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Synthetic porous materials, that is, carbon materials, inorganic
solids, and coordination polymers (or metal–organic frame-
works, MOFs), have been a focus of research for the past few
decades, with the goal of enhancing the properties of naturally
occurring porous materials (zeolites), which have made a
remarkable impact on human society and the environ-
ment.[1–3] In more recent times, the focus has shifted towards
expanding the applications of synthetic porous metal–organic
materials, in particular for gas (i.e., hydrogen, methane, and
carbon dioxide) and solvent storage, with promising
results.[2, 4,5]

Herein we show that discrete metallo-supramolecular
materials, as opposed to infinite polymeric systems (including
MOFs), are a viable class of porous material for gas and
solvent storage.[6] In a recent report we showed the magnetic
switching function of a nanoball (Fe-nano).[7] Herein we
highlight the versatility of this system through systematic
metal and anion variation to form six new analogues of the
nanoball, M-nano (M/anion = CuII/ClO4

� (Cu-nano), CuII/
BF4

� (CuB-nano), ZnII/ClO4
� (Zn-nano), CdII/ClO4

� (Cd-
nano), FeII/ClO4

� (FeB-nano), MnII/ClO4
� (Mn-nano),

Figure 1). Furthermore, we demonstrate that the properties
of this general system can be extended from magnetic
switching to gas and solvent storage, to create a truly
multifunctional system. Through parallel thermogravimetric,
powder X-ray diffraction, and nitrogen sorption analysis we
show that Cu-nano is structurally stable to guest desorption, a
property more commonly associated with porous framework

materials. Coordinatively unsaturated, accessible CuII sites
are created in this desolvation process, which are of interest
for their ability to bind hydrogen gas; it has been shown in a
number of nanoporous framework materials that the affinity
of hydrogen gas to a surface is greatly increased with the
presence of such open metal sites.[5, 8,9] Furthermore, using
electron paramagnetic resonance (EPR) spectroscopy, we
follow the guest exchange and nanostructure functionaliza-
tion for a range of organic solvents at these bare metal sites.

When utilizing the self-assembly process to construct
complex inorganic materials, small variations in synthetic
conditions (i.e., metal, pH value, temperature, time, concen-
tration, solvent, anion) often result in large variations in
structure and topology; thus, the successful production of
families of analogous polymeric (and discrete cage) materials
containing different metals is uncommon.[10] The successful
synthesis of this family of analogous discrete materials is
largely due to the tailored design features of the bifunctional
organic ligand [Tp4-py]� (tris[3-(4’-pyridyl)pyrazol-1-yl]hydro-
borate)) and, in particular, to the formation in situ of an
intermediate metalloligand building block [CuI(Tp4-py)-
(MeCN)], as outlined in our structural and magnetic report
of Fe-nano.[7] Specifically, with the addition of CuI to form this
metalloligand, the otherwise flexible organic unit is made
structurally rigid, and the directionality of the peripheral
pyridyl donor groups is effectively locked in. Subsequent
addition of a range of divalent metal salts ([MX2] MII = Cu,
Mn, Zn, Cd, Fe, X = ClO4, NO3, BF4) led to self-assembly of
analogous nanoball species of the general formula [(Tp4-

pyCuIMeCN)8M
II

6(X)10(MeCN)2](X)2·xMeCN to produce iso-
structural crystalline samples in a matter of hours (Figure 1).
The structure of each of these species has been confirmed by
either single crystal X-ray diffraction[11] or high-resolution
powder synchrotron X-ray diffraction,[12] revealing cubic unit
cell axes in the range of approximately 61 to 65 �.

