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ABSTRACT: An unprecedented nanoscopic polyhedral
cage-containing metal—metalloporphyrin framework, MMPEF-1,
has been constructed from a custom-designed porphyrin
ligand, S,15-bis(3,5-dicarboxyphenyl)porphine, that links
Cu,(carboxylate), moieties. A high density of 16 open
copper sites confined within a nanoscopic polyhedral cage
has been achieved, and the packing of the porphyrin cages
via an “ABAB” pattern affords MMPF-1 ultramicropores
which render it selective toward adsorption of H, and O,
over N,, and CO, over CH,.

Porphyrins and metalloporphyrins have, over the decades,
been intensively studied for a range of applications.' The
construction of metalloporphyrin-based nanoscopic polyhedral
cages affords cage walls rich in st-electron density that can
provide favorable interactions with targeted guests.” Such cages
also contain multiple active metal centers that could facilitate
synergistic interactions with substrates, as exemplified in metal-
loporphyrin supramolecular materials.>~* Concurrently, there
has also been an escalating interest in constructing metallopor-
phyrin-based metal—organic framework (MOF) materials due to
their potential applications for gas storage, sensors, and particu-
larly heterogeneous catalysis.> It could be envisioned that, if the
metalloporphyrin nanoscopic polyhedral cages are built into
MOFs, then the s-electron-rich cage walls together with the
high density of open metal sites within the confined nanospace
would greatly benefit their gas storage and catalytic perfor-
mances. Although a number of metalloporphyrin framework
structures have been reported in the past decade,” polyhedral
cage-type structures have not yet been incorporated into metal-
loporphyrin-based MOFs. Extensive efforts toward utilizing
tetrakis(4-carboxyphenyl)porphyrin (tcpp) to assemble with
highly symmetric secondary building units (SBUs) of 4- or
6-connectivity to target the polyhedral cage-type metallopor-
phyrin framework structure, have generally afforded 2D layered
structures or 3D pillared structures in which the active metal
centers within the porphyrin rings are usually blocked,> %"
although some 3D channeled structures with accessible metal
centers have been reported recently.**®*! This is likely an artifact
of the symmetry of tcpp, which means that it plays the role of a
node that is not suitable for the formation of polyhedral cages
when connecting highly symmetric SBUs.” Therefore, the in-
corporation of polyhedral cages into metalloporphyrin-based
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MOFs remains a challenge and necessitates the custom design
of new porphyrin ligands that will be more suited to serve as
linkers. In this contribution, we report the first example of such a
MOF, which is based upon a metal—organic polyhedron (MOP)
formed from a custom-designed porphyrin ligand and a judi-
ciously selected SBU. The MOP serves as a supermolecular
building block (SBB) that sustains a 3D porous metalloporphyr-
in framework structure exhibiting a very high density of open
metal sites in the confined nanoscopic polyhedral cage.

[M,(carboxylate),] paddlewheel moieties have been widely
used for the construction of MOPs as they are ubiquitous in
coordination chemistry and their square geometry is versatile in
this context.® In particular, vertex-linking of the square SBUs with
isophthalate ligands allows the generation of various types of
faceted MOPs.” The utilization of these faceted MOPs as SBBs
has only recently been employed for the construction of highly
porous and symmetrical MOFs by bridging the isophthalates
with various organic moieties through their S-positions, as well
exemplified by MOPs based upon isodphthalate derivatives and
square dicopper paddlewheel SBUs.” 10 Encouraged by these
systems, we anticipate incorporating the porphyrin moiety into a
MOP by designing an isophthalate-derived porphyrin ligand,
5,15-bis(3,5-dicarboxyphenyl)porphine (bdcpp), in which a pair
of isophthalates are bridged by a porphine macrocycle
(Scheme 1a). The assembly of bdcpp with dicopper paddlewheel
SBUs (Scheme 1b) afforded an unprecedented 3D porous
metalloporphyrin framework, MMPF-1 (MMPF denotes Metal—
MetalloPorphyrin Framework), consisting of nanoscopic poly-
hedral cages with 16 open copper sites.

MMPPEF-1 was obtained as dark red block crystals via solvother-
mal reaction of bdcpp and copper nitrate in dimethylacetamide
(DMA) at 85 °C. Single-crystal X-ray crystallographic studies'"
conducted using synchrotron radiation at the Advanced Photon
Source, Argonne National Laboratory, revealed that MMPE-1
crystallizes in the space group I4/m and consists of dicopper
paddlewheel SBUs linked by bdcpp ligands.

