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We present the synthesis of a porous, organic [4+4] imine cage
containing perfluorinated aromatic panels. Gas adsorption experi-
ments show an uptake of 19.0 wt% CO, (4.2 mmol g%, 273 K and at
1 bar) and 1.5 wt% H, (7.5 mmol gfl, 77 K and at 1 bar) for the
specific surface area of 536 m? g of the crystalline material
obtained directly from the reaction mixture, combined with an
outstanding thermal stability, making it a very interesting porous
material suitable for gas adsorption.

Fluorinated and perfluorinated molecules have been extensively
reviewed in comparison to their hydrogenated counterparts.
Besides widespread incorporation into pharmaceuticals, espe-
cially fluorinated polymers show desirable material properties
such as high thermal and chemical stability, making fluorine-
containing molecules important for life science' and material
applications.” Together with metal-organic (MOFs)® and covalent
organic (COFs)* frameworks, fluorinated metal-organic frame-
works (FMOFs) are characterised by a highly modular synthesis
with excellent properties in regards to thermal stability, catalytic
activity, high gas affinity and selectivity.” The groups of Omary
and Miljani¢ reported ultra-hydrophobic FMOFs that show pro-
mising gas adsorption capabilities and a high capacity and affinity
to hydrocarbons.® In addition, the group of Miljani¢ could
show that their highly fluorinated tetrazolate-based MOF exhibits
exceptionally high uptake capabilities for ozone-depleting fluoro-
carbons and chlorofluorocarbons (CFCs).®” Fluorinated metal-
free COFs were for example reported by the groups of Jiang and
Cooper, showing a higher crystallinity and gas uptake in compar-
ison to their non-fluorinated counterparts.”® Remarkable accessible
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surface areas of up to 1821 m? g~ * were reported for non-covalent
organic frameworks/porous molecular crystals that can effectively
adsorb hydrocarbons, CFCs and fluorinated anaesthetics.” Porous
organic cages (POCs) are discrete, three-dimensional molecular
assemblies that unlike networks, allow for straightforward proces-
sing and analysis in solution.’® The most thoroughly investigated
class of porous [4+6] imine cages originates from the group of
Cooper, forming crystalline porous materials, porous liquids and
POC nanocrystals or core-shell crystals depending on functionaliza-
tion and processing.'>"" To our surprise, only very few fluorinated
POCs have been reported.™

First reports indicated that the influence of cage building
blocks with a low fluorination grade does not have a beneficial
effect on the material properties like gas adsorption and crystal
packing.>* However, reports on MOFs and COFs demonstrate
that tuning the electronic properties of the intrinsic pore by very
electron withdrawing and hydrophobic fluorine substituents often
improves performance.® Herein, we report a novel fluorinated [4+4]
imine cage (FC1). FC1 is synthesised by imine condensation
of 1,3,5-triformylbenzene (1) and 1,3,5-trislaminomethyl)-2,4,6-
trifluorobenzene (2) (Fig. 1la). Mixing the two building blocks
in a 1:1 stoichiometry in dichloromethane/methanol (3:1)
without stirring yields needle-like crystals in 67% yield over the
course of two days at room temperature. NMR analysis of the
redissolved crystals shows sharp signals both in the 'H as well as
in the "F NMR (Fig. 1c), which indicates clean cage crystallisation
without polymeric side product precipitation. DOSY experiments
reveal an approximate hydrodynamic radius of ry = 0.71 nm
(D =55 x 107" m® s~! in CDCl, Fig. S1, ESIf). Unusual for
supramolecular cage building blocks, both 1 and 2 are rather
flexible structures in which the functional groups are not sterically
constrained in a specific orientation.'® The common strategy to
synthesise a self-assembled cage compound, whether metal-organic
or organic, is largely dependent on the degree of preorganization in
at least one of the ligands.* We calculated the rotational barrier of 2
to be 7 kcal mol™ (MM2, rotation around the C1-C2-bond, see
Fig. 1a). This is significantly lower than the barrier of the com-
monly employed 1,3,5-tris(aminomethyl)-2,4,6-triethyl-benzene
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Fig. 1 (a) Synthesis of FC1 by combining equal amounts of 1 and 2 in dichloromethane/methanol 3: 1 at room temperature; the molecular structure of
triamine 2, as obtained from calculations using hybrid B3LYP 6-311++G(d,p) level of theory, showing the possible preorganization by weak C-H---F
contacts and the rotational barrier of the amines obtained from MM2 calculations; the calculated structure of the truncated tetrahedral cage FC1
(M062X/def2-TZVP): (b) scanning electron microscope (SEM) image of crystalline FC1, scanning voltage 12 kV; (c) *H and '°F NMR of the precipitated
crystalline material, in CDCls at 25 °C; (d) experimental powder X-ray diffraction (XRD) pattern of crystalline FC1, for a comparison of crystalline and

calculated powder XRD patterns, see Fig. S12 (ESI¥).

