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Single-crystal structures were obtained of several vanadium-substituted forms (with coexis-
tent Cu ions) of heteropolyacid catalysts prepared via hydrothermal synthesis. All V-contain-
ing species are of the inverse Keggin type; excessive addition of Cu reverts the structure back to
the normal Keggin form. Structural details of the two poly-anions indicate qualitatively differ-
ent bonding of the bridging oxygen atoms active in catalysis. From the single-crystal data refer-
ence powder patterns of the two base structures were simulated and experimentally verified.
Failure to observe these patterns in clear form in conventional diffraction experiments is traced
back to rapid changes in the state of hydration of the materials, with time constants compar-
able to acquisition times of powder diffraction data. Thermal dehydration leads to intermedi-
ate structures different from those subjected to dehydration in air. The anhydride of PVMoy, is
stable up to 670 K.

Keywords: Structure-activity relationships; isobutyric acid; methacrylic acid; bifunctional
catalysts

1.Introduction

Heteropolyacids [1] (HPA) of the Keggin type [2] are good bifunctional cata-
lysts [3] providing Brensted acidity and oxygen transfer (redox) functions. The
synthesis of methacrylic acid (MAA) from isobutyric acid (IBA) is a particular
application in which the bifunctional character of the HPA is fully exploited [4].
The basic catalyst system is HsPVMo;1;04 - 32H,0 (PVMoy;) which provides an
active and selective catalyst [5]. Promoters like Cs and Cu were used to increase the
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lifetime of the system and to further improve the selectivity [6]. Little is known,
however, about the mode of operation of these promoters and the structure of the
catalyst under working conditions. Despite the unusual hydrothermal synthesis of
the catalyst from insoluble oxides it is generally assumed that the starting catalyst
contains the Keggin anion which is obtained in pure form by precipitation [7].
Much more information supporting this assumption is available on the parent het-
eropolyacid H3PMo;,049 - XH,0 (PMoy,) which was investigated as partially
deprotonated salt system by several groups showing that under their particular
reaction conditions part of the material was of the Keggin structure and part of the
material disintegrated to MoOjs [8]. An advantage of the PVMoy; system is the bet-
ter thermal stability [8] (as compared to the PMoy;) thereby allowing a larger con-
tent of free acid in the catalyst. The problem of thermal degradation in the present
systems is much more severe than in the isostructural heteropolytungstates [9].

To study the exact nature of the catalyst under working conditions we first inves-
tigated the structure of the catalyst system. A recent detailed study on the deactiva-
tion of PVMoy; in selective oxidation of IBA gave evidence for the at least partial
disintegration of the HPA without having proof for the existence of the HPA struc-
ture under catalytic conditions, i.e. it was clearly found that the system loses Mo
but it is not clear from which parent structure [10]. In the present contribution we
report single-crystal structure determinations of catalyst materials which were
grown from hydrothermal synthesis. In addition, the data were used to construct
the powder diffraction patterns of these well characterised reference systems. It is
demonstrated that with this information the complex diffraction information
obtained from catalyst systems under various conditions can be analysed.

The crystal structures of heteropoly compounds are described [11] in terms of
primary structures of the poly-anions and of secondary structures comprising the
relative orientation of the anions, the arrangement of the crystal water and the pos-
sible formation of microporosity in salt derivatives [12]. Powder X-ray diffraction
is sensitive to the secondary structure determining the cell-size and symmetry and is
thus a sensitive tool to monitor changes in the hydration and effects of salt-form-
ing cations [13]. (Powder diffraction patterns contain only limited information
about the primary structure which dominates the single crystal information as the
water molecules are often disordered and contribute only limited scattering power
to the whole structure.)

