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Figure 4. Angular dependence of the resonance magnetic field
of a composite cast film of FeCl,.

magnetic anisotropy. The composite cast films were
maintained at given temperatures (20-80 °C) for an hour
and their ESR spectra were measured at room tempera-
ture. The AH, remained unchanged up to 60 °C but
drastically decreased from 1.3 to 0.3 kOe at the tempera-
ture region between 60 and 80 °C. The gel-to-liquid crystal
phase transition of the matrix bilayer was shown to occur
at 68 °C by differential scanning calorimetry.® X-ray
diffraction of this composite film gave peaks only up to
the second order after heat treatment at 80 °C for an hour,
indicating that the multilayered structure of the cast film
became disordered by heat treatment at temperatures
above the phase transition. Therefore, the observed
magnetic anisotropy is produced by anisotropic crystal
growth during the hydrolysis of FeCl,, The magnetite
particles formed remain anisotropic due to the regular,
multilayer structure of the matrix film. However, once the
multilayer structure is disordered by its phase transition
to the liquid-crystalline state, the original orientation of
magnetite particles is lost.

In this paper, the in situ formation of iron compounds
in cast multibilayer films and their magnetic properties
are described. Magnetite was produced as confirmed by
electron diffraction. The magnetic anisotropy of iron oxide
composite film is achieved by ordered orientation of
magnetite particles in a ordered multibilayer film.
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Metal organophosphonates form a group of layered solid

compounds with alternating organic and inorganic layers.
0897-4756/90/2802-0091$02.50/0

Such compounds exhibit interesting sorption and catalytic
properties and serve as models for organic/inorganic in-
terfaces.'? Vanadyl organophosphonates have been shown
to intercalate alcohols by coordination of the intercalating
molecule to the vanadium atom in the inorganic vanadium
phosphate layer.? Previous interpretation of the mecha-
nisms of these intercalation reactions has relied on as-
sessment of the variation in unit cell dimensions deter-
mined by powder X-ray diffraction data as both the size
of the organic group attached to phosphorus and the in-
tercalating alcohol molecule were varied. Detailed struc-
tural information has been unavailable due to the lack of
suitable single crystals for X-ray analysis, despite nu-
merous and varied attempts at crystal growth. We have
now found that crystals of vanadium organophosphonates
and the corresponding arsenates can be grown under hy-
drothermal conditions. In this report, we describe the
hydrothermal synthesis and single-crystal structure of
VO(CgHzPO5)-H,0 and compare its structure and prop-
erties with a phase of similar composition previously de-
scribed.

An excess (0.952 g) of C;H;PO(OH), was added to 0.30
g of V,0; (both reagents obtained from Alfa, V:P = 2/,),
and the mixture* was placed in a 23-mL Teflon-lined au-
toclave (Parr Instruments). The reaction vessel was filled
to 80% capacity with distilled water, sealed, and main-
tained at 200 °C and autogenous pressure for 4 days. At
the end of this period the resulting platy, light green solid
{0.660 g, 68.5% yield based on V) was removed, washed
several times with distilled water (a blue filtrate indicated
the presence of unreacted VO?*), and dried in air at am-
bient temperature.

Powder X-ray diffraction analysis indicated a single-
phase, layered material had been produced with multiple
orders of a 14.2-A layer spacing readily apparent. Chemical
analysis® suggested the formula VOC¢H;PO3H,0. Ther-
mogravimetric analysis (2 °C/min) in air showed a mul-
tistep weight loss starting at 200 °C corresponding to loss
of a water molecule followed by loss and/or reaction of the
organic component. The total weight loss observed
(31.8%) corresponded to complete conversion of the ma-
terial to VOPO,. A crystal of VOC;H;PO3H,0 of rea-
sonable quality was selected for structural characterization®
by X-ray crystallography after survey of a large number
of inferior crystals that were twinned along the layer
stacking axis. Despite the modest quality of the data
obtained, a consistent structural solution was found.
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Figure 1. View of the ac plane of VOCsH;PO4-H,0 showing the
vanadium/phosphorus oxide layer separated by a bilayer of phenyl
groups.

The structure of VOC H;PO3H,0 consists of layers of
corner-sharing VOg octahedra and PO;C tetrahedra.
Phenyl groups (Figure 1) extend out from both sides of the
oxide layer, resulting in a layer repeat distance of 14.14
(2) A. Each of these groups is anchored to the layer by
a P-C covalent bond, with the phenyl carbon atom occu-
pying the fourth coordination site of each phosphate tet-
rahedron. The oxide layer (Figure 2) is comprised of
corner-sharing VOg octahedra and phosphate tetrahedra.
The octahedra share an axial oxygen, forming —V=0—
V— chains that run parallel to the b axis within the layer.
These chains have alternating short (1.610 (9) A) and long
(2.14 (1) A) V-0 bonds. Each chain is separated from the
next by phosphate tetrahedra, which bond to two adjacent
vanadium oxide octahedra in one chain and a single VOq
in a neighboring chain. Each octahedron in a chain shares
a phosphate tetrahedron with the VO, group on either side
of it, introducing “kinks” into the —V=0—V— chains
{(2V-0-V = 148.4 (5)°). The chains are similar to those
found in 3-VOPO,." The fourth bond in the phosphate
tetrahedron extends into the interlayer space to the carbon
atom of a phenyl group. A molecule of water completes
the coordination sphere of the vanadium octahedron, oc-
cupying a position trans to the phosphate tetrahedron
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Figure 2. View of the b¢ plane of VOCgHPO4-H,0 illustrating
the —V-0-V- chains of the corner-sharing VOg octahedra. The
phenyl groups, which occupy the fourth coordination site of each
phosphorus tetrahedron, have been omitted for clarity. The
unshared oxygen atom in each vanadium octahedron is a water
molecule.

which links the vanadium atom to two VOg groups in the
adjacent —V=0—V— chain.