(227.7 keal mol ', see Fig. S4 and S5, ESIt),"*” which is often
chosen because of the all-cis orientation of the amino groups. The
successful synthesis of FC1 in very good yields of 67% as a
crystalline material, despite the low rotational barrier in 2, might
be explained by the minute electronic effects of the fluorine
substituents and not by pure sterical congestion. When Mastalerz
et al. reported similar truncated tetrahedral [4+4] POCs in 2018,
they did not observe formation of imine cages when using non-
bulky substituents, instead polymeric structures were formed."
Our imine cage FC1 forms rather quickly under the given condi-
tions and precipitates cleanly.

Powder XRD of precipitated FC1 shows sharp reflexes,
indicating a highly crystalline and homogeneous material
(Fig. 1d). SEM images further support this claim, showing only
up to 100 pm thick, long needle-like crystals (Fig. 1b). Thermo-
gravimetric analysis shows that fluorinated imine cage FC1 is
also highly stable. The decomposition temperature of 373 °C is
significantly higher than of non-fluorinated imine cages of
similar size (300 °C)."*”** A model of FC1 obtained from DFT
calculations using M062X/def2-TZVP basis set indicates a sphe-
rical intrinsic pore with a diameter of about 6.4 A (Fig. 2a).
Analysis of the calculated structure using pywindow'® reveals
the six pore-windows to be of about 3.4 A in diameter (X-ray
structural data was only used to confirm the connectivity of the
pores within the network). Derived from the ideal model, the
desolvated cage cavity should be in principle accessible to gases

4762 | Chem. Commun., 2020, 56, 4761-4764

like N, and H,. After filtering off the needle-like crystals of FC1
from the reaction mixture, the crystals were dried and degassed
at 80 °C for 16 hours, prior to gas adsorption experiments. The
specific surface area for the crystalline material of 536 m”> g~ "
(derived from the Brunauer-Emmett-Teller (BET) isotherm) is
comparable to the similarly sized propanediamine CC2 cage
(SAger = 533 m> g~ ') reported by Cooper et al., while the values
of the cyclohexanediamine CC3 POC (SAggr = 624 m> g~ ') are
slightly higher."'? The corresponding isotherm of FC1 agrees
very well with a microporous type I model (Fig. 2b). FC1 shows a
1.5 times higher uptake of up to 19.0 wt% CO, (4.2 mmol g,
273 K and at 1 bar) and 1.5 wt% H, (7.5 mmol g, 77 K and at
1 bar) compared to similar sized CC2 (13.2 wt% CO,, 1.2 wt% H,)
and CC3 (11.0 wt% CO,, 1.0 wt% H,)."*? An explanation for the
higher gas uptake is likely found in the higher hydrophobicity
inside the cavity due to the fluorinated aromatic panels of
Janus-like FC1. Recent studies of Miljani¢ et al. also suggest that
fluorination increases CO,-philicity, as shown by comparing
perfluorinated and non-fluorinated covalent triazine frameworks
(CTFs) of almost identical surface area.*®

A high BET surface area of POCs usually results from
efficient window-to-window packing.'** To further understand
the adsorption behaviour, it is necessary to consider the pore
connectivity within the material, usually available from single-
crystal X-ray data. Although FC1 readily crystallizes from methanol/
chloroform mixtures, a data set suitable for initial refinement in

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Calculated structure of FC1 (M062X/def2-TZVP, ball-and-stick model left and space-filling model right) together with the calculated spherical

pore (volume of 158.2 A%, green) using pywindow;*®

(b) gas adsorption isotherms for N, at 77 K (blue), H, at 77 K (red) and CO, at 273 K (grey); (c) crystal

packing of FC1 as obtained from the single-crystal structure, disordered solvent molecules within the pores were omitted for clarity; (d) solvent
accessible surface area without solvents for a molecular probe with 1.2 A radius (green) within the crystal lattice. Due to the disorder is in the solid state, all
calculations regarding intrinsic porosity were conducted using the ideal DFT geometry.

