(Dcam)2(BiPy)

Cu2(Dcam)2(BiPyB)
lbl1

limonene adsorption in films with
different pore size 8–35 [44]

Cu2(Dcam)2(dabco)
Cu2(Dcam)2(BiPy) lbl1 methyl lactate adsorption in film 33 4 [53]

Cu2(Dcam)2(AzoBiPyB) lbl1
photoswitching phenylethanol

adsorption in film 7–49 [54]

Zn2(BDC)(L-lac)(dmf) drop-coating of
powder

phenylethanol, naphthyl
ethylamine,

phenyl ethylamine, methoxyphenyl
ethylamine adsorption in film

15–38 [55]

Zn2(BDC)(L-lac)(dmf) RS2 methyl phenyl sulfoxide separation
by membrane 33 [52]

Ni2(L-asp)2(BiPy) secondary growth 2-methyl-2,4-pentanediol
separation by membrane 35.5 [56]

Ni2(L-asp)2(BiPy) in situ growth
2-methyl-2,4-pentanediol

separation by membrane at different
conditions

11–32 [18]

Ni2(Mal)2(Bpy) 2 RS2 Membrane prepared - [57]

5. Interaction with Light: Dynamic Control of the Enantioselectivity

Following the study showing that achiral components of the MOF material also have a significant
impact on the enantioselective adsorption (see chapter 3), the dynamic control of the enantioselectivity
was demonstrated. To this end, photoresponsive azobenzene moieties were incorporated in
homochiral D-camphorate SURMOF, resulting in Cu2(Dcam)2(AzoBiPyB), with AzoBiPyB denoting
(E)-2-(phenyldiazenyl)-1,4-bis(4-pyridyl)benzene, as shown in Figure 7 [54]. The incorporation of
azobenzene side groups allows the control of various MOF properties [63,64]; in particular, it allows
control over the (polar) molecular interaction [65]. The azobenzene groups undergo isomerization
from the thermodynamically stable trans form to the cis form, upon irradiation with UV light; and,
vice versa, by thermal relaxation or by irradiation with blue light. The CD spectra (Figure 7b) show
that the chirality of the MOF is not affected by the trans–cis photoswitching. This finding can be
explained by the fact that the chiral and photoswitchable groups are spatially separate. In contrast
to the unaffected chirality, QCM uptake experiments with R- and S-1-phenylethanol show a clear
difference in the enantioselectivity upon photoswitching. While the cis-SURMOF shows only a small
enantioselective adsorption behavior, corresponding to an ee value of 7 ± 4%, the trans-SURMOF
shows a significantly stronger adsorption of the S-isomer in comparison to the R-isomer. There,
the enantioselective adsorption corresponds to an ee value of 49 ± 15%. The switching effect is
explained by the changes of the azobenzene dipole moment and its related interaction change; for more
details, please see ref. [54]. In addition to the dynamic control of the enantioselective behavior, we
foresee that this concept may help to study the interaction and the mechanism of chiral separation
in MOFs.
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Figure 7. Photoswitching the enantioselective adsorption. (a) The Cu2(Dcam)2(AzoBiPyB) SURMOF
in the trans (left) and cis (right) state. (b) The CD spectra of the sample in the trans (black) and cis
(violet) state. The uptake curves of the sample in the trans state (c) and in the cis state (d) for R- and
S-1-phenylethanol (blue and red, respectively). (e) The average values and standard deviations of
the 1-phenylethanol uptakes by the SURMOF in the cis and trans states. Reprinted with permission
from [54]. Copyright 2019, The Royal Society of Chemistry.

It should be stressed that this study was enabled by several SURMOF advantages: (1) the uptake
amount was quantified in a straightforward fashion by QCM; (2) the sample was sufficiently thin,
allowing the characterization by CD spectroscopy; (3) the small film thickness enables irradiation of
the entire sample. Since the light penetration depth in MOFs with chromophores is typically much
smaller than 1 µm, only the outer shell of the MOF material would be irradiated and photoswitched in
the case of MOF powders or large MOF crystals.

6. Conclusions

Chiral MOF materials demonstrate respectable enantioselective molecular interaction and are very
promising for chiral separation applications. Due to their small thickness, chiral MOF thin films present
a valuable model system for chiral MOFs, allowing detailed investigations which are not possible
with their powder equivalent. By UV-vis absorption and chiroptical spectroscopy in transmission
mode, the optical and chiral properties of the MOF material can be measured and compared with its
chiral molecular components in solution. The enantioselective loading from a racemic mixture can be
estimated by comparing the CD spectra of the empty and loaded MOF film. The enantiopure uptake
can be quantified in a straightforward fashion using a quartz crystal microbalance. The incorporation
of photoswitchable components results in the switching of the MOF properties, enabling the remote
control of the enantioselectivity of the material. The potential of MOF films as membranes for an efficient
separation of chiral molecules has been demonstrated, where solutions of racemic mixtures were
separated with decent enantioselective enrichment in the permeate. For practical, cheap, and efficient
separation processes, e.g., required for the purification of chiral pharmaceuticals, the flow-rate and the
selectivity have to be further enhanced.

Currently, clear guiding principles for efficient enantiomer separation by nanoporous chiral
materials are missing. Many studies (see Sections 3 and 5) show that the interaction is more complex
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than the simple three-point-interaction-model. Advanced simulations and calculations have improved
the understanding of the enantioselective host–guest interaction in a few cases [66–68]. Based on rapid
development, significant theoretical contributions are expected within the next years. We foresee
that chiral MOF films as well defined crystalline model systems, allowing precise investigations,
will contribute to achieve a better understanding. In addition, we believe that chiral MOF films will
contribute to advanced applications in fields like MOF-based sensors [69,70] or circularly polarized
luminescence [71].
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