The PMo;y; primary structure consists of a central tetrahedron PO, which deter-
mines the molecular symmetry. It is surrounded by four groups of edge-sharing
octahedra (M3 triplets) which are interconnected via corners. For the catalytic
properties it is important to state that four groups of differently coordinated oxy-
gen atoms with widely varying Mo—O bond lengths exist in the structure, namely
four central atoms linking the P atom with the octahedral shell (O;), 12 terminal
Mo-0 atoms (O,) and 24 O atoms in bridging positions in the octahedra which can
be divided in one group of 12 atoms within one triplet (Op;) and 12 atoms linking
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the triplets with each other (Oy;). These bridging atoms were found to be active as
oxygen donors [14] reversibly resupplied from gas phase oxygen [15].

The secondary structure of the water-richest form of PMo;; can be described as
a face-centered-cubic unit cell (¢ = 2.3 nm, Z = 8) with each anion being rotated
by 90° with respect to each other. The anions are interconnected by bridges of
H;sO7 units resulting in a non-dense arrangement of the anions with large voids
interconnected to a 3D channel system. These channels are filled with the residual
water molecules being presented in highly disordered form.

The primary structure of PVMoy; was first determined for the PV;Moyg analo-
gue [16] and found to exhibit an “inverse-Keggin” structure. This anion consists of
a disordered PO, unit forming on average a cube around which the MoOg octahe-
dra form a cubooctahedron. This much more open structure requires highly dis-
torted MoOg octahedra with three distinctly different types of oxygen atoms. It is
noted that this structure was criticized for the disorder in the central unit by crystal-
lographic arguments and tried to be traced back to a twinned crystal of the normal
Keggin structure[17].

The relatively loose packing allows diffusion of polar molecules within the
whole bulk of the material and gives potential access to all primary units for cataly-
tic conversion of polar molecules.

For the desired catalytic function the HPA must retain at least partial Brgnsted
acidity with some protons being neutralized to enhance the thermal stability. Such
partially neutralized materials seem, however, not to be single phase but rather be
composed of a mixture of free HPA and completely neutralized salts [18].

With this information it is easy to show that the hydrothermal synthesis product
is structurally identical to the material described above by powder X-ray diffrac-
tion. The stated sensitivity of this method applied under conventional conditions
with samples prepared and measured in air does, however, not furnish conclusive
and reproducible results. Often very poor patterns [13] or diffractograms with
many lines allow no straightforward indexing [19] or preclude even phase analysis
by fingerprinting.

2. Experimental

The materials were synthesized hydrothermally from stoichiometric mixtures
of metal oxides (MoOj;, V;,0s5, CuO) heated in diluted phosphoric acid. This
(industrial) synthesis entails a complicated sequence of reactions, to be described in
detail elsewhere. The integrity of all samples was checked by EDX analysis of all
single crystals used and by *'P and *'V solid state NMR in addition to conventional
chemical analysis and IR spectroscopy (samples as KBr disks). Powder X-ray dif-
fraction was performed on a STOE STADI P instrument (copper or cobalt radia-
tion) equipped with a focussing Guinier transmission goniometer and a 40°
position-sensitive detector. Samples were either measured in sealed Lindemann
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tubes or, for the dehydration experiments as slurries with mother liquor between
X-ray transparent plastic films. Temperature-dependent experiments were per-
formed using a modified Biihler furnace and a reflection goniometer with post-
monochromator and a scintillation counter. Temperatures and diffracted angle
scales were calibrated using silicon and potassium nitrate as standards. Single crys-
tals were sealed and fixed with paraffin into Lindemann tubes and measured on a
STOE AED 1I 4 circle diffractometer with molybdenum radiation. Relevant
details of the structure determinations and data collection are given in the appen-
dices.

3. Results and discussion

The catalytically relevant HPA contain V substituted for Mo, and Cu presum-
ably as cation for partial neutralisation. As both elements influence the catalytic
performance we first determined the single-crystal lattice parameters of a variety of
materials. In addition, it seemed appropriate to show that conventional alkali salt
synthesis and industrial catalyst synthesis lead to the same structures, a problem
which could not be solved by powder diffraction. Table 1 reports the results. The
data show that the PMo;; samples obtained by the hydrothermal synthesis are of
the same structure as described in the literature. In addition, the presence of small
amounts of copper has no significant influence. All vanadium-containing samples
are isomorphic and isostructural to the inverse Keggin type from the literature. The
degree of substitution of V for Mo has little systematic influence on the lattice
parameters, i.€. there is little chance to structurally determine this catalytically [20]
important parameter.

