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Metal-organic polyhedra (MOPs) have been extensively studied
for their promising applications in the confinement of catalysts,
otherwise unstable molecules and intermediates, drug delivery, and
gas storage.1-4 Unlike extended porous frameworks, the solubility
of MOPs offers many advantages for processing into thin films
and as active additives in polymers.5 The chemistry of MOPs can
be vastly expanded if they can be designed to display permanent
porosity and chemical stability in acidic and basic media. We have
shown that extended structures based on linking transition metals
with imidazolate are porous and stable in refluxing organic solvents,
boiling water, and hot concentrated sodium hydroxide solutions.6

Accordingly, we anticipated that their discrete analogues (MOPs
based on transition metal imidazolates) would display similar
porosity and stability with the added advantages provided by their
solubility.

Here we report the synthesis and single crystal structures of two
MOPs constructed by linking BIm4

- and B(4-mIm)4
- (Scheme 1)

with palladium(II) into rhombic dodecahedra, termed MOP-100 and
MOP-101, respectively. We describe their permanent porosity and
their unusually high chemical stability in acidic and basic solutions.

A common method for the construction of a rhombic dodeca-
hedral cage involves the linking of squares and triangles.7,8 We
chose the Pd(II) ion as the square unit and the chemically stable
linker BIm4

-, which is known to be reactive at three imidazolates,
to give the triangular unit (Scheme 1).9 We chose not to use HBIm3

-

because of the lability of the B-H bond and the possible
complications arising from side reactions that would destroy the
required triangular symmetry.

The synthesis of MOP-100 and MOP-101 were carried out by
combining equimolar amounts of (NH3)4Pd(NO3)2 (10% aqueous
solution) and hydrogen tetrakis(1-imidazolyl)borate (HBIm4) or
hydrogen tetrakis(4-methyl-1-imidazolyl)borate (HB(4-mIm)4) in
a concentrated ammonium hydroxide solution. The mixture was
placed in a tightly capped vial and heated to 85 °C for 48 h to
yield off-white crystalline [Pd6(BIm4)8](NO3)4 ·10H2O (MOP-100)
or [Pd6{B(4-mIm)4}8](NO3)4 ·14H2O (MOP-101).10 Both MOP
complexes were found to be sparingly soluble in polar solvents
such as acetonitrile, methanol, and water.

The crystal structures of MOP-100 and MOP-101 (Figure 1) were
determined by X-ray single-crystal diffraction studies.11 Each MOP-
100 cation cage is made up of six palladium ions and eight BIm4

-

representing squares and triangular vertices, respectively. The
connectivity of the MOP-100 skeleton is similar to that of the
reported spherical Pd6L8 cage with tritopic organic links and
palladium(II) anions.8 The cage is electronically balanced by four
nitrate anions, two inside the cage and two outside. It is worth noting
that eight unbridged imidazolyl groups from eight BIm4

- ligands,
directed outside the cage, can serve as functional groups for further
reactions. The X-ray crystallographic data for MOP-101 indicate
the presence of several highly disordered imidazole groups and

distorted square planar geometry for the palladium ions. Neverthe-
less, MOP-101 unequivocally has a similar assembly to that of
MOP-100.

Both 1H NMR spectra of MOP-100 and MOP-101 in CD3CN
solution confirm the presence of two types of imidazolyl groups in
both molecules with a peak integration ratio of 1:3 (unbridged/
bridged), which are consistent with the crystal structures of the two
MOPs.

It is difficult to model all the counteranions and the free guest
molecules for MOP-101 using the X-ray single-crystal data due to
the highly symmetrical and porous nature of the material (MOP-
101 has about 41% solvent cavity).13 Hence, we examined the
possibility of using the open space of MOP-101 for gas adsorption.
N2 adsorption measurements were performed on an evacuated
sample of ethanol-exchanged MOP-101. The type I gas adsorption
behavior is indicative of a microporous material (Figure 2A). From
the adsorption branch of the isotherm, the Langmuir and BET
surface areas were calculated to be 350 and 280 m2 g-1, respectively.
The amount of N2 uptake in the pores (P/P0 ) 0.9) corresponds to

Scheme 1. Triangular Linkers

Figure 1. X-ray single-crystal structures of MOP-100/-101 showing (A)
PdN4 and BN4 units, (B) their underlying rhombic dodecahedron topology,
ball and stick diagrams of (C) MOP-100 and (D) MOP-101, and polyhedral
views of (E) MOP-100 and (F) MOP-101. The yellow spheres represent
the largest sphere that would occupy the cavity without contacting the
interior van der Waals surface (∼7 Å).12,13 All hydrogen atoms, counter-
anions, and guest molecules have been omitted for clarity.
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17 N2 molecules per rhombic dodecahedron. A small hysteresis in
the N2 isotherm is probably due to slow gas diffusion. The H2

isotherm was also recorded for MOP-101 at 77 K, and 0.52 wt %
of uptake at 1 bar was observed.