the monoclinic space group P2, of the heavily solvated structures
was measured at DESY’s synchrotron diffraction beamline P11
at PETRA TII with a 0.9 A resolution and is shown in the ESIT
(Fig. S9-S11). Looking along the crystallographic a axis, an infinite
channel is constructed by window-to-window packing of FC1 cages
(Fig. 2¢, d and Fig. S11, ESIt). These results are in excellent
agreement with the high BET surface area observed. Because no
bulky substituents are gating the pores, accessibility is similarly
high for all of the gases studied herein. These results prove that
highly fluorinated POCs share to some extent the very hydrophobic
nature of fluorinated MOFs and are a promising lead to new gas
separation and storage materials.

MALDI as well as electrospray ionization (ESI) mass spectra
showed peaks for protonated dimers of FC1. Recent reports of
interlocked covalent organic cages, motivated us to investigate,
whether our samples of FC1 contain significant amounts of
potentially sparingly soluble interlocked species.'® In order
to test whether these ions might correspond to interlocked
species, collision-induced dissociation (CID) experiments
were performed. Structure-indicative fragments generated by
CID can be subsequently analysed with ion mobility-mass
spectrometry.’”” A sample of a chloroform/acetonitrile (9:1)
solution of FC1 was ionized by ESI. The weak signal corres-
ponding to the [2M + H]" ion (m/z 2618) was mass-selected and
subjected to CID, alongside the monomolecular [M + H|" as a

This journal is © The Royal Society of Chemistry 2020

reference, applying different collision voltages. At 60 V we
found a series of fragmented ions (see Fig. S13b, ESIt). The
clean dissociation of [2M + H]J" ions into a neutral and a
protonated cage at already 20 V, however, clearly speaks against
catenation and these ions thus represent proton-bridged
dimers that form during ionization (Fig. S14b, ESIt).
Considering the Janus-like (“two-faced”) surface of FC1
having an alternating series of electron-deficient and electron-
rich aromatic panels, we investigated the possibility of FC1 to
form host-guest complexes with different aromatic molecules.
A solution of FC1 with an excess of each aromatic guest was
sonicated and analysed by ESI-MS (Fig. S16 and Table S3, ESIt).
To our surprise, only electron-deficient benzonitrile, hexafluoro-
benzene and para-iodo-nitrobenzene were able to form strong
enough host-guest complexes that survive the electrospray ioniza-
tion process without complete dissociation. Another CID experi-
ment with the mass-selected FC1-benzonitrile complex (m/z 1412)
clearly confirmed its non-covalent nature (Fig. S17, ESIt). Since FC1
is able to form complexes in the gas phase, we also briefly looked
into the binding behaviour in solution as well. A solution of FC1
in CDCl; was titrated with 1 and 10 equiv. of benzonitrile and
hexafluorobenzene and the corresponding shift in *H and '°F NMR
was recorded. However, no complexation-induced chemical shift
changes were observed. To increase binding, we reduced the imine
bonds of FC1, effectively ‘locking’ the cage.'® The generated amine

Chem. Commun., 2020, 56, 4761-4764 | 4763
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cage FC1;, was mixed with an excess of the aromatic guests in a
H,O/iPrOH/HCOOH (50:50:1) solution and was then again sub-
jected to ESI-MS experiments. However, no host-guest complexes
were observed (Fig. S18 and Table S3, ESIt), which is consistent
with reports showing increased flexibility within amine cages,
accompanied by collapsed cavities (and loss of porosity in the solid
state).'?

We herein reported the synthesis and characterisation of
the first POC, containing perfluorinated aromatic panels. FC1
forms quickly and in high purity, despite low preorganization
encoded in the starting materials. The POC was investigated in
terms of classic host-guest chemistry in solution and in the gas
phase. While FC1 forms strong non-covalent adducts with
electron-deficient aromatics in MS experiments, it is a poor
host in solution, unchanged by reduction to amine FC1;.
However, [4+4] imine cage FC1 shows outstanding thermal
and adsorption properties in the solid state, because of infinite
channels connecting the tetrahedral pores. Our reported
H, and CO, uptakes are amongst the highest reported for
similar-sized POCs, which makes FC1 a promising candidate
for the use in gas storage and separation materials. The cage
thus indeed shows Janus-like behaviour. In the solid state, the
fluorinated aromatic panels increases CO,-philicity, in the gas
phase however, host-guest interactions to the non-fluorinated
panels seem preferable.
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