Table 1 further shows that the structures of the vanadium HPA deviate system-
atically from that of the pure compounds. (It seems rather unlikely that all our crys-
tals should have been twinned only in the presence of vanadium.) Contrary to the
crystallographic arguments against the inverse Keggin structure, this present

Table 1
Lattice parameters of HPA catalysts determined from single crystals. All dimensions are given in
nm

Sample Space group Lattice parameter

a c volume
H2_5 CU()Az [PM012040] . 30H20 Fd-3m 2.330 — 12.7333
H,Cu[PVMo;;04] - 30H,0 Fd-3m 2.3214 - 12.5098
H4[PMo1204] - 30H,0%* Fd-3m 2.325 - n.d.
Hj; 6Cuy2{PVMo;104] - 32H,0 P4/mnc 1.2922 1.8461 3.0826
Hai6Cup2[PV2Mo019O04] - 32H,0 P4/mnc 1.2890 1.8310 3.0482
H;s ¢Cup2[PV3Mos04] - 32H,0 P4/mnc 1.2870 1.8427 3.0545

Hs[PV;Mo;4040] - 30-36H,0'¢ P4/mnc 1.2858 1.8341 3.0323
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observation is a chemical argument in favour of the existence of the inverse Keggin
structure caused possibly by the electron deficiency in the poly-anion resulting
from the substitution of Mo (d* valence) by V (d* valence). For catalytic purposes it
is important to estimate the effect of this substitution on the Mo-O bonds as any
discernible difference in chemical bonding could lead to an interpretation of the V
promoter effect as an electronic modification of the HPA.

The insensitivity of the structural parameters to the extent of substitution of
Mo points to the presence of V in a rather similar environment as the Mo is in the
parent structure. The irregularities in the lattice parameters further suggest that the
samples are microheterogeneous, i.e. despite the macroscopically stoichiometric
composition each crystal may contain locally varying degrees of substitution with
the X-ray diffraction yielding an average. This was confirmed by a 3!V solid state
MAS-NMR experiment using single crystals of the nominal composition
PV,Moyy. Fig. 1 shows that at least three different V chemical environments occur
in this by X-ray diffraction single-phase material. The resonance at —523 ppm
occurs as single line in PVMoy; crystals. This means that the PV,Mo;4 phase con-
sists of some monosubstituted material, of a main fraction of disubstituted mate-
rial and to balance the composition of a fraction of higher substituted HPA.
Corresponding experiments on even higher substituted samples confirm the trend
seen in fig. 1 with an increase in the resonance intensity for ‘“higher substituted”
material in parallel to the presence of mono- and disubstituted material. It is noted
that all V- containing HPA samples give discrete isotropic chemical shifts despite
the non-perfect octahedral symmetry of the chemical environment (see below). In
such environments of binary vanadates the resultant spectrum at high field (7 T) is
dominated by the chemical shift anisotropy (CSA) and rather complex side band

\

-510 -520 -530 -540 -550 -560 ppm

Fig. 1. 3!V solid state NMR spectrum of single crystals of PVMoy as 32-hydrate.
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patterns should be expected [21]. Possibly, some intramolecular dynamics within
the anions averages out the CSA for the >V NMR.

Detailed single crystal structure analyses were performed with crystals of
HzCll[PVMOuOm] . 30H20 and of H3.6Cu0_2[PVM011040] . 32H20. According to
previous findings, the same inverse Keggin structure was expected as both crystals
contain vanadium (checked by EDX). The sample poor in copper showed the
expected structure in agreement with the data in table 1. The copper-rich sample
was, however, of the normal Keggin type. This indicates that the cations neutraliz-
ing the HPA molecules can also exert a significant influence on the primary struc-
ture. Neither the substituted vanadium nor the peripheral copper atoms could be
located, however, in the crystal structures. The flatness of the residual difference
Fourier synthesis maps of both crystal structures of about 0.9 €~/0.001 nm?
excludes the localisation even of an only weakly occupied preferred position of the
Cuspecies.

