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Abstract Uptake experiments in thin films of isoreticular chiral MOFs of
type Cu(Dcam)(L) with identical stereogenic centers but different pore
dimensions show that the enantioselectivity is significantly influenced by
the pore size. The highest selectivity was found for medium pore sizes,
roughly corresponding the extension of the chiral guest molecule,
limonene.

Enantiomer separation of chiral molecules is an important field of
chemistry and has many important applications in pharmaceutical,
agricultural and chemical engineering.1 For instance, many
pharmaceutical molecules are chiral and often only one enantiomer
of the molecule has the desired effect, while the other enantiomer
has negative side effects. An effective enantiomer separation is,
therefore, necessary for virtually all applications of chiral molecules.
Due to their large specific surface area and their regular, crystalline
structure, homochiral metal-organic frameworks (MOFs) are very
promising candidates for an efficient enantiomer separation.z'4
MOFs are crystalline, nanoporous solids self-assembled from metal
or metal-oxo clusters and organic Iigands.s'7 Since the first synthesis
of homochiral MOFs in 1999, the field has rapidly developed.” **’
Up to now, more than 30 different chiral MOFs have been used for
investigating the enantioselective adsorption.4 So far, the research
was mainly of trial and error type. Guiding principles for
understanding and optimizing the mechanism for enantiomer
separation are virtually absent. It is obvious, and was shown in a
number of papersz' 819 that the stereogenic center in the MOF
structure has a significant impact on the enantiomeric excess. There
are occasional reports that the pore size has a substantial impact on
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the adsorption capacity and also on the selectivity of achiral
MOFs.2>? A few publicationsza’27 investigate the enantioselectivity
of different chiral MOFs with tunable structures, however, a
systematic study of the impact of the pore size of the chiral MOFs
on the enantioselectivity has not yet been carried out. Here, we
investigate the influence of the pore size of isoreticular chiral MOFs
(i.e. of MOFs with the same topology and identical stereogenic
centers but with tunable pore sizes) on the enantioselectivity.

Y

Cu,(Dcam),(BiPyB)

Figure 1. Isoreticular homochiral SURMOFs of type Cu,(Dcam),L with
tunable pore sizes (L= dabco, BiPy or BiPyB) prepared in a layer-by-
layer fashion.
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For this purpose, the enantioselectivity during the adsorption of
chiral probe molecules, (R)- or (S)-limonene, in an isoreticular series
of homochiral pillared-layer MOFs of type Cuz(Dcam)z(L)28 with
identical chiral (1R,3S)-(+)-camphoric acid (Dcam) layer linker and
different pillar linkers L is studied, see figure 1. The pillar linkers L
are N-donor ligands of type diazabicyclo[2.2.2]octane (dabco), 4,4'-
bipyridyl (BiPy) and 1,4-bis(4-pyridyl)benzene (BiPyB) (see SI1),
respectively. They are coordinated to the axial positions of the
copper complexes, forming pillars of different length, perpendicular
to the chiral Cu,(Dcam), layers. The lattice distances are 0.95 nm in
[100] and [010] direction as well as 0.95 nm, 1.4 nm and 1.8 nm in
[001] direction for the Cu,(Dcam),(dabco), Cu,(Dcam),(BiPy) and
Cu,(Dcam),(BiPyB) MOFs, respectively (Figure 1). This corresponds
to pore sizes of roughly 0.7 nm in [100] and [010] directions and
roughly 0.4 nm, 0.8 nm and 1.2nm, respectively, in [001] direction.

For a better quantification and the option to perform the
adsorption experiments in a fast and straightforward fashion, we
used thin films of MOFs prepared by liquid-phase epitaxy in a well-
defined layer-by-layer fashion.” *° These thin films are referred to
as SURMOFs, surface-mounted MOFs. The isoreticular homochiral
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Figure 2. Uptakes of (S)-limonene (black) and (R)-limonene (red)
by the isoreticular SURMOFs relative to the SURMOF mass
measured by QCM. a) Cuz(Dcam)z(dabco), b) Cuz(Dcam)(BiPy) and
c) Cuz(Dcam)2(BiPyB).
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SURMOFs were grown on gold-coated quartz crystal microbalance
(QCM) sensors functionalized with 11-mercapto-1-undecanol
(MUD) self-assembled monolayers (SAMs), resulting in a [001]
crystal orientation of the SURMOF perpendicular to the substrate
surface. The SURMOF samples were synthesized in QCM flow cells
by pumping subsequently the ethanolic solution of 1mM
copper(ll)acetate (Cu(OAC),) and 0.2mM equimolar H,Dcam and L
(L = dabco, BiPy or BiPyB) through the cells. In between, the
samples were purged with ethanol to remove unreacted, weakly
absorbed reactants. The SURMOF masses (per area) were
determined by QCM to 10.8 pug cm'z, 13.0ug cm? and 11.0 ug cm?
(see SI2), respectively (which correspond to thicknesses of roughly
80 nm). The [001] growth orientation and the high crystallinity of
the isoreticular chiral SURMOFs are shown by X-ray diffraction (SI3).
All  samples additionally infrared
spectroscopy (S14).

