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ABSTRACT: Two nanoscale coordination cages based on
M4-TC4A (M = CoII and FeII; H4TC4A = p-tert-
butylthiacalix[4]arene) and 2,2′-bipyridine-4,4′-dicarbox-
ylic acid (H2bpdc) have been synthesized and charac-
terized. In these isostructural structures, there are two
kinds of shuttlecock-like M4-TC4A secondary building
units, {M4(TC4A)(Cl)} and {M4(TC4A)(SO4)}, which
have different coordination environments and are bridged
by bpdc molecules into an elongated octahedron through a
[6 + 8] condensation. The gas sorption and magnetic
properties were studied.

Coordination cages1 as a class of nanosized molecular
containers have achieved increasing prominence because of

their appeal in two distinct areas.1,2 First, their formation by the
self-assembly of relatively simple components provides an
opportunity to understand the process of self-assembly and a
probability to control it.3 Over the past few years, a variety of
compounds have been prepared using different strategies,
including symmetry interaction, molecular library, directional
bonding, supramolecular blueprint, molecular paneling, and
weak-link and reticular chemistry approaches.4,5 In these
strategies, the steric, geometric, and electronic characteristics
embedded within individual components have collectively
allowed “controllable” construction, which makes the reasonable
design and synthesis of new polyhedral cages and its derivatives
one of the most challenging issues in synthetic and coordination
chemistry.3 Second, the cages act as hosts for a range of small
molecules or ions, which provide some constrained containers
that can be used for storage,6 recognition,7 catalysis,8 and so on.9

Calixarenes (including resorcinarenes and pyrogallolarenes),
macrocyclic ligands with methylene/heteroatom-bridging phe-
nolic groups, have been documented as versatile candidates for
the construction of coordination cages,10,11 most of which are
constructed by bonding the metals with the upper rims of
calixarenes. In contrast, coordination cages concerning the lower
rim of calixarene are relatively less. A shuttlecock-like M4-
calix[4]arene (M = CoII, MnII, and FeII) subunit12 was reported
to be an excellent secondary building unit (SBU) for
coordination cage construction. We successfully obtained a
series of octahedral nanocages using some planar ternary

aromatic carboxylic acids with D3h symmetry to interconnect
these SBUs.13 Hong and Wang also reported similar cages using
di- or ternary carboxylic acids.14 Also, very recently, we obtained
two extended 2D assemblies containing predesigned nanocages
with linear monocarboxylic ligand isonicotinic acid as the
bridge15a and a tetragonal prismatic {Co32} nanocage with an
in situ generated tetrazole ligand.15b Another tetrahedral
nanocage was obtained in the presence of 5-sulfoisophthalic
acid.16 All of these indicated that the shuttlecock-like M4-
calixarene SBU holds the desired curvature necessary for the
construction of coordination cages, and the structure and
coordination mode of the bridge ligand play a crucial role in
the formation of the coordination cages and affect their
geometries. It can be asserted that some novel coordination
cages would be obtained with the ligands having different
geometries and coordination modes.
Herein, we present two nanoscale coordination cages,

[Et3NH]2{[M4(TC4A)(Cl)]2[M4(TC4A)(SO4)]4bpdc8}
[H2bpdc = 2,2′-bipyridine-4,4′-dicarboxylic acid; M = Co2+

(CIAC-112) and Fe2+ (CIAC-113)], by the assembly of M4-
TC4A SBUs and H2bpdc (Figure 1). In these structures, two
{M4(TC4A)(Cl)} moieties and four {M4(TC4A)(SO4)}
subunits are connected by eight bpdc molecules to a elongated
octahedral {M24} cage, which exhibits good gas sorption.
Typically, fusiform crystals of CIAC-112 and CIAC-113 were

obtained by the solvothermal reaction of MCl2, MSO4 (M = CoII

and FeII), H4TC4A, and H2bpdc in a 1:1 (v/v) CH3OH−DMF
mixed solvent (total 6 mL) with a small amount of triethylamine
at 130 °C. Comparative experiments indicated that the SO4