Full descriptions of the crystal structures are in the literature [11,16,17]. Using
the present data some details of the structures will be highlighted which are relevant
for the catalytic application. In fig. 2 a central section through one normal Keggin
unit is shown. The internal POy tetrahedron can be seen clearly. The regular shape
of the tetrahedron is a consequence of the local symmetry and not given by chemi-
cal reasons. In fact, around the P atom there is residual electron density indicating
a slight deviation from the ideal tetrahedron. The MoOs octahedra are rather
asymmetric with four exactly coplanar bridging oxygens of 0.1901 nm to 0.1905 nm

Fig. 2. Section of the Keggin poly-anion showing the connection scheme between the central PO, tet-
rahedron and the MoQjg octahedra. Details of the asymmetries are described in the text. The displace-
ment elipsoids denote 25% probability radius.
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Mo-0 bond distances. The O—Oy, distances vary between 0.2756 nm and 0.2851
nm defining a fairly regular base of the octahedron. One very long Mo-O bond
(0.2444 nm) interconnects the octahedron via O; to the central atom (P-O bond
0.1500 nm). The other apical Mo—O bond to the terminal oxygen O, is with 0.1679
nm very short. The average of the two apical bonds is close to the planar Mo-O
bond distances. The central Mo atom is located 0.043 nm above its ideal position
(see bottom octahedron in fig. 2). In summary, the chemical anisotropy of the
MoOg octahedra can clearly be seen. Only Oy, atoms located in the planes of the
octahedra can be used for oxygen transfer purposes as the temporal loss of one of
these atoms would not seriously destabilize the whole anion; the open O, atoms are
too closely bonded to the central atom and the loosely bonded O; atoms are inacces-
sible for exchange purposes. In addition, they seem indispensable for the structural
integrity of the whole unit.

The bonding scheme in the inverse Keggin structure is illustrated in fig. 3. The
central coordination polyhedron is a cube resulting from a statistical occupation of
two orientations of the PO4 unit. The situation plotted is an average projection as
seen by the static X-ray diffraction experiment. The two orientations of the POy
units cause a different bonding pattern to the MoOg units. Their average structure
is now a sevenfold coordinated Mo central atom with the long apical bond split in
a fork-like fashion. These forks are present in two orientations relative to the cen-
tral ligands causing two inequivalent distorted octahedra to existin theratio 2 : 1in
the structure. The symmetry of the cube is again determined by the site symmetry

Fig. 3. Section of the inverse Keggin poly-anion showing the connection scheme between the disor-
dered PO, group (averaged as a cube) and the distorted MoOg octahedra.
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Inverse Keggin

Fig. 4. Packing arrangements of the normal and the inverse Keggin structures.
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of the space group; no indication by residual electron density was found for a real
lower symmetry of the central polyhedron. The P-O bond (0.154 nm) is longer than
in the normal Keggin unit. The Mo-Oy, distances (from 0.1886 to 0.1901 nm) are
slightly shorter than in the normal Keggin octahedron. The apical short Mo-0, dis-
tance (0.1639 nm) is shorter than in the normal structure. Consequently, the Mo-
O; bond to the central unit is elongated with 0.2469 nm. The bases of the octahedra
are even more symmetric than in the normal Keggin unit with a variation in the
0Oy—0y bond distances of 0.2743 to 0.2746 nm. The strong deviation of the bonding
between the central unit and the shell polyhedra from a regular octahedron justi-
fies a description of the structure as central cube surrounded by 12 edge-sharing
quadratic pyramids. The angle between the pyramids within one layer is 91.8°, the
angle between pyramids in successive layers is 139.8° so that an elongated cubocta-
hedron results (see fig. 4) as coordination figure for the whole poly-anion.

