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Abstract. The review surveys data on the known structures of
polyoxometalates. The changes in this field which have occurred
in the last ten years are traced. Heteropolyacids are considered in
detail as a special case of polyoxometalates: their composition
and structure, methods of synthesis, stability, and acidity. The
bibliography includes 309 references.

I. Introduction
Polyoxometalates are an extensive class of polyoxoanions formed
by Group V and VI metals.' ~3 They can be represented by the
general formulae (MmOv)x~ [isopolyanions (IPA)] and
(XnMmOy)

x- [heteropolyanions (HPA)], where M = Mo, W,
and V and, more rarely, Nb, Ta, or a mixture of these elements
in the highest oxidation states, while X is a heteroatom. Iso- and
hetero-polyanions are historic terms assigned at the time to
families of typical representatives of these classes. As the
chemistry of these compounds developed (particularly vigor-
ously during the last 25 years), the boundary between IPA and
HPA began to blur, which led to a more general name — poly-
oxometalates. ' It has recently been suggested2 that a still more
general name be employed—metal-oxygen clusters. However,
careful examination shows that IPA and HPA constitute merely
an island (although a substantial one) in the vast sea of
metal-oxygen clusters. We shall therefore employ for the
time being the term polyoxometalates or polyoxoanions. The
term heteropolyanions has been firmly retained for the special
case involving the presence of one or several heteroatoms X
within the ligand sphere of a polyoxometalate with X - O bonds.
This applies also to the free protic acids corresponding to the
HPA — they are unambiguously referred to as heteropolyacids
(HPAC).

The set of elements M incorporated in polyoxometalates is
restricted to atoms having a suitable combination of ionic radius
and charge and capable of forming element — oxygen dn-pn
bonds. For the heteroatoms X, there is no such limitation.
Bearing in mind that the heteroatoms can exist not only within
but also outside the polyoxometalate sphere, it is clear that
virtually all the elements of the Periodic System can serve as the
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heteroatoms X with the exception of the noble gas subgroup. The
diversity of the X and M atoms and of their proportions is
responsible for the existence of an enormous number of
polyoxometalates.

The range of applications of these compounds is fairly wide
and includes fields such as catalysis, analytical chemistry,
medicine, electronics, protective coatings, and many others.
The continuously growing interest of investigators in HPA
and IPA is indicated by the extensive review literature.
During the 10 years which have elapsed since the publication
of Pope's monograph in 1983,' about 100 reviews have been
published in English, German, Russian, Japanese, Chinese,
Polish, Czech, and Spanish on the synthesis, structure, proper-
ties, and applications of HPA and IPA. We shall mention some of
the most complete and interesting reviews. Thus the structures of
polyoxometalates have been examined in Refs 2 and 4 -7 ,
and their spectra in Refs 8 and 9. The application of poly-
oxometalates in catalysis,10"14 in analytical chemistry,15"19 for
the preparation of photochromic coatings,20 and in pharmacol-
ogy 17 has been described in fair detail. There are reviews on the
use of polyoxometalates in electrocatalysis21 and photocatal-
ysis.22 More than half of all the reviews are devoted to the use of
polyoxometalates in catalysis, which indicates their effectiveness
as catalysts. One may say that to a large extent the studies on IPA
and HPA (especially HPA and HPAC) have been associated with
their use in catalysis. The frequency of the publication of reviews
concerning the structure, chemistry, and applications of poly-
oxometalates in catalysis and analytical chemistry is sufficient to
trace the rapid changes in these branches of knowledge. At the
same time, for a long time (20 years) there have been no reviews
on the chemistry of defective HPA and their complexes, whilst a
detailed review on the chemistry of HPAC3 was published more
than 30 years ago.

The elaborate chemistry of IPA and HPA has led to the
existence of an enormous amount of spectroscopic data, the
reviews and catalogues of which are extremely useful but their
number is small. A review on nontraditional applications of IPA
and HPA, including nontraditional catalytic reactions, has also
been useful.

The question of the industrial application of polyoxometa-
lates has been dealt with to a very slight extent indeed. Apart from
the wide scale general application of HPA for analytical purposes
on an industrial scale and in research laboratories, only the
employment of HPA and HPAC as catalysts has been
described. 11.20.23-2S

The aims of the present review are as follows: to trace the
changes in the structural chemistry of polyoxometalates which
have taken place after the publication of Pope's monographl and
to represent their entire diversity. Particular emphasis is laid on
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the study of the present state of the chemistry of HPAC in
connection with properties which are important for their
employment in acid catalysis.

