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Giant octahedral M3, coordination cages were prepared via self-
assembly of sulfonylcalix[4larene-supported tetranuclear M(i) clusters
(M = Co, Ni) with hybrid linker based on tris(dipyrrinato)cobalt(i)
complexes appended with peripherical carboxylic groups. Due to
intrinsic and extrinsic porosity, the obtained solid-state supramolecular
architectures demonstrated good performance as adsorbents for the
separation of industrially important gases mixtures.

Molecular coordination cages or polyhedra'™ are drawing
attention, due to their intriguing architectures and unique
physical and chemical properties which can be tuned by a
judicious choice of their constituents: metal ions or clusters
and connectors. Such molecular structures presenting intrinsic
porosity in the crystalline phase may find applications in the
field of molecular separation/storage,*® sensing,®” catalysis,®°
and drug delivery.’® Contrary to metal-organic frameworks
(MOFs), these discrete coordination compounds can be soluble,
offering potential advantages in synthesis, homogeneous catalysis,
purification and processing."'™ The void space within the
coordination cages determines uptake/release of guest molecules
through weak and reversible interactions, which is crucial for
catalysis for example, and the flexible space between the cavities
allows also the adsorption of a large quantity of small molecules.
However, understanding and optimizing porosity in such solids is
challenging, since it results from many parameters. The use of
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Selective gas adsorption by calixarene-based
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intrinsic porous components, like macrocyclic preformed mole-
cules, can be a key point for the formation of highly porous
molecular cages, for selective gas adsorption.
Calix[4]arenes'*"'® are a very attractive macrocyclic building
block because of the presence of the hydrophobic cavity
composed of four aromatic rings adopting different conforma-
tions, which, therefore, can be used to accommodate different
organic molecules or gases.'®” Among the different available
derivatives, tetrasulfonylcalix{4]arene (1-4H),"® represents an
ideal polydentate ligand to form coordination clusters,'**° cap-
sules or (super)containers,”?*> and cages.”*> The three-
component approach involving 1-4H (Fig. 1), metallic cations,
and polytopic carboxylate ligands L has been successfully used
for the reproducible formation of polyhedral cages, involving the
[1-MZ(114,-H,0)]** building blocks (M = Co, Ni or Zn, described as
a “shuttlecock” component).”® Based on the use of 1-4H, and
different connectors (generally linear or presenting a Ds}, geome-
try), molecular coordination cages presenting various nuclearities
and shapes have been reported: dimeric Ms,*® square-like
Mye,””*® and octahedral M,,*®*> nanosized cages possessing
appealing catalytic properties and also drug delivery abilities.
Some gas adsorption properties together with selectivity have
been reported for octahedral M,,***” or larger calixarene based
cages, related to the flexible internal and external porosity.>*?°
Till now, only one example of calixarene based octahedral cages

(Co"Ls)-3H

1-4H

Fig. 1 Tetrasulfonylcalix[4]arene (1-4H) and rac-tris(dipyrrinatocarboxylic)-
cobalt(in) complex (Co"Ls-3H) as building blocks for the formation of cages.
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incorporating a metallic connector has been reported,** and for
this type of M3, cages, the porous properties have not been
reported.

We report herein on the synthesis and complete structure
elucidation of the formation of racemic octahedral cages, based
on the use of tetrasulfonylcalix[4]arene and metallic dipyrrin
connectors (Fig. 1). Two isostructural examples of such species
are presented and fully structurally characterized, together with
their unique gas adsorption and selectivity behaviour. Dipyrrin
complexes have demonstrated their high stability and propen-
sity to form discrete coordination species including cage-like
architectures or polymeric coordination assemblies (MOFs) in
the crystalline phase displaying especially attractive tuneable
photoelectric conversion abilities.**™**

The monometallic dipyrrin based connectors tris(dipyrrinato-
carboxylic)cobalt(m) (Co™L;)*>” (L = 5-(4-carboxyl-phenyl)-4,6-
dipyrrinato)) were obtained in a racemic form following the
reported procedure.**** Subsequently, the one-pot three-
component approach for obtaining octahedral cages was performed
with a 4:3:12 mixture of (Co™L;)*”, 1-4H, and M"(CI),-6H,0
(M = Co or Ni) with Et;N (30 eq.) in a 1/1 N,N-dimethyl-
formamide (DMF) and MeOH mixture. Using the slow diffusion
technique (see experimental part in ESIT) at ambient temperature
led to single crystals in 86% yield. The crystalline compounds were
isolated and characterized by a variety of techniques including
single-crystal X-ray diffraction (XRD), thermogravimetric analysis
(TGA), IR spectroscopy, ion mobility mass spectrometry (IM-MS).
The crystals are soluble in dichloromethane.