In summary, the orientational disorder of the PO, unit in the inverse Keggin
structure causes a different scheme of connection of the MoQOg octahedra which in
turn leads to slight changes (statistically significant outside the standard devia-
tions of the parameters) in the Mo—O bond distances. One consequence of the two
different connection schemes is the different shape of the poly-anions being almost
spherical in the normal Keggin structure and more elongated in one direction in
the inverse structure. The average diameter approximated by a sphere is rather
similar for both units with 1.031 nm for the normal Keggin unit and 1.038 nm for
the inverse Keggin anion.

The slight difference in shape of the anions causes a different packing scheme
and hence different secondary structures leading to the grossly different lattice
parameters of the chemically similar materials. Fig. 4 illustrates this with projec-
tions of the unit cells along (111). The different shape of the primary structures is
apparent as well as the 90° rotation of the units with respect to each other. The units
are interconnected via hydrogen bonding of water molecules placed between the
“pins”’ of outward-directed Mo—O; bonds. The distance between two ““‘pins’ in two
anions is 0.3206 nm. The void structures capable of storing additional water or pro-
viding channels for diffusion of polar molecules can also be recognised.

In fig. 5 a larger portion of the packing of the PVMoy; structure is displayed. In
this (100) projection the “surface” of the material being formed by the strongly
bonded O; species is clearly recognised. These oxygens provide sites for anchoring
substrate molecules via hydrogen bonding. The channel structure of the solid is
clearly visible allowing all primary units to participate in catalytic action on small
molecules.

In summary, from the single crystal structures of PMo;; and PVMoy; there is
no evidence for a significant effect of either V or Cu promotion on the Mo-O bond
distances. One consequence of the disorder in the central POy unit leading to the
inverse Keggin structure is a modification of the Mo-Mo distances: the normal
Keggin structure is composed of four triplets of octahedra in which the Mo-Mo
distances are 0.340 nm. The Mo-Mo distances between corner-sharing octahedra
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Fig. 5. Expansion of the packing scheme of the inverse Keggin structure. The central frame indicates the unit cell shown in fig. 4.
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occurring at the links of the triplets are elongated to 0.370 nm. In the inverse Keg-
gin structure no grouping to triplets occurs with the consequence that only one
Mo-Mo distance is observed of 0.390 nm. In addition, the Mo—O; bond is qualita-
tively different in the two structures: in the normal Keggin unit the bond direction
is perpendicular to the base of the octahedron (see fig. 2) and thus in line with the
d-orbital direction. In the inverse structure the fork-like bonding causes an angle
between the central plane of the octahedron and the O; bond of about 70° represent-
ing a significant “misalignment” of this bond with respect to the d-orbital direc-
tion. If the suggestion of significant covalent bonding in the HPA anions [22] is
followed, these geometric differences may have implications on the bond strengths
of the catalytically important Mo-Oy bonds and thus on the oxygen transfer
activity of the two types of HPA anions: the bond angles Mo-O,—Mo are 138.9° in
the inverse structure and 152.1°/126.7° in the normal Keggin structure. However,
the structural information is an average bulk information and cannot contribute
information about the local chemical environment of the V substituted M—Og
octahedra.

To approach the nature of the active phase of the PVMoy; catalyst under reac-
tion conditions an in situ powder diffraction experiment has to be performed
requiring detailed knowledge of the diffraction pattern of the verified PVMoy;
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Fig. 6. Powder diffraction pattern (Cu radiation) of PVMoy; in the 32-hydrate form. The top trace
is the simulation from the single crystal data, the bottom trace represents an experimental pattern.
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material. Using the experiences in preparing single crystals of the material and cal-
culating the theoretical powder diffraction pattern from the single crystal struc-
tural data it was possible to obtain the patterns in fig. 6. The top trace shows the
theoretical powder pattern of PVMoy; as 32-hydrate whereas the lower trace repre-
sents the experimentally measured pattern. The agreement is excellent and allows
to use this pattern as reference in further structural work. The same procedure was
carried out with the normal Keggin structure leading to the same good agreement
with experiment and also to a theoretical pattern derived from a crystal structure
[22] of pure PMoy;. This agreement shows that powder X-ray diffraction alone is
inadequate to characterize the substitutional status of the HPA catalysts used in
the MMA synthesis. Table 2 lists the principal indexed diffraction lines for both
phases.

