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Aluminosilicate zeolites and related nanoporous materials
are used widely in the domains of separation, ion-exchange,
and shape-selective catalysis.[1±3] The majority of catalytic
processes that use zeolites involve acid-catalyzed reactions,
for example hydrocarbon isomerization, cracking, alkylation,
and dehydration,[1, 3] though recently there has been a surge in
interest in partial oxidation reactions based upon titanosili-
cate materials and transition metal substituted aluminophos-
phates.[4] It would be of great interest to create nanoporous
materials that catalyze other types of reactions, such as shape-
selective hydrogenations, but it has not so far proved possible
to achieve this in a zeolite catalyst without introduction of
extra-framework Ni and noble metal clusters. The underlying
challenge here is to design a nanoporous system based on, say,
nickel, that is both functional and thermally stable with
respect to chemical or structural degradation.[5, 6] We recently
showed that the open-framework nickel(ii) phosphate, VSB-1
(Versailles ± Santa Barbara-1), is sufficiently stable to be
rendered nanoporous and exhibits typical zeolitic proper-
ties.[7] Furthermore, this large-pore material has interesting
catalytic properties suitable for reactions that require only
weak acidity.[8] Herein, we describe a second nanoporous
nickel phosphate, VSB-5, which exhibits redox properties that
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enable it to catalyze partial hydrogenation reactions with high
selectivity.

Ni20[(OH)12(H2O)6][(HPO4)8(PO4)4] ´ 12H2O VSB-5

VSB-5 can be synthesized between pH 7.3 and 11.0, and
over a wide range of Ni/P ratios and concentrations, with little
apparent change in the product. Although VSB-5 has not
been prepared without an amine present, the particular amine
does not seem to be important. For example, we have used a
range of diamines from 1,2-ethylenediamine through to 1,8-
octanediamine. In a typical synthesis, NiCl2 ´ 6 H2O (6.0 g;
Aldrich) was dissolved in H2O (60 mL), followed by the
addition of H3PO4 (6.2 g, 85 %, Fisher) and 1,3-diaminopro-
pane (9.8 g, Aldrich). A green precipitate formed during the
addition of the amine, but dissolved with stirring. The final
solution was deep purple with a pH of 9.0. After heating in a
120 mL Teflon-lined Parr autoclave at 180 8C for five days,
phase-pure VSB-5 was present as a brown solution at pH 10.1.
Elemental analysis gave the following results: Ni 40.66 wt%,
and P 12.84 wt%. IR spectroscopy revealed that neither
amine nor ammonium were introduced into the structure.

X-ray thermodiffractometry[9] shows that the structure of
the parent phase is clearly sustained up to about 723 K
(Figure 1). It then collapses to form an amorphous phase and
recrystallizes to yield condensed Ni3(PO4)2 at higher temper-
atures. Thermogravimetric analysis (TGA)[10] (see insert in
Figure 1) of the VSB-5 revealed distinct weight losses of 7.3
(up to 130 8C), 5.7 (200 to 400 8C), 5.7 (450 8C), and 1.1 % (500
to 850 8C). Taken together with the chemical analysis and the
structure (see below), these results suggest the chemical
composition given above.

Brunauer ± Emmet ± Teller (BET)[11] surface area and pore
structure analysis gives a typical Type-1 isotherm and a
surface area of 500(10) m2 gÿ1. The surface area per gram is

comparable to that of a large-pore zeolite, considering that
VSB-5 (�2.6 g cmÿ3) is approximately two times more dense
than a typical zeolite. To our knowledge, this surface area is
the highest value reported to date for open-framework metal
phosphate materials. The pore size distribution, which was
monodisperse, gave a pore radius of about 6.4 � by using the
method of Horvath ± Kawazoe.