Figure 1. Summary of the M-nano metal(II)/anion analogues.
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Taking Cu-nano as a representative example, within each
nanoball the CuI ions are located within the trispyrazole
pocket of the scorpionate-type ligand and have their coordi-
nation environments completed by one bound acetonitrile
molecule each to form neutral {CuITp4-py(MeCN)} moieties
(Figure 2). These three-connecting units are bridged by
octahedral CuII ions (in either the {CuII(ClO4)2(py)4} (CuII-
B) or {CuII(ClO4)(MeCN)(py)4} (CuII-A) coordination envi-
ronment, Figure 2). Thus, discrete units of the general
formula [CuI

8Tp4-py
8CuII

6] are formed which are 2.8 nm in
diameter (CuII…CuII distance). Importantly for the subse-
quent porous functions of this material, approximately 45%
of the CuII centers per nanoball are in the {CuII(ClO4)-
(MeCN)(py)4} coordination environment, where the bound
axial acetonitrile ligands are directed towards the exterior of
the nanoball (Figure 2). The replacement of some of the
perchlorate anions with neutral acetonitrile ligands also leads
to a positive charge on the nanoballs (+ 8 per three nanoball
units). In the crystal lattice, six nanoball units surround a
cluster of eight perchlorate anions, which gives rise to an
electrostatic interaction that provides robustness to the
overall structure (see below and the Supporting Information).
Six acetonitrile ligands (from these six nanoball units) are
directed into the anionic cluster and are involved in a series of
short C�H···O contacts, which create a hydrogen-bonded cage
motif of the same topology as the individual nanoballs (see
the Supporting Information); thus, an overall cubic 3D
network of interactions is attained.

Owing to the relatively crowded internal cavity of the
discrete species (Figure 2), we focused on the porous proper-
ties and functionalization of the external cavities created
through the solid-state packing, which resembles that of
ReO3. This approach is in direct contrast to the majority of
other studies on discrete cage-like species, in which the
chemical and physical properties of the internal cavities are
exploited.[13] Within the crystal lattice of Cu-nano, the packing
of the nanoballs and anion clusters results in nanometer-sized
(3.5 nm diameter), solvent-filled, cuboctahedral chambers
(Figure 3) surrounded by 12 nanoballs. The chambers are
interconnected by windows of approximately 1 nm diameter.
These interstitial cavities account for approximately 30% of

the total void volume in the crystal lattice and are filled with
disordered acetonitrile molecules. Importantly, these voids, if
accessible and stable in the absence of solvent, provide
adequate space for gas and solvent storage, reminiscent of
porous framework materials.[3, 14] Moreover, the surfaces of
these pores are lined with potentially labile CuII-bound
acetonitrile molecules, which provide a further means to
store solvent or gas but with a more covalent nature, including
the possibility of exposing accessible metal sites for greater
affinity to gas molecules.[5,8, 9, 15] The CuII sites line the surfaces
of the windows between the large chambers as well as the
smaller spaces between the nanoballs containing the perchlo-
rate/acetonitrile clusters.

Thermogravimetric analysis revealed that these two
distinct solvent areas can be targeted individually. In the
first step (25–50 8C), the unbound pore solvent is liberated. In
the second step (50–75 8C), the CuII-bound acetonitrile
molecules are removed such that bare CuII sites are exposed
(Figure 4a, step A). Importantly, at higher temperatures (75–
125 8C) the mass remains stable, indicating thermal stability in

Figure 2. Structural representation of Cu-nano highlighting the CuI,
CuII-A, and CuII-B sites and their respective coordination environments,
which include either bound perchlorate or acetonitrile molecules.

Figure 3. Solvent surface model of the reversible acetonitrile guest
(black) removal and addition process within pores generated by the
packing of the nanoballs in the crystal lattice of Cu-nano.