Powder diffraction of catalyst materials measured dry in air often yield diffuse
patterns which are difficult to index or indicate the presence of more than one
phase. This is not due to an intrinsic ill-defined catalyst but occurs as an artifact
from dehydration during data acquisition. The phenomenon was followed with
PVMoy; in a time-resolved diffraction experiment the result of which is displayed
in fig. 7. The group of reflections at low angles is indicative for the change in the
secondary structure and shows by its initial increase in intensity a crystallisation
process (in the mother liquor) followed after about 50 min by a gradual phase
change over ca. 125 min (splittings, loss of intensity) into a stable form persisting
for several further hours. The whole change is due only to a loss of water as was

Table2
Calculated powder diffraction data for PMo;; and PVMo,; samples in their highest hydrate forms.
Only reflections with significant intensities are given

PVMO]] PM012
d-spacing hkl int. d-spacing hkl int.
10.528 101 100 13.226 111 100.0
9.170 002 6.8 8.221 220 9.1
9.091 110 10.8 5.335 331 1.1
5.521 103 8.6 4.475 333 3.8
5.486 211 4.1 4.110 440 1.0
3.385 313 9.8 3.546 533 2.1
3.228 224 7.8 3.356 444 8.0
3.118 410 5.3 3.256 711 1.0
3.080 323 15.2 3.027 533 3.6
2.815 324 6.0 2.906 800 2.1
2.685 555 1.9
2.552 911 14
2.478 664 1.8
2.337 755 14

2.280 862 1.0
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Fig. 7. Time-resolved powder diffraction data (Cu K,, focussed geometry) of the 32-hydrate of
PVMoy;. Successive scans were recorded every 25 min with the sample kept at 300 K between plastic
foilsin air without a gas stream.

shown by a linear correlation between the weight change of the material in air and
the intensity change of characteristic reflections for the 32-hydrate phase of
PVMoy;. The weight loss is featureless and converges to a value of hydration of
about 24 moles waterinagreement with literature [7] data (24-25 moles). The dehy-
dration process is complicated as follows from a plot of the total integrated inten-
sity of the diffraction patterns as function of time: a pronounced minimum at
maximum conversion rates indicates an X-ray amorphous intermediate state of the
sample. The experiment yields as second reference diffraction pattern that of the
24-hydrate which can also be obtained quickly and reproducibly by warming the
samplein air to 330K.

Further drying at 300 K in vacuo or over H,SO,4 leads to new patterns very rich
in lines. The next lower 14-hydrate is indeed a triclinic structure [19] the simulation
of which from published single crystal data [23] agreed well with our experimental
observation and a previous simulation in the literature [8]. It is noteworthy that the
diffraction patterns of strongly dehydrated PMo;; and PVMoy; materials become
more and more similar to each other. This analytical difficulty is caused by the fact
that after excessive dehydration the secondary structures of the HPA become pro-
gressively more similar as they approach the closest possible packing of the poly-
anions.
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Higher substitution of Mo by V significantly stabilizes the compounds against
dehydration in air. The PV;Mo019O49 phase in its 32-hydrate form is stable for over
200 min in air before detectable dehydration sets in which is finished after 24 h at
the level of an about 27-hydrate. The corresponding diffraction patterns are almost
unchanged in their lattice parameters. The two additional acid functions caused
by the substitution increase the ““stiffness’ of the framework of the secondary struc-
ture (see figs. 4, 5) such that partial loss of water molecules does not significantly
shrink the unit cell.