2−

anion plays a crucial role in the formation of such compounds. If
there was no SO4

2− in the reaction system, no crystalline phase
was found but some unknown mixed powders.
CIAC-112 and CIAC-113 are isostructural, and both

crystallize in the monoclinic system with the space group P21/
c. So, compound CIAC-112 is described in detail as an example
hereafter. In CIAC-112, there are two kinds of shuttlecock-like
Co4-TC4A SBUs, {Co4(TC4A)(Cl)} and {Co4(TC4A)(SO4)}.
The {Co4(TC4A)(Cl)} entity is similar to those reported.13,15

Each Co center of the Co4 square adopts a distorted octahedral
geometry coordinated by two phenoxy O atoms, one S atom

Received: May 5, 2014
Published: July 2, 2014

Communication

pubs.acs.org/IC

© 2014 American Chemical Society 7083 dx.doi.org/10.1021/ic501012e | Inorg. Chem. 2014, 53, 7083−7085

pubs.acs.org/IC


from one fully deprotonated TC4A ligand, one μ4-chloride
anion, and two carboxylate O atoms from different bpdc
molecules. Four edge-sharing Co(O4SCl) octahedra form a
quadrilateral Co4 cluster, with the Co···Co edges being in the
range 3.23−3.27 Å and Co−Co−Co angles being 88.8−91.2°. A
TC4A ligand adopting a cone conformation caps on the
tetranuclear Co4 square through four phenoxy O atoms and
four S bridges to form the shuttlecock-like SBU (Figure S1 in the
Supporting Information, SI). In the {Co4(TC4A)(SO4)} entity,
there are two kinds of Co atoms, one being six-coordinated by
two phenoxy O atoms, one S atom, one O atom from the SO4

2−

anion, and two N atoms from one bpdc molecule and the other
adopting a trigonal-bipyramidal geometry coordinated by two
phenoxy O atoms, one S atom, one O atom from SO4

2−, and one
carboxylate O atom from a bpdc molecule. Two Co(O3N2S)
octahedra and two Co(O4S) trigonal biyramids are alternately
interconnected by sharing the vertex and edge to form a distorted
quadrilateral Co4 cluster, with the Co···Co edges being in the
range 3.28−3.61 Å and Co−Co−Co angles being 84.0−97.9°.
One SO4

2− anion and one TC4A molecule were capped on both
sides of the Co4 cluster to form a new shuttlecock-like SBU. Two
{Co4(TC4A)(Cl)} SBUs occupied the polar positions, while
four {Co4(TC4A)(SO4)} SBUs are located on the equator, all of
which are bridged by eight bpdc molecules into an elongated
octahedral {Co24} nanocage (Figure 1). The distances between
two adjacent vertices on the equator are shorter than the others
(Figure S3 in the SI). Although the bpdc ligand also acts as a
tripodal linker and bonds one {Co4(TC4A)(Cl)} and two
{Co4(TC4A)(SO4)} SBUs, these nanocages are different from
those involving aromatic tricarboxylic acids withD3h symmetry

13

and show some similarity to that obtained with dicarboxylic acid
(Figure S3 in the SI).14a A bpdc ligand interconnects three Co4-
TC4A SBUs through two octahedral edges, and two adjacent

{Co4(TC4A)(SO4)} SBUs on the equator are bridged by double
bpdc linkers. All four U-shaped bpdc ligands at the upper part of
the coordination octahedron are located in a counterclockwise
direction, with those at the lower part being clockwise (Figure 1).
The size of the nanocage is 30.3 × 30.5 × 31.5 Å3 (the Cbutyl···
Cbutyl distance), and that of the inner cavity is 8.7 × 8.9 × 14.4 Å3

