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Abstract: We report the synthesis, structure, and characterization
of two novel porous zeolite-like supramolecular assemblies,
ZSA-1 and ZSA-2, having zeolite gis and rho topologies,
respectively. The two compounds were assembled from functional
metal-organic squares (MOSs) via directional hydrogen-bonding
interactions and exhibited permanent microporosity and thermal
stability up to 300 °C.

Metal-organic frameworks (MOFs) are an emerging class of
solid-state materials that hold promise to solve many key chal-
lenging societal needs (e.g., hydrogen storage, carbon dioxide
capture, renewable catalysts, controlled drug delivery).1-3 A
subclass of MOFs that are of particular interest are zeolite-like
metal-organic frameworks (ZMOFs). These hybrid organic-
inorganic porous solids resemble inorganic zeolites in their topolo-
gies, a unique feature of which is forbidden self-interpenetration.
This advantage offers the potential to construct porous solids with
extra-large cavities via decoration and/or expansion of a given
zeolite net. Our group, among others, has developed and introduced
strategies to form ZMOFs based on the assembly of (i) rigid and
directional single-metal-ion tetrahedral building units4 or (ii)
functional metal-organic cubes (MOCs).5 As expected, these
ZMOFs lack interpenetration, possess extra-large cavities and three-
dimensional channels, and allow ionic exchange.6-8

Our continuous efforts to develop new strategies for the design
and construction of functional porous solids such as ZMOFs have
led us to explore the utilization of other molecular building blocks.
A survey of zeolite topologies revealed that the four-membered
ring (4R) is the most abundant secondary building unit (SBU) in
conventional zeolites (over 76 zeolite structures are based on the
4R SBU).9 Thus, functional metal-organic squares (MOSs) would
be logical targets as rigid and directional square building units for
the synthesis of new zeolite-like supramolecular assemblies (ZSAs)
if the MOSs can be designed and programmed to contain
complementary peripheral functional groups10 that can permit and
direct their assembly into zeolite-like topologies via supramolecular
interactions (e.g., hydrogen bonding).

In order to construct a suitable functional MOS, we opted to
use imidazoledicarboxylate-like ligands as bridging linkers because
of their unique potential to offer peripheral uncoordinated oxygen
centers when chelated to a metal ion in N,O-bis(monodentate)

fashion, as previously observed in MOCs.5 Additionally, bis(mono-
dentate) diamines were employed as capping ligands because they
introduce additional hydrogen-bonding sites on the periphery of
the molecular squares, which are necessary for the assembly of
ZSAs via predictable N-H · · ·O hydrogen bonds.

Indeed, reactions of 4,5-imidazoledicarboxylic acid (H3ImDC) and
Co(CH3COO)2 ·4H2O under hydrothermal conditions in the presence
of 1,2-propanediamine (1,2-PDA) yielded red polyhedral crystals (53%
yield based on Co) that were designated as ZSA-1 (Figure 1a). The
as-synthesized compound, which is stable in water and most organic
solvents, was characterized by single-crystal X-ray diffraction studies
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Figure 1. (a) Optical image of ZSA-1 crystals. (b-f) Crystal structure of
ZSA-1: (b) ball-and-stick and schematic representations of the MOS SBU;
(c) stick model of the 3D framework showing the openings; (d) schematic
representation of the gis topology showing the hydrogen bonds and MOS
SBUs; (e) CPK (left) and stick (right) models of the (H2O)28 cluster in
each gis cage; (f) water cluster network having a diamond topology (the
light-blue stick shows the connection, via a hydrogen bond, of two
neighboring water clusters). Color code in (b-f): carbon, gray; nitrogen,
blue; oxygen, red; cobalt, green; H bonds, purple dots.
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and can be formulated as |(H2O)28|[Co4(C5HN2O4)4(C3H10N2)4] (see
the Supporting Information).