The dehydration process leads to different products if simultaneously heating
and a dry nitrogen stream are applied. The heating cycle of such an experiment with
PVMoy; material is shown in fig. 8. The nitrogen stream converts the 32-hydrate
at 300 K immediately into the 24-hydrate giving rise to the first pattern. At 330 K
we observed the 6-hydrate phase without going through the stage of the 14-hydrate.
The following patterns are all characteristic of the anhydride: this poorly crystal-
line material is reversibly converted to the 24-hydrate upon cooling in air to 300 K.
The final sharp pattern is observed after heating to 700 K and represents MoOs:
this conversion is irreversible. No other phases of vanadium or copper oxides or
mixed compounds can be identified. Similar but less complete data are reported in
the literature [19] in film experiments with the sample held in moist air.
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Fig. 8. Temperature-dependent powder diffraction data of PYMo;; (Co K, reflection geometry).
Data recorded under flowing nitrogen. The indexing for the last trace denotes the reflections of
MoOs.
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4. Conclusions

In search for the structural identity of the HPA catalysts used in the conversion
of IBA to MAA a number of structure determinations with different diffraction
techniques under various conditions were carried out allowing to state the follow-
ing points.

The industrial hydrothermal synthesis of catalysts produces the same structures
as the conventional alkaline salt synthesis route.

Substitution of Mo by V causes a disorder in the Keggin structure leading to
the inverse Keggin structural motif.

Addition of stoichiometric amounts of Cu reverts the structure in the presence
of V back to the normal Keggin type.

The degree of substitution of Mo by V and the phase purity cannot be deter-
mined by X-ray diffraction. Substitution in excess of 1 V per poly-anion leads to
phase-mixed products as identified by > 1V solid state NMR.

Neither Cunor V can be localized in the structures by X-ray diffraction.

Different connection schemes in the two types of poly-anion structures lead to
rather similar Mo-O bond lengths but significantly different Mo-O,~Mo bond
angles which may have implications on the oxygen transfer activities of the two
poly-anion types. The packing of both primary structures is different due to small
modifications in the shape of the units. In both structures the surfaces of the poly-
anions are determined by pin-like Mo-O, bonds keeping the units from forming
close-packed structures and allowing the water molecules to form a labile frame-
work of secondary structures depending in their dimensions on the extent of hydra-
tion. In the maximum hydrated state the channels are wide enough to permit
polar molecules to penetrate into the bulk of the material and to potentially utilize
catalytically all primary units.

Well-defined powder diffraction reference patterns are now available for phase
identification. Conventional powder diffractionin air is difficult to analyse due to a
rapid de- or rehydration of extreme hydration states to an average state with time
constants similar to typical acquisition times of diffraction experiments. First in
situ diffraction data indicate that both, temperature and gas conditions influence
the pathway of dehydration. A temperature stability limit of 570 K was found for
the PVMoy; phase after which irreversible disintegration to MoOj; occurred.
Higher degrees of substitution render the samples less susceptible to dehydration at
300 K. In highly dehydrated samples discrimination between PMoy; and PVMoy;
materials becomes difficult by powder diffraction.

This information indicates that such catalysts can only be characterised structu-
rally under in situ conditions and additional information about their chemical com-
positions is mandatory for a phase analysis. In addition, the data will allow the
analysis of diffraction experiments under reaction conditions currently being done.
The structural details now available may stimulate further work to elucidate the
mode of operation of these versatile catalytic chemicals.
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Appendices

Appendix 1. Details of the single crystal structure determination of the normal
Keggin sample H; 6Cug 2[PMo0;3;04) - 30H,O.

lattice parameters (A) 23.214(3) Rt (0) 2.82
space group Fd-3m No(Fy>4.00(Fp)) 291
volume (A%) 12510(3) N, 34

z 8 min. transmission 0.5628
MG 1918.3 max. transmission 0.7617
Dcalc(Mg/m?) 2.037 e 0.001
absorption coeff. (mm™!) 2.369 R(%) 6.41
F(000) 7096 Rw (%) 6.18
26° 3.0-50.0 " GOF 1.85
I 1572 8(e/A%) 1.00
unique data 576 —0.76

2 Inweighting scheme w = 1/[a%(F) + yF?].

Appendix 2. Details of the single crystal structure determination of the inverse
Keggin sample H3 6Cug 2 [PVMo1104] - 32H,0.