A pair of chiral probe molecules, (S)- and (R)-limonene, was chosen
to systematically investigate the between
enantioselectivities and pore sizes of the isoreticular homochiral
SURMOFs. For this purpose, the uptake of the probe molecules by
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Figure 3. a) (S)- and (R)-limonene uptakes by the series of isoreticular
homochiral SURMOFs, Cuy(Dcam),L with L = dabco, BiPy or BiPyB,
relative to the SURMOF mass. b) The (theoretical) enantiomeric excess
in the isoreticular chiral MOF depends strongly on the pore size.
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the different SURMOF samples was studied employing a acm.**?

After activating the samples at 338 K in a flow of argon (99.9999%
purity, 100 ml min'l) over night, the uptakes of the enantiopure
guest molecules were studied from the gas phase at a temperature
of 303 K. The initially pure argon was switched to an argon flow
passing over (R)- or (S)-limonene at room temperature (298 K),
resulting in an argon flow enriched with the vapor of the chiral
guest molecule. The uptakes by the three different SURMOFs are
studied in parallel at the same time to ensure identical conditions
during the experiments. The uptakes of (R)- and (S)-limonene were
investigated alternatively five times to guarantee reproducible
results. Typical curves of the uptake of (S)- or (R)-limonene by the
isoreticular homochiral SURMOFs are shown in Figure 2.

These QCM uptake curves enable the determination of the
adsorption concentrations, Figure 3a. It is clearly visible that the
adsorption capacity does not only change with the probe molecules
but also with the MOF structure. The smallest adsorption capacity
was determined for the SURMOF with the smallest pores
(Cu,(Dcam),(dabco)). For (S)-limonene, the loading is twice as much
in  Cuy(Dcam),(BiPy) and three-times as much in the
Cu,(Dcam),(BiPyB) than in Cu,(Dcam),(dabco). The loadings of (R)-
limonene are smaller than that of (S)-limonene, in particular in
Cu,(Dcam),(BiPy). An increasing loading with increasing pore size
can also be observed for (R)-limonene, verifying the fact that the
SURMOFs are not interpenetrated.?’3 From the uptake curve, kinetic
parameters like the diffusion coefficient can also be determined.>*
% Since there are no significant differences between the different
enantiomers, we did not focus on the kinetics. (Due to the small
size of the pore windows in (001) direction,28 it may be assumed
that the uptake occurs along (100) and (010) directions, where the
molecules enter from the side at defects like domain boundaries.)
The determined loadings of the molecules allow the calculation of
the theoretically-possible enantiomeric excess, that would be
obtained for a mixture of (R)- and (S)-limonene if the there is no
interaction between the different enantiomers, Fig. 3b. This means
it corresponds to the enantiomeric excess at very low
concentrations. It was found that the (theoretical) enantiomeric
excess of (S)-limonene versus (R)-limonene changes significantly for
the different MOF structures; namely approximately 8% for
Cu,(Dcam),(BiPyB), 17% for Cu,(Dcam),(dabco) and 35% for
Cu,(Dcam),(BiPy).

The reliability of the data is checked by carrying out the
experiments with SURMOFs of type Cu,(Lcam),(BiPy), the
enantiomeric mirror image of Cu,(Dcam),(BiPy). The QCM data (SI5)
show that the (theoretical) enantiomeric excess of (R)-limonene
versus (S)-limonene is 34%, which is in perfect agreement with the
data determined for Cu,(Dcam),(BiPy).

The data show clearly that the pore size has a significant impact on
the enantioselectivity. The enantioselectivity does not follow such a
simple trend as the adsorption capacity, which increases with
increasing pore size. The highest enantiomeric excess was found for
a pore size of 0.8 nm, which was found to be the medium case. It
can be assumed that the differences of the loadings are caused by
the different alignments of the chiral guest molecules adsorbed in
the pores, where the stereogenic centers have a different impact on
the enantiomer selectivity. As visualization, Figure 4 shows a sketch
of (S)-limonene in the isoreticular homochiral MOFs. This can be
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Figure 4. Schematic illustration of (S)-limonene adsorbed in the pore
centers of homochiral SURMOFs of type Cu,(Dcam),L with L = dabco
(a), BiPy (b) and BiPyB (c). While the chiral moieties (symbolized by the
hands) in the frameworks are identical, the different enantiomeric
excesses (this means the differences in the adsorption of both
enantiomers) are caused by the different pore sizes.

interpreted in the following way: If the pore size is “too” small (a),
the guest molecules are “forced” to adsorbed in the pores in such a
position, where the impact of the stereogenic center in the
framework is small. If the pore size is “too” large (c), the molecules
can adsorb all over the large pore and the impact of the stereogenic
center is small, too. If the pore size is well adjusted, roughly as large
as the guest molecule (b), the stereogenic center has the highest
impact on the guest molecule, resulting in the highest enantiomer
separation.

In conclusion, the enantioselectivity of isoreticular chiral MOFs with
identical stereogenic centers and different pore sizes was
investigated. The enantioselective uptake of the chiral probe
molecules, (R)- and (S)-limonene, by thin MOF films of type
Cu,(Dcam),(dabco), Cu,(Dcam),(BiPy) and Cu,(Dcam),(BiPyB) was
measured by using a QCM. It was found that the adsorption
capacity increases with increasing pore size. A more complex
situation was found for the enantiomer selectivity, where the
highest enantiomeric excess is in SURMOFs with medium pore size,
while the enantiomeric excess for very small and large pores is
significantly smaller. This study demonstrates that not only the
stereogenic center, but also the pore size have to be adjusted for
gaining highest enantioselectivities in chiral nanoporous materials
and thereupon enabling a significantly more efficient enantiomer
separation.
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