A single-crystal XRD study unambiguously revealed the for-
mation of neutral isostructural octahedral cages of formula
[1-M¥(114-H,0)]6[Co™Ls]s-(DMF),,-(H,0),, (2, M = Co (Co4Cog"
and 3, M = Ni (Nij4Cog) (Fig. 2). Compounds 2 and 3 are
isomorphous and crystallize in the centrosymmetric R3¢ trigonal
space group and the asymmetric unit is shown in Fig. S1 (ESIt
together with the crystallographic Table S1). The (Co™Ls;)*~
carboxylate connectors are present as a recemic mixture, display-
ing an equal amount of lambda and delta complexes in the
crystal. The cages are formed of 6 [1-M}(us-H,0)]*" moieties,
forming the vertices of the octahedron, and 8 (Co™L3)*" units,
located on the 8 faces of the octahedron, and thus connecting 3
vertices each (Fig. 2), as already observed using Ds;, tricarboxylic
connectors.”>*° In the [1-M}(u,-H,O)]*" shuttlecock-like moi-
eties, each M" cation (M = Co or Ni) is in an octahedral 06
environment, coordinated to one sulfonyl and two oxygen atoms
from the fully deprotonated 1*~ units, two oxygen atoms from
(Co™Ly)*~ carboxylate connectors and one oxygen atom from -
H,O0 atom (as shown in Fig. S2, ESIT). Due to the presence of both
A and A enantiomers, disorder is observed in the N6 environ-
ment around the Cobalt(u) cations of the (Co™L;)*" carboxylate
connectors. Some of the tert-butyl groups of 1*~ are also dis-
ordered. During the refinement, a BYPASS solvent mask within
Olex2 was applied,* therefore the solvents lying in and between
the cages were not modelled.

The dimensions of the symmetrical cage are approximately
46 x 46 x 46 A® for 2 and 3 and the inner cavity has a diameter
of ca. 19 A. Calculations using PLATON*® show that 2 and 3
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[CoL,]*

2: {[1-Co",(11,-H,0)]6[Co" Ly 5}
3: {[1-Ni" (1,-H,0) ] [CoMLy ]}

Fig. 2 The three-component approach leading to the formation of
octahedral cages 2 and 3. On the bottom, the representation of a cage
from X-ray diffraction data. M" cations in the [1-M4(m,4-H,O)l** species
are represented as green polyhedra and the faces of the octahedron are
colored in blue. The (Co"'Ls)*~ connectors are located above the faces of
the octahedron.

have approximately 68% of the total volume available for guest
inclusion or gas adsorption.

In the unit-cell, the cages are packed in an hexagonal fashion
in the xOy plane and aligned parallelly along the b axis. Along
the ¢ axis, they display a rotation, so that they are not super-
imposable, as shown in Fig. 3.

ESI-MS experiments on negative polarization, show abun-
dant single peak distributions for both samples 2 and 3 on m/z
range ~ 2210-2230, which correspond to intact cages on charge
state 6° with some H,0,/DMF, adduct formation (Fig. S4,
ESIT). The base peaks in distribution result in molecular
weights of 13365 Da and 13 346 Da for 2 and 3, respectively,
which compares well with theoretical MWs of empty cages
(13249 Da for 2 and 13243 Da for 3). IM-MS arrival time

a b

Fig. 3 The schematic view for the packing of 2 (and 3) in the unit cell (a) in
the xOy plane (b) in the yOz plane. Blue color represents the faces of the
octahedron formed by the Ms,-cages.
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distributions show single drift peaks with similar drift times for
both cages, which result in collision cross section (°"CCSy;)
values of 1879 A% and 1855 A” for cages 2 and 3, respectively.
These values have an excellent correlation to theoretical, single-
crystal XRD structure-driven ®"5CCSy, value (1834.3 A? for
empty cages 2 and 3). This not only evidences the structural
similarity between the two cages, but also consolidates struc-
tural similarity to solid state structure.

The TGA traces (see Fig. S5 and S6 in ESIT) confirm the
presence of solvents in the unit cell, and a loss of 21.7% in
mass and 25.4% for 2 and 3 respectively that corresponds to the
departure of MeOH, DMF and adsorbed H,O located within
and outside the cage. The resulting activated cages display
much lower loss of mass, only due to the re-adsorption of the
water molecules from air. This accounts for the fact that 2 and 3
are hygroscopic. The data clearly shows that 2 and 3 are
thermally stable up to 360 °C when desolvated.

The PXRD patterns of 2 and 3 (see Fig. S7, ESIY) attest for the
decomposition of the crystal arrangement of discrete cage
species after separation from the mother liquor, induced by
the release of solvent molecules, which can be seen as the
beginning of the amorphization process. This fact has been
frequently observed for large coordination porous species,***®
but generally without damage for the coordination cages. The
stability of the obtained cages was confirmed by FT-IR-studies
of freshly prepared, activated samples (see Fig. S3a and b, ESIT).