The structure of VSB-5 was solved by ab initio structure
solution from laboratory data.[12] Pattern indexing, which was
performed by using the computer program DICVOL91,[13]

yielded a hexagonal unit cell (a� 18.209(1), c� 6.3898(7) �;
V� 1834.8(3) �3). Systematic absences (0k0, k� 2n� 1) were
consistent with the space groups P63 and P63/m. Structure
solution from the X-ray powder diffraction data was per-
formed with the EXPO package, integrating EXTRA,[14] a full
pattern decomposition program, and SIR97.[15] The centro-
symmetric space group P63/m was chosen to solve the
structure, and the atomic coordinates obtained by direct
methods were used as the starting model in the Rietveld
refinement using FULLPROF.[16] Figure 2 shows the final fit
obtained between calculated and observed patterns. It
corresponds to satisfactory crystal model indicators (RB�
0.068 and RF� 0.054) and profile factors (RP� 0.100 and
RwP� 0.129).[17]

The view of the structure given in Figure 3 shows that VSB-
5 presents a one-dimensional system of pores running in the
[001] direction. These tunnels are delineated by 24 NiO6

octahedra, which are connected by sharing faces, edges, and
corners. The pore diameter, based on the distance across the
pore of the activated solid (10.2 �), is in reasonable agree-
ment with the value from the porosimetry data (12.8 �) when
the radii of coordinated oxygen atoms are considered.

Magnetic susceptibility and magnetization measure-
ments[18] reveal antiferromagnetic ordering at 14 K with a
Curie ± Weiss q value of ÿ49.5 K. There is evidence of a

second magnetic transition at
about 6 K, which possibly in-
volves spin canting. The low
value of TN in relation to q is
similar to that found in VSB-1,[7]

suggesting that the structure
may be magnetically frustrated.

In view of the possible acces-
sibility of framework Ni atoms
for catalytic reactions, we ex-
plored the hydrogenation activ-
ity of VSB-5.[19] The reduction
of 1,3-butadiene to butenes,
which requires mild hydrogena-
tion ability, was chosen for this
purpose. Selective hydrogena-
tion of 1,3-butadiene to 1-bu-
tene in the C4 fraction plays an
important role for the produc-
tion of high-purity alkene
streams on an industrial scale.[20]

VSB-1 and Ni3(PO4)2 were run
for comparison. The results
show the remarkable perform-

Figure 1. Thermal evolution of the diffractograms during the heating of VSB-5 in air (the line at 41.78 (2q) in the
amorphous zone corresponds to pollution of Pt strip). The TGA curve under oxygen is shown as an insert. I�
intensity in arbitrary units.
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Figure 2. Final Rietveld plot for VSB-5. Observed (crosses) and calculated
(line) powder X-ray data, the lower line is the difference curve. Asterisks
(*) indicate spurious lines of the sample holder. I�X-ray intensity in
arbitrary units.

Figure 3. A view of the structure of VSB-5 down [001]. NiO6 octahedra are
shown in light green (disordered Ni3) and dark green (Ni1 and Ni2) and
PO4 tetrahedra are shown in red.

ance of VSB-5 in this reaction (Table 1). VSB-1, by compar-
ison, was only mildly active, while condensed Ni3(PO4)2 shows
strong hydrogenation activity leading to a high selectivity for
butane. The different selectivities of VSB-5 and condensed
Ni3(PO4)2 for butenes (see Table 1 for the main butenes
formed) suggest the availability of framework Ni atoms in the
nanoporous structure for selective hydrogenation. Further
studies on shape-selective hydrogenation of di-olefins with
different molecular dimensions are currently underway.

In the light of the basic synthetic conditions and the
abundant hydroxide present in the framework, we investi-

gated whether VSB-5 is capable of supporting base-catalyzed
reactions. Using the decomposition of 2-methyl-3-butyn-2-ol
(MBOH) as a test reaction,[22] we also examined the acid,
base, and even amphoteric properties of VSB-5.[21] The
conversion of MBOH gives acetone and acetylene over base
sites, or 3-methyl-3-buten-1-yne (Mbyne) with 3-methyl-2-
buten-1-al over acid sites. Table 2 shows the catalytic results
for the conversion of MBOH over VSB-5 and VSB-1. To our
surprise, VSB-5 exhibits very high MBOH conversion (99 %
at 573 K) as well as high selectivity (>99 %) for the formation
of acetone and acetylene, unambiguously confirming its base
character. In contrast, VSB-1 gives only poor conversion
(10 %) of MBOH and a mixture of several products at 573 K,
indicating that it possesses only poor acidity and basicity.