Bondlengths (4)

Mo(1)-0(2) 1.639(6) Mo(1)-0(3) 1.889(7)
Mo(1)-0(4) 1.898(8) Mo(1)-0(5) 1.901(7)
Mo(1)-0(5) 1.893(7) Mo(1)-0(7) 2.468(8)
Mo(1)-0(7) 2.459(9)

Mo(2)-0(1) 1.648(8) Mo(2)-0(3) 1.896(7)
Mo(2)-0(4) 1.887(7) Mo(2)-0(7) 2.469(9)
Mo(2)-O(3B) 1.896(7) Mo(2)-0(4A) 1.887(7)
Mo(2)-0O(7D) 2.469(9)

P(1)-0O(7A) 1.530(9)

Bond angles (deg)

0(2)-Mo(1)-0(3) 102.0(3) 0(2)-Mo(1)-0(4) 101.5(3)
0(3)-Mo(1)-0(4) 87.5(3) 0O(2)-Mo(1)-0(5) 101.1(3)
0(3)-Mo(1)-0(5) 156.9(3) O(4)-Mo(1)-0(5) 86.9(3)
0O(2)-Mo(1)-0(5) 101.9(3) 0(3)-Mo(1)-0(5) 88.0(3)
0(4)-Mo(1)-0(5) 156.7(3) O(5)-Mo(1)-0(5) 88.3(4)
0(2)-Mo(1)-O(T) 159.5(3) 0(3)-Mo(1)-0(7) 64.3(3)

O(4)-Mo(1)-0(7) 93.3(3) 0(5)-Mo(1)-0(7) 93.7(3)



B. Herzog et al. / Heteropolymolybdophosphoric catalysts 219

0(5)-Mo(1)-O(7) 64.2(3) 0(2)-Mo(1)-0O(7) 158.5(3)
0(3)-Mo(1)-0(7) 93.1(3) O(4)-Mo(1)-O(7) 63.7(3)
O(5)-Mo(1)-0(7) 64.3(3) O(5)-Mo(1)-0O(7) 93.7(3)
O(7)-Mo(1)-0(7) 42.0(4)

0O(1)-Mo(2)-0(3) 101.1(3) O(1)-Mo(2)-0(4) 102.7(3)
0(3)-Mo(2)-0(4) 87.8(3) 0(1)-Mo(2)-0(7) 159.0(2)
0(3)-Mo(2)-0(7) 93.3(3) O(4)-Mo(2)-0(7) 93.0(3)
0O(1)-Mo(2)-0(3) 101.1(3) 0(3)-Mo(2)-0(3) 86.9(4)
0O(4)-Mo(2)-0(3) 156.2(3) O(7)-Mo(2)-0(3) 64.2(3)
0(1)-Mo(2)-0(4) 102.7(3) 0(3)-Mo(2)-0(4) 156.2(3)
0(4)-Mo(2)-0(4) 87.9(4) O(7>-Mo(2)-0(4) 63.6(3)
0(3)-Mo(2)-0(4) 87.8(3) 0O(1)-Mo(2)-0(7) 159.0(2)
0(3)-Mo(2)-0(7) 64.2(3) O(4)-Mo(2)-O(7) 63.6(3)
O(7)-Mo(2)-0(7) 42.0(4) 0(3)-Mo(2)-0O(7) 93.3(3)
O(4)-Mo(2)-0(7) 93.0(3)

O(7)-P(1)-O(7) 180.0(1) O(7)-P(1)-O(7) 109.3(6)
O(7)-P(1)-O(7) 70.7(6)
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