In the bdcpp ligand, the four carboxylate groups and the two
phenyl rings of the isophthalate moieties are almost coplanar,
whereas the dihedral angle between the porphyrin ring and the
phenyl rings is 69.2°. Sixteen bdcpp ligands connect eight
paddlewheel SBUs to form a nanoscopic cage. Four dicopper
paddlewheel SBUs are bridged by four isophthalate moieties of
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Scheme 1. (a) 5,15-Bis(3,5-dicarboxyphenyl)porphyrin
(bdcpp) Ligand and (b) Dicopper Paddlewheel SBU

Figure 1. (a) Nanoscopic cage enclosed by eight dicopper paddlewheel
SBUs and 16 bdcpp ligands (eight are face-on porphyrins, and the other
eight only provide isophthalate units). (b) One layer of nanoscopic cages
extended in the ab plane (hydrogen atoms omitted for clarity).

four different bdcpp ligands to form the top of the cage; they are
pillared to four dicopper paddlewheel SBUs at the bottom of the
cage through eight different bdcpp ligands (Figure 1a). The
porphyrin macrocycle of the bdcpp ligand is metalated in situ by
Cu(II) ion that is free of coordinated solvent molecules, probably
due its unavailability for axial ligation,*® thus leaving both the
distal and proximal positions open. The porphyrin ring of each
bdcpp is in close contact with two adjacent porphyrin rings, one
of which lies parallel (2.850 A between an H atom of one
porphyrin ring and the plane of the porphyrin ring of an adjacent
bdepp ligand), whereas the other lies orthogonal (2.554 A
between an H atom of one porphyrin ring and the plane of the
adjacent porphyrin). The cage contains three types of window:
there are two square windows formed by four dicopper paddle-
wheel SBUs through four isophthalate moieties with dimensions
of 8.070 A x 8.070 A (atom-to-atom distance) (Figure Sla);
there are eight rectangular windows formed by two dicopper
paddlewheel SBUs and two half-porphyrin rings via three
isophthalate motifs with dimensions of 7.065 A x 7.181 A
(Figure S1b); there are eight triangular windows formed by
linking one dicopper paddlewheel SBU with two half-porphyrin
rings through two isophthalate motifs with dimensions of 6.979
A % 6.979 A x 7.640 A (Figure Slc). In each cage, there are eight
open copper sites associated with the porphyrin rings of the
bdcpp ligands and eight open copper sites from dicopper
paddlewheel SBUs that are activated by thermal liberation of
aqua ligands. The distance between copper atoms within the
opposite porphyrin rings is 18.615 A, whereas copper atoms in
adjacent porphyrin rings are separated by 7.571 and 7.908 A;
open copper sites from two opposite dicopper paddlewheel
SBUs at the top and the bottom of the cage lie 16.170 A apart,

(b) (c)

Figure 2. (a) Ilustration of linking bdcpp ligand and dicopper paddle-
wheel to form the irregular rhombicuboctahedral cage. (b) “ABAB” packing
of thombicuboctahedron layers in MMPF-1. (c) Space-filling model on the
[100] plane indicating the open pore size of ~3.4 A x 3.5 A.

whereas open copper sites from adjacent SBUs lie 8.070 A apart.
The volume of the cage is ~2340 A?, and it is filled with highly
disordered solvent molecules of DMA and water that cannot be
mapped by single-crystal X-ray studies, even using a synchrotron
radiation source. All 16 open copper sites point toward the center
of the cage, an unprecedentedly high density of open metal sites
in a nanoscopic cage (~7 open metal sites/ nm3) (Figure la).

If one connects the centers of all isophthalate phenyl rings and
the centers of the eight paddlewheels, the cage can be depicted as
a polyhedron that has 24 vertices, 26 faces, and 48 edges
(Figure 2a). In view of its similar shape to the rhombicuboctahe-
dron connected by 24 isophthalates and 12 paddlewheels in
MOPs and some MOFs,”*'® this polyhedron can be also
described as an irregular rhombicuboctahedron. These irregular
rhombicuboctahedra serve as SBBs to extend in the ab plane
(Figure 1b) and then pack along c via “ABAB” stacking to form an
overall 3D structure (Figure 2b). Topologically, MMPF-1 can be
described as a 3D 4-connected net possessing [vt-like topology
(Figure SZ).12