Since both MOPs are constructed from imidazolate-metal
connections, we examined the chemical stability of these materials
by suspending samples of the MOPs in organic solvents such as
tetramethylethylenediamine, benzene, dichloromethane, methanol,
N,N-dimethylformamide (DMF), dimethyl sulfoxide, and acetoni-
trile, at 85 °C or under reflux conditions for 24 h, after which
electrospray ionization mass spectrometry (ESI-MS) data were
collected for the solid samples. We note that the characteristic m/z
1497 and m/z 1724 in the ESI-MS spectra correspond to the intact
cages of [2NO3⊂MOP-100]2+ (the symbol “⊂” indicates encap-
sulation) and [2NO3⊂MOP-101]2+, respectively (Figure 2B and
Supporting Information). Thus, the observations for MOP-100 (m/z
1497) and MOP-101 (m/z 1724) for the solid samples in the ESI-
MS studies confirmed the stability of the cage structures after
treatment. A sample of MOP-100 was then immersed in 1 and 8
M KOH and 0.01, 0.1, and 1 M acetic acid aqueous solutions at
85 °C for 24 h, after which ESI-MS spectra and powder X-ray
diffraction (PXRD) patterns were collected for the solid material
recovered from the suspensions. All recovered samples retained
the capsulated cage structure ([2NO3⊂MOP-100]2+) as evidenced
by the ESI-MS peak at m/z 1497. Furthermore, PXRD patterns for
MOP-100 recovered from 1 M KOH and 0.01 M acetic acid
solutions demonstrated that MOP-100 maintained its crystallinity
under such conditions (Supporting Information). Indeed, the chemi-
cal stability of MOP-100 surpasses that of any palladium-pyridine
based or polycarboxylate-metal based MOPs reported to date.1,2,4

Although the rigid framework of MOP-100 protects the internal
cavity under ESI-MS conditions, the accessibility of the internal
cavity of MOP-100 has been confirmed by preliminary anion-
exchange reactions. A MOP-100 sample was immersed into a DMF/
H2O (2:1) solution containing an excess amount of NaCl, NaBr, or
NaI at 85 or 120 °C for 24 h, after which ESI-MS spectra were
collected for the reaction mixture. The result showed that no
exchange reaction occurred for the iodide anion at either temper-
ature. While the chloride and bromide anions did not exchange with
nitrate anions in the cavity at 85 °C, we did observe such an
exchange at 120 °C as evidenced by the presence of signals at m/z
1470 ([2Cl⊂MOP-100]2+) and m/z 1515 ([2Br⊂MOP-100]2+)
(Supporting Information). Since the aperture of the MOP-100 cage
in the crystalline state is less than 2 Å, we assume that the
imidazolyl groups in the cage architecture are flexible enough to

open a pathway for the chloride and bromide anions at 120 °C
and, consequently, to displace the nitrate anions. Since the larger-
sized iodide anions are excluded from entering the cage cavity, it
is clear that the MOP cage has anion size selectivity. Further anion
selectivity tests of MOP materials are currently under investigation.

In summary, we have successfully synthesized and characterized
two rhombic dodecahedral MOPs. Both exhibit exceptional chemi-
cal stability in common organic solvents as well as acidic and basic
solutions. The permanent porosity of MOP-101 was confirmed by
gas adsorption experiments. Anion exchange reactions demonstrated
that the internal cavity of MOP-100 is accessible.
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Figure 2. (A) N2 (red) and H2 (blue) isotherms at 77 K for MOP-101:
filled and open circles represent the adsorption and desorption branches,
respectively. Connected traces are guides for the eyes. (B) ESI-MS spectrum
for [2NO3⊂MOP-100]2+: (black) experimental isotope patterns; (red)
calculated isotope patterns.
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