As already mentioned, the accessible space inside the M3,
cages and in the unit cell (intrinsic and extrinsic porosity) of 2
and 3 may accommodate guest molecules and this was inves-
tigated. The permanent porosity of the activated compounds 2
and 3 (dynamic vacuum at 180 °C for 6 h, see Experimental
section in ESIt) was examined by N, uptake measurement at
77 K, revealing a type-I isotherm presenting a small hysteresis
(see Fig. S8, ESIT) indicating a microporous material with Bru-
nauer-Emmett-Teller and Langmuir surface areas of 417 (445)
and 462 (506) m* g, for 2 (3), respectively (see Table S2, ESIY).
The presence of the hysteresis is probably due to the extrinsic
porosity of the compounds. The pore size distributions were
calculated using a QSDFT approach (see Fig. S9, ESI{) and show
the presence of one type of narrow pores for 2 and two types of
narrow pores in 3, which is in a good agreement with their
observed crystalline structures and their flexible extrinsic micro-
porosity. Compound 2 contains irregular mesopores probably
due to mesostructuring of crystallites because of their small sizes.

Isotherms of low-pressure adsorption (at pressure region up
to 1 bar) of other small molecules like CO,, CH,, C,H,, C,H,4
and C,H, at 273 and 298 K were measured (see Fig. 4). For all
gases, the saturation in the experimental pressure range is not
observed. The gas uptakes obtained for 2 and 3 at 273 and
298 K are presented in Table S3 (ESIf). Best results obtained for
2 and 3 reveal a maximum CO, uptake of 7.4 and 7.7 wt%,
respectively, at 273 K and a pressure of 1 bar (see Table S4,
ESIY). The isosteric heats (Qst) of adsorption for each gas have
been calculated by means of virial approach (see Table S5,
ESIT) and values of zero-coverage heats of adsorption are of
7.0 (7.2) kJ mol™* for N,, 11.7 (14.8) k] mol* for CH,,
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Fig. 4 Gas sorption isotherms for 2 (top) and 3 (bottom) at 273 K (left) and
298 K (right) between 0 and 800 torr (1.07 bar). Desorption isotherms
branches are omitted for clarity due to negligible adsorption—desorption
hysteresis (Fig. S10, ESIT).

28.0 (29.1) k] mol™* for CO,, 28.7 (31.0) k] mol™* for C,Hs,
27.4 (29.4) k] mol ™" for C,H4 and 29.4 (31.4) k] mol ™" for C,H,
on 2 (3), respectively. Compounds 2 and 3 exhibit much higher
adsorption capacities for CO,, C,H,, C,H, and C,H compared
to those observed for CH,. This fact is in a good agreement with
the calculated heats of adsorption (see Table S7, ESIT), which
suggest that these compounds possessing selective adsorption
of different gas mixtures can even be used for the separation of
industrially important gas mixtures.

The Ideal Adsorbed Solution Theory (IAST)"” selectivities for
50:50 and 5:95 C,H¢/CH, binary mixture adsorption are
18.7 (18.6) and 75.4 (75.0) for 2 (3) at 273 K, and for 50:50
and 5:95 C,H,/CH, binary mixture adsorption are 18.3 (19.6)
and 75.6 (82.6) for 2 (3) (see Table S8 and Fig. S14-S20, ESIt). To
the best of our knowledge, the selective adsorption of light
hydrocarbon on porous coordination cages is still poorly
described in the literature, and compounds 2 and 3 demon-
strate remarkable IAST selectivities even among representative
MOFs (see Tables S9 and S10, ESIT). Moderate-to-high selectiv-
ity was also demonstrated for compounds 2 and 3 for other
evaluated mixtures. Good adsorption selectivity is observed for
a C,H,/CO, mixture which is highly difficult to separate due to
close physical characteristics of these gases. Additionally, high
adsorption selectivity is observed for CO,/CH, and CO,/N,
mixtures, which are important for natural gas upgrading and
flue gas separation. The preferred adsorption of C,Hg over C,H,
should also be noted, which is unusual, as there is still a
moderate number of examples of such compounds among
MOFs and none among coordination cages. However, the
selectivity factors towards C,He/C,H, mixture for both 2 and
3 are quite low. 2 and 3 are therefore good candidates for
further studying the separating properties, especially towards
C,H,/CH, and C,H¢/CH, mixtures.

In summary, we have described a convenient and reliable
approach for the design and synthesis of racemic porous octahedral
giant coordination cages resulting from the three-component

This journal is © The Royal Society of Chemistry 2022
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assembly of sulfonated calixarene, tris-dipyrrin complex and
metallic cations. In addition, it was revealed that the obtained
supramolecular architectures, which incorporate 32 metal cations
and possess large cavities (ca. 19 A), when activated, exhibit highly
selective adsorption of C,-hydrocarbon gases versus CH,. This is
the first report providing a new approach for rational design of
such supramolecular materials with respect to targeted functiona-
lization (adsorption, chiral separation, light-harvesting, lumines-
cence, magnetism etc.). The synthesis of new coordination cages
using self-assembly of tetranuclear calix[4]arene clusters with other
metal-organic linkers is currently under investigation.
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