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Both inorganic zeolites and organic zeolitelike solids are
attracting intense interest currently because of their func-
tional properties.[1] However, in contrast to many network
porous materials with permanent porosity after partial or
total removal of guests,[2] zero-dimensional (i.e. discrete)
analogues are scarce in the literature.[3] The inherent difficulty
in stabilizing such a material arises from the lack of structural
rigidity, from its low thermal stability, and from the close-
packing requirement of the molecular entities to minimize the
Gibbs free energy by filling the voids in the structure.[4]

Herein, we present a truly molecular zeolite with both

structural rigidity and suitable thermal stability. The forma-
tion of this solid through cooperative self-assembly of unique
triangular-tube organometallic supermolecules in both solu-
tion and the solid state is apparently driven positively by the
close packing requirement in the molecular crystals. This
material contains two types of 1D channels that are filled with
solvent guests. However, the rigid nature of the solid
architecture not only allows the complete removal of the
molecular guests at ambient temperature without collapse of
framework, but also has high thermal stability. Interestingly,
the water molecules adsorbed into the microporous material
also increase its thermal stability.

The treatment of [Ru3(CO)12] with 4,4’-biphenyldicarbox-
ylic acid, followed by the addition of PPh3, produced eclipsed-
[{Ru2(CO)4(PPh3)2}(m-4,4’-O2CC6H4C6H4CO2)]3 (1).[5] Com-
plex 1 is air-stable when solid and readily soluble in acetone
and CH2Cl2, indicative of molecular aggregates in the solid
state. Indeed, as determined by single-crystal X-ray crystal-
lography at 150 K, the crystal structure of 1 consists of
discrete molecules in a shape of an equilateral-triangle shaped
tube (Figure 1). The single crystals, grown from CH2Cl2/

MeOH, were found to contain many solvent guests are
present (Figure 2). The six bonded phosphane ligands, which
are situated on the rims of two tube openings, do not close the
tube but allow guests to move in and out. The triangle edge,
which has a length of 15.340(1) 9, is defined by the midpoints
of the Ru�Ru bonds, whereas the depth of the tube is
determined approximately by the Ru�Ru bond length (about
2.7 9).

Molecules of 1were packed in a hexagonal closest packing
(hcp) arrangement with alternating ABAB layers. Except for
the guest molecules, each lattice contains twomolecular units:
one unit in the A layer is symmetrically related by a screw 63
axis to another in the B layer (Figure 2 and 3). A noncovalent
association between the phenyl groups of the phosphane,
attracted through edge-to-face p–p stacking interactions[6]

can also be observed (Figure 3). Interestingly, apart from

Figure 1. Triangular-tube supermolecule, 1 (ORTEP plot, thermal ellip-
soids at the 50% probability level). All phenyl groups and hydrogen
atoms are omitted for clarity.
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the intrinsic 1D trigonal channels (Figure 1), the interstices in
1 also form another 1D “trigonal” channel, which has three
MeOH located within, but viewed as a 1D “hexagonal”
channel has six hexagonally distributed MeOH molecules in
the projection plot (Figure 2). Each hexagonal opening has an
edge length of about 13.12(1) 9. Two separate locations
within the trigonal channel were found to accept solvent
guests: five CH2Cl2 and three MeOH molecules are located
inside the triangular tube and three CH2Cl2 molecules (each
at an average position of two disordered sites) are in the clefts
between two triangular tubes and close to the three rims of
the molecular triangle (Figure 2 and 3).

After one day, all solvated crystals remain transparent
when viewed with an optical microscope. However, after the

crystals were exposed to air at ambient temperature for
several hours, the solvent guests evaporated, while the
crystals absorbed moisture from the atmosphere. A thermal
gravimetric analysis (TGA) of some of these crystals showed
a 0.04% weight loss at 81.8 8C, which corresponds to the loss
of 0.1H2O molecules per formula unit. Decomposition of the
compound occurred at 203.8 8C with another weight loss of
2.46%, which corresponds to the loss of 2.5CO molecules per
formula unit (Figure 4a). The release of water at 81.8 8C was

also confirmed by a 1H NMR study of the product. Interest-
ingly, TGA of some desolvated crystals, obtained after
carefully pumping off the solvents, showed that the thermal
decomposition occurs at a lower temperature, 181.1 8C
(Figure 4b). Hence, it is evident that the adsorbed water
molecules increase the thermal stability of the molecular
framework in 1.