Due to the ABAB packing, the two square windows and eight
triangular windows of each nanoscopic cage are totally blocked,
whereas the eight rectangular windows are eclipsed with remain-
ing apertures of ~3.4 A x 3.5 A (van der Waals distance), as can
be viewed from the [1 00] (Figure 2c), [0 1 0] (Figure S3a), and
[111] directions (Figure S3b). These tiny apertures could let
very small molecules like water (kinetic diameter 2.64 A) pass
through but could hardly allow the DMA solvent molecules
(molecule size ~5.24 A x 4.52 A x 4.35 A) that are trapped in
the irregular rhombicuboctahedral cages to escape.

Thermogravimetric analysis (TGA) of the fresh MMPF-1
sample (Figure S4) reveals that the first weight loss of 25.95%
(caled 25.33%) from 20 to ~170 °C corresponds to loss of two
DMA molecules adsorbed on the surface, six H,O guest mol-
ecules trapped in the irregular rhombicuboctahedral cages, and
the two terminal aqua ligands liberated from the copper paddle-
wheel SBUs. A steady plateau from ~170 to ~240 °C is followed
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Figure 3. Gas adsorption isotherms of MMPF-1 at (a) 77 and (b) 19S5 K.

by the loss of two DMA guest molecules trapped in the cages
(found 14.34%; calcd 13.32%), presumably accompanied by
decomposition of the copper paddlewheel SBUs"* at ~360 °C.
The loss of bdcpp ligands starts from ~370 °C and finishes at
~450 °C, and results in complete collapse of the MMPEF-1
framework.

The tiny pore sizes of MMPF-1, which are a result of the
“ABAB” packing of the irregular rhombicuboctahedral cages,
prompted us to evaluate its performance as a selective gas
adsorbent. A freshly prepared MMPEF-1 sample was washed with
methanol and thermally activated at 120 °C under dynamic
vacuum before gas adsorption measurements. N, adsorption
isotherms were collected at 77 K, and as shown in Figure 3a, a
very limited amount of N, (5 cm®/g) is adsorbed on the external
surface of MMPEF-1 at ~760 Torr. In contrast, a larger amount of
H, uptake (50 cm®/ g) is observed under the same condition, and
a substantial uptake of 45 cm®/g is also found for O, at its
saturation pressure of 154 Torr at 77 K. Gas adsorption studies at
195 K indicated that MMPF-1 can uptake a large amount of CO,
(80 cm®/g) at 760 Torr, which is much higher than the amount of
CH, (18 cm’/ g). The interesting molecular sieving effect
observed for MMPEF-1 can be attributed to its small aperture
sizes of ~3.5 A, which exclude larger gas molecules of N, and
CH, with kinetic diameters of 3.64 and 3.8 A, respectively, but
allow the entry of smaller gas molecules of H, (kinetic diameter
2.89 A), O, (kinetic diameter 3.46 A), and CO, (kinetic diameter
3.3 A). The selective adsorption of H, and O, over N, and CO,
over CH,, observed for MMPEF-1 is rare;'* to the best of our
knowledge, it represents the first example reported in metallo-
porphyrin-based MOFs. Our attempts to remove the DMA guest
molecules trapped in the nanoscopic cages by activating MMPF-1
at 200 °C in order to improve its uptake capacities of H, and CO,
unfortunately led to partial collapse of the framework, as
evidenced by a significant decrease of CO, uptake (Figure SS)
and loss of crystallinity (Figure S6), which indicates its modest
thermal stability.

In summary, by employing the SBB strategy, an unprece-
dented three-dimensional porous metal—metalloporphyrin fra-
mework that consists of nanoscopic rhombicuboctahedral cages
with a high density of 16 open copper sites has been prepared,
based upon the custom-designed bdcpp ligands that link
copper paddlewheel SBUs. The “ABAB” packing of the rhom-
bicuboctahedral cages in MMPF-1 constricts its pore size,
which facilitates selective adsorption of H, and O, over N,,
and CO, over CH,. Considering the high density of open
metal sites confined within a nanoscopic cage, ongoing work in
our laboratories will focus upon designing new porphyrin
ligands to construct cage-containing porous metalloporphyrin
frameworks with larger pore sizes, and to explore them for

applications in gas storage, sensors, and particularly hetero-
geneous catalysis for small molecules.
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