Figure 4. Characterization of Cu-nano. a) Thermogravimetric analysis
showing the two-step desolvation process (A and B). b) Variable-
temperature powder diffraction analysis. c) EPR spectra (first deriva-
tive) of the various solvates at 120 K and microwave frequency
9.43 GHz.
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the �empty� state (Figure 4a, step B). Variable-temperature
powder X-ray diffraction measurements in the range 25–
125 8C revealed the retention of long-range structural order
above 100 8C (Figure 4b). The porous nature of this material
was confirmed through N2 adsorption isotherms at 77 K. The
isotherm shows pronounced hysteresis with steps and cannot
be readily classified by the IUPAC convention. The hysteresis
and steps were fully reproducible and are attributed to
percolation effects, whereby the initial adsorption at the
constricted pore window restricts further adsorption. Fitting
of the adsorption branch to the DFT sorption model gave a
pore-size distribution in excellent agreement with the crys-
tallographic model. The Langmuir and BET surface areas
were determined to be 1042 and 952 m3, respectively, which
are quite high for metal–organic polyhedra (MOPs).[6,14]

The solvent storage properties of Cu-nano were examined
by thermogravimetric vapor resorption analysis, whereby the
as-synthesized material was repeatedly heated to desolvation
(75 8C) and cooled in the presence of vapors of different
organic solvents (acetonitrile, acetone, trifluoroethanol, and
methanol). Rapid uptake was observed for each of these
solvents. Furthermore, structural analysis was carried out on
the solvent-exchanged materials, which allowed successful
location of sorbed solvent within the pores; in contrast, the
CuII-bound solvent was unable to be modeled, as these sites
are extremely disordered owing to the shared site occupancy
with the anions (see the Supporting Information).

To explore changes in the CuII coordination environments
upon guest exchange, EPR measurements in the presence of
different solvents were carried out at 120 K. Subtle variations
in the CuII coordination environment, arising from the weak
binding of guest molecules, were readily evident. Figure 4c
shows an overlay of spectra from the dry powder and the
acetonitrile, methanol, acetone, and trifluoroethanol species.
These spectra are typical for CuII in a pseudo-square-planar
complex with a different coordination environment along the
symmetry axis.[16] Examination of the spin Hamiltonian
parameters shows small but significant dependence on the
solvent. In particular, the gk and Ak values for the methanol
and acetone species are similar, whereas for acetonitrile gk is
higher and Ak lower, and the reverse is true for trifluoro-
ethanol (see the Supporting Information). Ligand-field con-
siderations place the unpaired electron in an essentially dx2�y2

orbital with strong s bonding to the planar ligands. These
ligands therefore have the major influence on the EPR
spectral parameters. While the planar N-donor ligands here
are tightly bound, the ligands along the symmetry axis are
only weakly bound (p bonding and distortions from exact
square planar give a small admixture of the dz2 orbital into the
ground state) and thus have a much smaller influence on the
EPR spectra. Indeed, changes of similar magnitude to those
found herein have been observed for discrete CuII complexes
in solution.[17]

In recent years it has been demonstrated that crystalline
coordination materials of aromatic character with high sur-
face areas and coordinatively unsaturated metal sites are
suitable examples for gas storage.[2, 3, 5,14, 18] Since Cu-nano in
the “empty” state contains a large surface area lined by
aromatic groups and coordinatively unsaturated CuII sites, it

provides a feasible candidate for hydrogen storage. Indeed,
hydrogen gas adsorption and desorption isotherms (77 and
87 K) showed an uptake of 1.2 wt. % (at 77 K and 1 bar),
equating to approximately 34 hydrogen molecules per nano-
ball (Figure 5). At 77 K, the maximum loading of H2 within
the sample was extrapolated to be 2 wt.% (ca. 56 H2

molecules per nanoball). Of particular interest is the calcu-
lated enthalpy of adsorption (DHads) at zero loading of
8.75 kJ mol�1, which indicates a relatively strong binding
affinity (cf. ca. 5 kJmol�1 for conventional molecular surfa-
ces). DHads values of this magnitude have been shown to be
related to interactions between bare metal sites and H2,

[5,9]

thus strongly suggesting that such interactions are occurring
in this case. This inference is further supported by the abrupt
uptake at very low H2 loadings.