To understand the framework rigidity and the increased
thermal stability of 1 during the drying process, the single-
crystal X-ray analysis of an air-dried crystal at 293 K was
carried out. Both solvated and air-dried single crystals of 1
maintain an identical space group, P63/m, but with slightly
longer unit-cell lengths and a larger volume (a=b=
23.8883(18), c= 20.202(2) 9, and V= 9984.0(15) 93) in the
air-dried crystal relative to the solvated one (a= b=
23.5248(5), c= 20.0767(5) 9, and V= 9622.2(4) 93), probably
arising from thermal expansion, which is further supported by
the similarity observed in most bond lengths, but not bond
angles. Differential scanning calorimetry (DSC) of some
typical air-dried crystals showed water desorption, but no
apparent phase change up to 175 8C. The framework of 1
remains rigid through noncovalent interactions between 150
and 448 K.

Figure 2. Packed structure of solvated 1 in the solid state along [001]
with filled spheres for nonhydrogen atoms of molecule 1, hollow
spheres for CH2Cl2, and octant-shaded spheres for MeOH. The central
hollow sphere inside the trigonal channel contains two disordered
CH2Cl2 molecules at two different depths. All the hydrogen atoms of 1
have been omitted for clarity.

Figure 3. The clefts between two triangular-tube molecules with each
cleft containing three CH2Cl2 molecules shown as hollow spheres.

Figure 4. Thermal gravimetric analyses for a) solvated- and b) desol-
vated-crystals of 1. Wt= residual weight fraction.
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From the Fourier difference maps of the air-dried
structure 1 (Figure 5), the location of the water molecules in
each lattice were assigned on the basis of three residual
electron peaks (between 1.1 and 1.3 e9�3).[5a] Coincidentally,
the locations of six water molecules in the air-dried crystal are

close to those of MeOH guests in the hexagonal channels of
the solvated crystal, and the locations of six other water
molecules are also close to those of CH2Cl2 guests inside the
clefts (compare Figure 2 with Figure 5). It appears that the
dipole–dipole attractive interactions between the polar sur-
face of the porous adsorbent, 1, and the water adsorbates
direct site-selective adsorption. However, it is still a phys-
isorption rather than chemisorption, as the closest distances
between any water oxygen atom and any other nearby atom,
hydrogen or nonhydrogen, are all longer than 3.6 9. Appa-
rently, the hydrophilic water molecules push the nearby
hydrophobic phenyl groups of the phosphane ligands closer
together through edge-to-face p–p stacking interactions,[6]

thus increasing both the rigidity and thermal stability of the
framework and raising the decomposition temperature from
181.1 8C for the desolvated crystals, to 203.8 8C for the air-
dried crystals. The hydrophilic MeOH molecules, used as one
of two crystallization solvents for 1, may also exert similar
hydrophobic–hydrophilic interactions, thus facilitating the
preorganization of 1, through intermolecular noncovalent
association of phenyl groups of the phosphane ligands, into
the porous material. Based on the van der Waals volumes of
CH2Cl2 and MeOH,[7] we find that in the solvated 1, the guest
molecules—16CH2Cl2 and 12MeOH—have a volume of
1.354 93, which is 14% of the unit cell volume. A sorption
experiment with an adsorbate, N2, and 1 as the adsorbent at
77.35 K was also carried out. An apparent BET surface area
of 16.12 m2g�1 with a corresponding pore volume of
0.049 cm3cm�3 was obtained.

The results presented herein reveal that a truly molecular
zeolite with suitable thermal stability and structural rigidity
can be readily synthesized by using tetracarbonyl- and
diphosphane-ligated diruthenium as building blocks and
dicarboxylates as links. Future investigations will focus on

the synthesis and characterization of similar porous materials
with larger pores, elongated triangular tubes, and/or chiral
channels by using suitable dicarboxylate links.
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Figure 5. Packing structure of air-dried 1 in the solid state along [001].
All hydrogen atoms are omitted for clarity. Water molecules are shown
as hollow spheres.
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