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Open-framework and microporous solids comprise a
fascinating class of materials with most of their interesting
properties resulting from the fact that the frameworks
divide space into occupied and unoccupied regions with
dimensions on the order of small molecules. The most
well-known use derived from this partitioning of space is
the ability of these microporous solids to sorb small
molecules into these voids. The naturally occurring and
synthetic microporous solids, most of which are silicoalu-
minates? and aluminophosphates,® are closed shell dia-
magnetic solids. Recently, however, some progress has
been made toward preparing organically templated mi-
croporous solids containing transition elements as sto-
ichiometric framework constituents in the molybdenum
phosphate* system. Open-framework oxides like these
could have useful properties, derived from the enhanced
catalytic activity combined with shape-selective absorp-
tivities and the possibility of generating vacant coordi-
nation sites on the transition element component, when
compared to the Si- and Al-containing materials. We
recently extended the synthesis of organically templated
three-dimensional (3-D) open-framework transition-metal
oxide to include materials in the vanadium phosphate
system.>7 Examples include (H3N(CH3);NH3)K[(VO)3-
(PO4)3],% chiral intertwined double helices in [(CHz)sNH,]-
K4 [V10010(H20)2(0OH) 4(PO4)7]-4H208 and very large eth-
ylenediamine filled tunnels in (NH3(CH3)>,NHj)s 5-
[V(HzO)z(VO)s(OH)4(HPO4)4(PO4)4]-2H20.7 We report
here the synthesis and structural characterization of
(NH3(CHz)sNH3) [(VO)3(OH)2(H20)2(POy)2] (1), a new
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Figure 1. View of the unit cell contents projected down [100]
parallel to the propanediammonium (PDA) filled tunnels. The
V are represented by the octahedra and square pyramids while
the phosphate groups are drawn as tetrahedra.

organically templated, open-framework 3-D vanadium
phosphate which displays interesting and complicated
magnetic properties.

The hydrothermal reaction of H3PO,:VCly:1,3-diami-
nopropane:Hs0 in the mole ratio of 8.21:1:12.02:1115 at
200 °C for 48 h gives an 86% yield (based on VCL) of
single phase (1) as dark blue plates which crystallize in
the orthorhombic space group Pnma.? Structurally com-
plicated phosphate 1, like other of our organically tem-
plated V-P-0O materials that self-assemble from struc-
turally simple precursors,>7® contains an anionic 3-D
framework with the organic cations residing in tunnels
within the framework. A view of the unit cell contents
projected down [100] parallel to the propanediammonium
(PDA) filled tunnels is shown in Figure 1. The basic
structural motif is built up from vanadium trimers and a
single crystallographically unique phosphate group that
create the anionic framework encapsulating the organic
templates. The -NHj3* groups of the PDA cation are
strongly hydrogen bonded to the framework!® with the N
making contact to four framework O atoms at 2.85(1),
2.86(1), 2.91(1), and 2.98(1) A. The trimers (Figure 2),
which lie on the crystallographic mirror planes that are
perpendicular to the b axis at b = 1/,and 3/4, consist of two
distorted VOg octahedra on the ends of the trimer and a
square pyramidal VOj; located in the center. The two
octahedra have short vanadyl (V=0) groups (V1-05 =
1.601(8) A) trans to aquo ligands!? that have long V1-07
bonds of 2.363(5) A. Valence sum calculations confirm
that all of the V are present as V4+.11 The central square
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Figure 2. V** trimers which lie on the crystallographic mirror
planes that are perpendicular to the b axis at b = !/, and ¥/,.
There are two distorted VOg octahedra on the ends of the trimer
and a square pyramidal VOjs in the center.

Figure 3. View of the unit cell contents projected down [001].

is bridged to the octahedra via u2-OH groups with V1-OH
= 1.980(5) A and V2-OH = 1.968(5) A (Figure 2). The
trimers are connected by the phosphate groups intostacks,
which are reminiscent of ladders with the square-pyramidal
vanadium centers as the rungs, that run parallel to [100]
as shown in projection down [001] in Figure 3. If only
covalent bonds are considered, then the trimers are
effectively isolated from one another by the POy groups
and the nearest V..V interactions are via V-0~-P-0-V
linkages. But closer inspection of the structure shows
the presence of very short non-bonded V=0...0=V
interactions, of only 2.81(1) A, which appear in projection
in Figure 3 as being located at the origin as well as at the
edge and face centers of the cell.

Phosphate 1 displays very interesting and unusual
magnetic properties. At room temperature the V atoms
display an effective magnetic moment near 3 up consistent
with three noninteracting S = 1/; V4* centers. As the
sample is cooled, deviations from Curie-Weiss behavior
become apparent below ca. 50 K and the magnetic moment
begins to decrease. Studies of the susceptibility of 1 as a
function of temperature and applied measuring field are
showninFigure 4. Thedecreasein x below 50 K manifests
itself in a broad local maximum near ca. 6.5 K, as shown
in Figure 4B, suggestive of short-range antiferromagnetic
ordering possibly attributable to the antiferromagnetic
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Figure 4. Magnetic susceptibility x (M/H) (emu mol-!) as a
function of temperature (K) for 1. The numbers on some data
points are the applied measuring fields in gauss (a and b) or
kilogauss (c). In (d), the sample was cooled in a 10-G field and
measured in a 100-G field.

coupling of the spins between the trimers. Near 5.2 K the
material undergoes an ordering into a weakly ferromagnetic
state. The transition is extremely sensitive to the mag-
nitude of the measuring field and x below the ferromag-
netic transition is initially suppressed as the field is
increased as shown in Figure 4A,B, but this trend is
reversed as the measuring field is increased further. As
the measuring field is increased above 2.5 kG, the lower
temperature susceptibility once again begins to increase
(Figure 4C) and continues increasing at the highest fields
(ca. 20kG) westudied. When samples are cooled in cooling
fields near zero and then measured upon warming in small
applied fields (Figure 4D), there are indications of a still
more complicated magnetic phasediagram. Aninteresting
question is the nature of the longer range interactions
developing, even though the magnetically active trimers
are separated from one another by the insulating phosphate
groups. As mentioned above, the vanadyl oxygen atoms
of the octahedral VOg at both end of the trimer contact
the V=0 groups of two adjacent trimers at 2.81 A which
is essentially the van der Waals radius for O. Polarization
of the = electrons of the V=0 groups could provide a
possible exchange pathway for the longer range interac-
tions. However, until the complicated interactions can
be successfully modeled, these hypotheses remain spec-
ulative.

The incorporation of the large PDA cations into a
vanadium phosphate material extends the open-framework
transition element phosphates into a large pore size range.
Additional experiments involving template removal to
access the potential internal micropore volume, as well as
additional magnetic measurements, are currently under
way.
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