In summary, we presented an innovative design concept to
produce a family of metal-varied discrete cage-like materials
that are synthetically directed by the intermediate production
of a metalloligand. Such novel methodologies for consistent
production of targeted structures are important for the
achievement of a range of supramolecular and materials
functionalities. Previously, we had shown the magnetic
switching ability of the FeII analogue (Fe-nano), and we
now add to this the solvent and hydrogen gas storage ability of
the CuII analogue (Cu-nano). Previous studies into the
sorption of hydrogen in polymeric porous materials have
shown that different metal species display different affinities
towards gas binding.[19] Thus the versatility of the present
family allows for the investigation of hydrogen uptake over a
range of divalent metal ions within an isomorphous series and
the possibility to tune the storage capacity and strength of
binding, including possible doping with a second divalent
metal for optimization.

Experimental Section
Each of the analogous nanoball materials was synthesized by the
same one-pot, two-step method as outlined below for Cu-nano.
Firstly, CuI(ClO4)·4MeCN (15 mg, 0.046 mmol) was added to a
solution of TlTp4-py (30 mg, 0.046 mmol) in CH2Cl2/MeCN (1:1,
5 mL). Then, Cu(ClO4)2·6H2O (13 mg, 0.035 mmol) in MeCN (2 mL)

Figure 5. Hydrogen gas adsorption (open symbols) and desorption
(filled symbols) isotherms at 77 (diamonds) and 87 K (squares) of Cu-
nano.

Angewandte
Chemie

8921Angew. Chem. Int. Ed. 2009, 48, 8919 –8922 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


was added to the resultant bright yellow solution. The dark blue
solution was immediately filtered, and the filtrate was allowed to
evaporate slowly over the course of one week, after which purple,
cube-shaped, X-ray quality crystals were obtained (yield: 30 mg,
87%). Elemental anal. calcd (%) for C208H176N80O48B8Cu14Cl12:
C 41.88, H 2.97, N 18.78; found: C 41.80, H 3.22, N 18.67. IR
(ATR): ñ = 2253m, 1620s, 1488w, 1465sh, 1432w, 1365w, 1191s,
1106sh, 1050w, 1018s, 843w, 736 cm�1 m.

Single-crystal X-ray diffraction was carried out using the high-
throughput Protein Crystallography beamline (15.5 keV, 3BM-1) at
the Australian Synchrotron. Crystal data for desolvated Cu-nano with
adsorbed ethanol (Cu-nano(EtOH)) and trifluoroethanol (Cu-nano-
(TFE)) vapor are given in the Supporting Information.

Single-shot powder X-ray diffraction was carried out at the
Advanced Photon Source (20.02 keV, 0.61915 �, 12-BM) at Argonne
National Laboratory. Variable-temperature powder X-ray diffraction
on Cu-nano was carried out using a Shimadzu S-6000 Diffractometer
equipped with CuKa (l = 1.5406 �) radiation (40 kV, 30 mA) in the
angle interval 2q = 2–408 with a step size of 0.028.

Thermogravimetric analyses were carried out using a TA Instru-
ments Hi-Res TGA 2950 Thermogravimetric Analyzer over the range
25–300 8C for decomposition studies (0.50 8C min�1); for solvent vapor
sorption studies, the atmosphere was controlled with a solvent-vapor-
filled bubbler equipped with a gas bypass attached to a dry dinitrogen
supply (0.1 Lmin�1), allowing a stream of either dry dinitrogen or
solvent vapor/dinitrogen to flow through the system.

Continuous-wave (CW) EPR spectra at X-band frequencies (ca.
9.43 GHz) were obtained with a Bruker ESP380FT/CW spectrometer
at 120 K. The microwave frequency was measured with an EIP
microwave 548 A frequency counter, and the g factors were deter-
mined with reference to the F + line in CaO (2.0001� 0.0001).

The adsorption isotherms for N2 (99.999%) and H2 (99.999%)
were recorded using an Accelerated Surface Area & Porosimetry
System (ASAP) 2020 supplied by Micromeritics Instruments Inc.
Liquid N2 and liquid Ar (77.35 and 87.29 K respectively) were used
for temperature control.
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