We previously reported the synthesis of the dihydrate
of vanadyl phenylphosphonate, VO(CgH;PO,)-2H,0, by
the reaction of V,05; with phenylphosphonic acid in re-
fluxing 95% ethanol/water, which yielded single crystals
of inadequate size for structure determination, However,
powder X-ray diffraction data from the microcrystalline
material established that the phase was a layered com-
pound with orthorhombic cell constants a = 10.03 4, b =
9.69 A, and ¢ = 9.77 A, where the b lattice constant cor-
responds to the interlayer separation. Indirect evidence
from magnetic and thermogravimetric data, from the in-
tercalation behavior with alcohols, and from structural
considerations suggested the structure, which can be de-
Scribed as V01/103/2(H20)2/1CGH5P03 2 is Closely related
to that of the mineral newberyite, MgHPO,-3H,0,% shown
in Figure 3. In VO(C4H;PO;)-2H,0 the phenyl groups
from adjacent layers interpenetrate, and two water mole-
cules are coordinated in positions trans and cis to the
vanadyl oxygen atom. These water molecules can be re-
moved thermally, at 100 and 230 °C, respectively. Re-
moval of both water molecules results in a loss of crys-
tallinity that is not recovered by annealing below the
temperature at which the compound decomposes (350 °C).
In contrast the trans water molecule can be reversibly
intercalated below 230 °C.

The inorganic layer portion of the crystal structure of
VOCgHPO4-H,0 is closely related to that proposed for the
dihydrate. However, the difference of one water molecule
in the vanadium coordination sphere drastically alters the
way in which the phenyl groups pack in the interlayer.
Within the inorganic layer, the vanadium atoms which are
coordinated VO,;,04,,(H;0)y/, in the dihydrate become
VO;,5(H,0),, in the monohydrate through the formation
of —V==0—V-— chains. Several other vanadium phos-
phates,® e.g., VOP0,2H,0 and VO(HPO,)-!/,H,0, show
this general type of dehydration behavior, though in these
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Figure 3. View of the structure of newberyite, MgHPO,-3H,0.2
In the structure proposed for VO(CzH;PO;)-2H,0, V replaces Mg
in newberyite, a phenyl group replaces the hydroxyl group on
phosphorus, and the stippled water molecule is replaced by a
vanadyl oxygen atom.

examples condensation occurs between layers rather than
within a single layer. The formation of chains within a
layer results in an available area of 68 A2 to accommodate
two pendant phenyl groups on each side of the layer. Each
phenyl group has van der Waals dimensions of approxi-
mately 3.6 X 6.3 = 23 A2, consequently phenyl groups from
adjacent layers cannot interpenetrate completely but in-
stead form a bilayer arrangement as shown in Figure 1. In
contrast, the presence of an extra water molecule coordi-
nated to vanadium in the dihydrate structure increases the
layer area to 98 A2, sufficient to allow a structure with
interpenetrating phenyl groups.

The magnetic susceptibilities of both compounds were
measured over the temperature range 4-300 K. The re-
ciprocal susceptibility data for the dihydrate were linear
over the whole temperature range, while corresponding
data for the monohydrate exhibit an increase in inverse
susceptibility below ~15 K, reflecting antiferromagnetic
coupling along the —V=0—V— chains. At higher tem-
peratures both compounds have susceptibilities close to
the value calculated for V** ions with S =!/,and g = 2.
The detailed form of x(T) for the monohydrate has not
yet been fully analyzed but will be described in detail in
a future publication.

The similarity between the two structures suggests that
they might be interconvertible. Dehydration of the di-
hydrate below 210 °C does not lead to structural rear-
rangement, and intercalation of alcohols or water into the
resulting monohydrate remains a reversible process. At-
tempts to break the —V=0—V— chains in the hydroth-
ermally synthesized monohydrate have been partially
successful. For example, a very slow reaction with hexanol
is observed at 150 °C which may indicate reformation of
the dihydrate type layers.!! In principle, the two struc-
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calate with water at 70 °C for 3 days were unsuccessful, suggesting a
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tures can be interconverted topotactically without breaking
any bonds other than those between the trans water
molecule and the vanadium atom. In practice, the two
phases are difficult to interconvert below the temperature
at which the cis water molecule is lost because of the ex-
tensive reorganization of the structure required by the
repacking of the organic groups. The formation of the two
phases under the different synthetic conditions can be
understood. The dihydrate structure is obtained in the
presence of ethanol which is incorporated during the re-
action coordinated trans to the vanadyl oxygen. The
presence of this coordinating molecule stabilizes formation
of the more open dihydrate layer structure. In a subse-
quent step this ethanol molecule is replaced by water to
form the dihydrate. The monohydrate is formed at tem-
peratures above the decomposition temperature of the
dihydrate.

The layered compound VOCzH;PO;-H;0 has been pre-
pared and characterized by single-crystal X-ray diffraction.
The structure is consistent with and supports the previ-
ously proposed structural model for the dihydrate. The
two structures are similar in the V-P-O connectivity but
are substantially different in the organization of the organic
interlayers. Comparison of the two compounds illustrates
the complex interplay that occurs between the inorganic
layer connectivity and the interlayer organic packing in
determining the overall structure of systems with alter-
nating inorganic and organic layers.
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Copper—cobalt spinels with general formula Cu,Co; 0,4
(x < 1.0) are well-known for their high catalytic activity
toward the oxidation of CO to CO,. Furthermore when
x > 0.6, they remain active even in the presence of a
catalytic poison such as SO,
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