In summary, VSB-5, a nanoporous nickel phosphate, has
been synthesized by hydrothermal methods. This new materi-
al is found to have four important properties: nanoporosity,
good thermal stability, antiferromagnetic ordering, and hy-
drogenation and basic catalytic character. The basic character
presumably stems from the presence of OH anions in the
framework. The efficacy of VSB-5 for partial hydrogenation
reactions suggests the availability of active sites associated
with framework Ni atoms.
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Table 1. Selective hydrogenation of 1,3-butadiene (BD) over VSB-1 and VSB-5.[a]

Catalyst H Act.[d] T [8C] BD conversion Sbutene
[e] Selectivity [%]

[h] [%] [%] n-butane 1-butene trans-2-butene cis-2-butene

VSB-1[b] 16 200 1.0 99.9 0.1 34.0 36.7 29.2
VSB-5[b] 4 200 10.3 97.9 2.1 48.4 30.5 19.0
VSB-5[b] 16 200 68.4 97.6 2.4 52.4 28.5 16.7
VSB-5[b] 24 100 81.1 95.8 4.2 50.9 32.0 12.9
VSB-5[c] 16 100 99.6 21.4 78.6 14.0 1.3 6.1
Ni3(PO4)2 4 100 99.5 47.7 52.3 27.4 7.3 13.0

[a] Reaction conditions: p(BD)� 10.1 kPa, W/F� 0.3 g smLÿ1, H2/BD� 3, time on stream� 2 h. [b] Calcination at 350 8C for 4 h. [c] Calcination at 550 8C for
4 h. [d] Activation time under 5% H2 in He at 350 8C. [e] Selectivity to give butene products.

Table 2. Catalytic conversion of 2-methyl-3-butyn-2-ol over VSB-1 and
VSB-5 materials.[a]

Catalyst SBET T MBOH conversion[b] Selectivity [%]
[m2 gÿ1] [8C] [%] acetone acetylene Mbyne[c]

VSB-1 183 250 2.7 38.1 38.9 23.0
300 10.0 37.9 39.8 22.3

VSB-5 500 250 22.6 49.1 49.0 1.9
300 99.0 50.2 49.0 0.8

[a] Reaction conditions: p(MBOH)� 2 kPa, W/F� 125 ghmolÿ1, time on
stream� 10 min. [b] MBOH: 2-methyl-3-butyn-2-ol. [c] Mbyne: 3-methyl-
3-buten-1-yne.
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Spherical Aromaticity of Inorganic Cage
Molecules**
Andreas Hirsch,* Zhongfang Chen, and Haijun Jiao

We have shown recently that the icosahedral fullerenes C20,
C60, and C80 reach maximum spherical aromaticity if their
p shells are completely filled.[1] This is nicely demonstrated,
for example, by the very pronounced diatropic character of
the 2(N � 1)2 p systems of the C20

2� (N� 2), C60
10� (N� 4),

and C80
8� (N� 5) ions with perfect Ih symmetry. Here we

extend this treatment of spherical aromaticity to a set of well-
known inorganic cage compounds and demonstrate that they
are highly aromatic because of the closed-shell nature of both
their s and p systems.

Tetrahedral clusters P4 and As4 form metastable solid
allotropes, whereas Sb4 and Bi4 are high-temperature mod-
ifications existing only in liquid or in the gas phase.
Tetrahedral N4 (Td), being the most stable singlet N4 isomer,[2]

was recently generated in a plasma as the first neutral
polynitrogen species.[3] The calculated nucleus-independent
chemical shifts (NICS)[4, 5] at the cage centers of these Td-
symmetrical clusters with optimized bond lengths (Figure 1)
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Figure 1. Optimized bond lengths [�] and NICS values [d] for E4 (Td)
clusters (E�N, P, As, Sb, Bi).

are given in Table 1. The highly negative NICS values of all
clusters are a result of pronounced diamagnetic ring currents.
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result of the addition of four individual increments consisting
of three-membered rings, but a new quality of the entire cages.
This is clearly reflected by the fact that: 1) the NICS and the
NICS per valence electron (NICS/e) values in the center of
the cages are considerably more negative than those in the
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(Hewlett-Packard model 5890II) fitted with a capillary column (J&W
DB-WAX) and a flame-ionization detector.
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