In the crystal structure of ZSA-1, each Co3+ ion is octahedrally
coordinated in a trans-CoN4O2 manner with two nitrogen and two
oxygen atoms from two individual chelating µ2-ImDC3- ligands
and two N atoms of a single chelating 1,2-PDA molecule. Each
ImDC3- ligand connects two Co3+ ions in a bis(bidentate) mode.
Thus, four 1,2-PDA molecules serving as terminal ligands (i.e.,
caps) in combination with four Co3+ ions and four bridging ImDC3-

ligands generate a metal-organic square in the ab plane that can
be regarded as a 4R building unit (Figure 1b). The orientation of
the ImDC3- ligands alternates to form a calixarene-like 1,3-
alternating atropisomer molecular square, where the vertices of the
square are occupied by four Co3+ ions. The regularity of the square
is indicated by the fact that the vertex angles are 90° and the Co-Co
distances along the edge are 6.003 Å, showing no deviations from
the ideal square geometry (Figure 1b).

The two oxygen atoms of each ImDC3- ligand and the two
nitrogen atoms of each 1,2-PDA ligand pointing outward from each
vertex of each square form four intermolecular hydrogen bonds
with the corresponding nitrogen/oxygen atoms of the neighboring
square (see Figure S6 in the Supporting Information). Each MOS
is connected via 16 hydrogen bonds to four neighboring squares in
a tetrahedral geometry (two up and two down with respect to the
central square). The molecular squares are positioned parallel to
each other and form ladderlike chains via edge-to-edge intermo-
lecular N-H · · ·O hydrogen bonds [2.945(3) Å], generating a 3D
network with the zeolite gis topology (Figure 1c,d). The ZSA-1
framework contains one type of cage (a 4684 gis cage enclosed by
20 Co centers) that generates two intersecting orthogonal channels
with approximate dimensions of 12.987 Å × 8.708 Å along the a
and b axes (see Figure S7). A very interesting structural feature of
ZSA-1 is its accessible voids: connection of the cavity centers
generates a diamond net (i.e., the dual net of gis is diamond if the
4R windows are not inaccessible), which promotes a diamondlike
hydrogen-bonded arrangement of water clusters, each formed in a
gis cage and further interconnected through each of the four eight-
membered windows.

Each gis cavity encapsulates a water cluster, (H2O)28, formed
by cooperative hydrogen-bonding interactions with an average
O · · ·O distance of 2.781(3) Å. This value is very close to the
corresponding value of 2.759 Å found in Ih ice at -90 °C (see the
Supporting Information).11 Each (H2O)28 cluster can be viewed as
two fused cages built from five tetrameric water rings and 12
pentameric water rings, with four additional water molecules on
its periphery (Figure 1e and Figure S8). To the best of our
knowledge, the observed water arrangement in the gis cage of
ZSA-1 is unprecedented.12

Furthermore, each water cluster is interconnected with four
neighboring clusters through O4-H · · ·O4 hydrogen bonds [2.807(8)
Å] to generate a 3D water network having a diamond topology
(Figure 1f and Figure S8).

Reaction of 1,2,3-triazole-4,5-dicarboxylic acid (H3TzDC),
In(NO3)3 ·4H2O, and KNO3 in an N,N-dimethylacetamide (DMA)/
acetonitrile (CH3CN) solution in the presence of 1,2-diaminocy-
clohexane (1,2-DACH) afforded yellow rhombododecahedral
crystals (64% yield based on In) that were designated as ZSA-2
(Figure 2a). The as-synthesized compound, which is insoluble
in water and common organic solvents, was characterized by
single-crystal X-ray diffraction studies and can be formulated
as |K3(NO3)3(H2O)2.5(CH3CN)3|[In4(C4N3O4)4(C6H14N2)4] (see the
SI).

In the crystal structure of ZSA-2, each In3+ ion is octahedrally
coordinated in a cis-InN4O2 manner with two nitrogen and two
oxygen atoms from two individual chelating µ2-TzDC3- ligands
and two N atoms of a single chelating 1,2-DACH molecule (Figure
2b). Each TzDC3- ligand connects two In3+ ions in a bis(bidentate)
fashion. Thus, four 1,2-DACH molecules serving as terminal ligands
in combination with four In3+ ions and four TzDC3- ligands
generate a metal-organic square that can be regarded as a 4R
building unit (Figure 2b) having In-In distances along the edges
of 6.618 and 6.681 Å and vertex angles of 90°. Two opposite
TzDC3- ligands (at the 1 and 3 positions) are positioned in the
plane of the square and perpendicular to the two other ligands (at
the 2 and 4 positions and both on the same side of the MOS, i.e.,
cis). Each MOS is connected via 16 hydrogen bonds to four
neighboring squares in a tetrahedral geometry (two up and two
down with respect to the central square). The molecular squares
are oriented orthogonal to each other and form double-eight-
membered rings via edge-to-edge intermolecular N-H · · ·O hy-
drogen bonds [2.893(3) and 2.962(4) Å], generating a 3D network
with the zeolite rho topology (Figure 2c-e and Figure S9). Each
rho cage has an accessible cavity void that can accommodate a
sphere with a maximum diameter of 13.73 Å on the basis of the
van der Waals radii of the surrounding atoms (Figure 2f).