(the distances between the SO4
2− anions and between the μ4-Cl

anions; actually, it would be a little larger), which is comparable
with that of the octahedral {Co24} nanocage linked by
dicarboxylic acids (with the spheric diameter being about 3.2
nm).14a There are 12 apertures, 8 triangular ones on the
octahedral facets and 4 quadrilateral ones at the equatorial edges
(Figure S4 in the SI), which would be helpful for the uptake or
release of small gas molecules (e.g., N2). The discrete nanocages
are stacked through molecular interactions into a 3D supra-
molecular extended structure (Figure S5 in the SI). The total
potential solvent-accessible volume estimated using PLATON17

reaches ca. 41.2%. The cavities are presumably occupied by some
Et3NH

+ counterions and solvent molecules whose contribution
was subtracted from the diffraction data by the SQUEEZE
command.
To confirm the porosity of these compounds, the gas-sorption

properties of compound CIAC-112 were measured. As shown in
Figure 2, the N2 adsorption isotherm at 77 K exhibits a type I

behavior in the range P/P0 = 0−1.0, indicative of the presence of
permanent microporosity. From the N2 adsorption branch of the
isotherm, the Brunauer−Emmett−Teller (BET) surface area was
calculated to be 1211 m2 g−1, which is larger than that of the
reported largest octahedral cage CIAC-107 (770 m2 g−1) treated
by supercritical carbon dioxide methods.13b That might be due to
the introduction of uncoordinated cobalt sites in the
{Co4(TC4A)(SO4)} SBUs and the N-containing bpdc ligands.

18

Similar improvement of CO2 sorption was also observed. The
CO2 adsorption isotherm shows a CO2 uptake capacity of 80 cm

3

g−1 at 273 K and 1 bar, which is about twice that of the previous
polyhedral coordination cage based on M4-TC4A subunits.14a

The magnetic susceptibility of CIAC-112, measured in an
applied field of 1 kOe for fresh samples over the temperature
range of 2−300 K, is shown in Figure 3. The χMT value decreases
gradually from 69.45 cm3 mol−1 K at 300 K to 4.04 cm3 mol−1 K
at 2 K. The magnetic property of this compound can be
attributed to 24 isolated CoII cations. For each CoII center, the
experimental χMT value at room temperature is 2.89 cm3 mol−1

K, which is consistent with the typical value of the CoII ion (for

Figure 1. Two kinds of shuttlecock-like M4-TC4A SBUs, {Co4(TC4A)-
(Cl)} and {Co4(TC4A)(SO4)}, acting as the vertices bridged by eight
bpdc molecules into an elongated octahedral cage through a [6 + 8]
condensation.

Figure 2. Gas-sorption isotherms on CIAC-112 (“ads” and “des”
represent adsorption and desorption, respectively).
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CoII, the χMT value normally ranges from 2.7 to 3.4 cm3 mol−1

K). The reciprocal molar susceptibility in 50−300 K follows the
Curie−Weiss law of 1/χM = (T− θ)/CwithC = 63.01 cm3 mol−1

K and θ = −55.03 K. The negative Weiss constant (θ) value
suggests an antiferromagnetic interaction between the metal
centers and/or the spin−orbit coupling effect of CoII. This is
consistent with other compounds built from Co4-TC4A SBUs.
In summary, two new nanoscale coordination cages were

assembled by two kinds of shuttlecock-like M4-TC4A SBUs,
{M4(TC4A)(Cl)} and {M4(TC4A)(SO4)} (M = CoII and FeII),
and H2bpdc, in which two {M4(TC4A)(Cl)} SBUs occupy the
polar positions while four {M4(TC4A)(SO4)} SBUs are located
on the equator, and the bpdc ligand acts as a U-shaped bridge to
bond three M4-TC4A SBUs. Although these elongated
octahedral cages are also constructed by [6 + 8] condensation,
there are eight triangular apertures on the octahedral facets and
four quadrilateral ones on the equatorial edges. The uncoordi-
nated metal sites and the N-containing bridge ligands in the cage
improve the gas-adsorption properties of the compounds. N2
sorption of CIAC-112 reveals that the compounds possess
permanent microporosity, with the BET surface area being
approximately 1211 m2 g−1, which is the highest among those of
coordination cages based on M4-TC4A SBUs.
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Figure 3. Plots of χMT vsT and 1/χM vsT forCIAC-112 in a 1 kOe field.
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