It should be mentioned that the orientation and configuration of
the ligands composing the molecular squares (including the
peripheral moieties) in ZSA-1 and ZSA-2 are distinct from
previously reported metal-organic squares (see Figure S10).13

Figure 2. (a) Optical image of ZSA-2 crystals. (b-f) Crystal structure of
ZSA-2: (b) ball-and-stick and schematic representations of the MOS SBU;
(c) stick and schematic representations of the fused double-eight-membered
rings; (d) schematic representation of the rho topology showing the hydrogen
bonds and MOS SBUs; (e) stick model of the 3D framework showing the
openings; (f) a rho cage formed by 16 MOSs, wherein the yellow sphere
represents the largest sphere that can fit inside the cage on the basis of van
der Waals radii. K atoms, nitrate anions, and guest molecules have been
omitted for clarity.
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The total solvent-accessible volumes for ZSA-1 and ZSA-2 were
estimated to be 50 and 34.2%, respectively, using PLATON.14

The framework thermal stability and structural integrity upon
removal of guest molecules were evaluated using powder X-ray
diffraction (PXRD) studies. Both ZSA-1 and ZSA-2 maintained
their crystallinity upon heating to temperatures up to 300 °C and
full removal of solvent guest molecules (Figure S4). It should be
noted that the cell volume of ZSA-1 decreased from 7518 to 6505
Å3 upon removal of the guest water molecules (a 13.5% volume
reduction). The simulated structure of the activated ZSA-1 suggests
stronger intermolecular N-H · · ·O hydrogen-bonding interactions
between neighboring MOSs, as the bond length is reduced from
2.95 to 2.78 Å (Figure S6). The fully evacuated ZSA-1 regains its
original expanded structure upon immersion in water for several
minutes or exposure to water vapor for several hours (Figure S11).
The maximum water sorption uptake for ZSA-1 was estimated from
the water sorption isotherm to be 380 mg/g (Figure S12).

Nitrogen sorption studies on both ZSA-1 and ZSA-2 at 77 K
revealed reversible type-I isotherms characteristic of microporous
materials (Figure S13). The estimated Brunauer-Emmett-Teller
(BET) surface areas for ZSA-1 and ZSA-2 were found to be 1382
and 395 m2/g, respectively, and the corresponding pore volumes
were 0.67 and 0.19 cm3/g.

High-pressure gas sorption measurements were carried out to
explore the potential of ZSA-1 and ZSA-2 as gas storage materials
for H2 and methane. At 298 K and 80 bar, the total H2 sorption
capacities were 0.50 and 0.35 wt %, respectively, for ZSA-1 and
ZSA-2 (Figure S14). At 77 K and 20 bar, the total H2 sorption
capacities were 3.5 and 0.95 wt % for ZSA-1 and ZSA-2,
respectively (Figure S15). The methane sorption capacity for ZSA-1
at room temperature and 35 bar was estimated to be 140 v/v(STP)
(Figure 3). The observed high methane capacity for ZSA-1 can be
attributed to its narrow pores [average pore size ) 5.3 Å as

calculated using the Horvath-Kawazoe equation (see Figure S13)],
cavity geometry, and relatively higher surface area.

The successful synthesis of the two porous solids ZSA-1 and
ZSA-2 confirms the potential of our proposed approach for the
construction of porous zeolite-like supramolecular assemblies from
MOS (4R) building units. Careful choice of the bridging ligands
and the chelating agents is critical for the assembly of molecular
squares into supramolecular structures with zeolite topologies via
directional hydrogen-bonding interactions. Research to extend this
approach based on the assembly of molecular squares into su-
pramolecular structures with zeolite topologies to include other
functional diamine chelating agents as well as other bifunctional
bridging ligands is in progress.
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