II. Polyoxometalates with known structures
After the publication of Pope's classical work,' an enormous
number of communications concerning the determination of the
structures of polyoxometalates by X-ray diffraction (XRD)
appeared. In the course of only ten years, the number of new
structures trebled. The extensive introduction of high-resolution
NMR spectroscopy into practical research made it possible also
to obtain in many instances data the information content of
which was close to that of XRD results. This contributed
significantly to progress in the chemistry of polyoxometalates.
It is nowadays impossible to make any kind of reliable judgments
about the structure of a new polyoxoanion without resorting to
XRD or NMR spectroscopic data.

The principles governing the construction of polyoxometa-
lates have been examined in detaill<2-4-5 and we shall therefore
not deal with this question. The empirical formulae of all the
known IPA and HPA, which exist in solution in the form of
discrete anions, polymeric anions, and anions detected only in the
solid state and whose structures have been established,26"93 are
presented below. Their common feature is their synthesis in
solution or from solution. The structures, differing in the
construction of the inorganic framework of the anion, are
indicated for organic IPA and HPA derivatives. The inorganic
framework is understood as a three-dimensional lattice consist-
ing mainly of Mo, W, V, and Nb (sometimes Ta and Cr) atoms to
which the atoms of any elements other than C, N, and H are
attached. The criteria for the differentiation of the structures are
as follows: the number of atoms in the inorganic framework, the
disposition of the atoms relative to one another without taking
into account the type of atoms, the way in which the atoms are
joined together, and isomerism. The structural distortions
associated with changes in the type of atoms (for example,
when W is replaced by Mo, P by As, etc.) are not taken into
account and the fine details in the secondary structure (the
disposition of the anions and countercations in the crystal lattice)
are also disregarded, apart from the instances where the cations
are linked directly to the framework of the anion (for example, in
lanthanum decavanadate). When a homologous series exists, the
general structural formula is indicated (R is the organic residue).
If a single representative of the given structure is known, the
complete composition of its anion is indicated.

For each structure, the literature references are given to one
source (for an homologous series, as a rule the first source) in
which the structure has been adequately described or to the only
source available (so far as possible, references are given to reviews
in which the structures are described). The IPA and HPA whose
structures have been determined by X-ray diffraction are listed.
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The MggSiW9O37 isomers have been described insufficiently
clearly75 which gives rise to doubts concerning their genuine
existence.

Polyoxometalates with a degree of condensation of the atoms
M in the polyanion not less than 4 are listed above. One cannot
fail to recognise that such subdivision appears somewhat arti-
ficial because species with degrees of condensation of 2 and 3
actually belong to the class of polyoxoanions. Pope1 began his
consideration of polyoxometalates with the lowest polyoxoanions
(with a degree of condensation of 2 but without organic
derivatives), while Chen and Zubieta 6 considered polyoxoanions
with a degree of condensation of 3. The remaining reviews on IPA
and HPA are frequently restricted to the description of the
structures of polyoxoanions beginning with degrees of condensa-
tion of 5 or 6 without an explanation of such restriction. Thus by
the time the present review was written, the structures of 176
polyoxometalates had been determined by X-ray diffraction. The
existence of a further 36 structures has been postulated on the
basis of some kind of spectroscopic data. In addition, there exist
polyoxometalates (several tens) the structural formulas of which
are based solely on the results of elemental analysis.

III. Polyoxometalates known in the form of
protic acids

As already mentioned above, the interest in HPAC and their salts
has been induced to a large extent by their use in catalysis and
in the first place in acid catalysis. A large number of a wide
variety of HPAC are known, but only some of them are used
in laboratory practice, such as H3PMoi2O40, H3PWUO40,
H4SiWi2O40 and, much more rarely, H6P2MO18O62 and
H6P2W18O62. In our view, this is a consequence of the
insufficient amount of information as to which HPAC exist.
Experience gained in the use of HPAC in acid catalysis has shown
that the effect of the HPAC does not always reduce solely to their
action as strong acids. The properties of HPAC (including
catalytic properties) differ significantly and sometimes also
fundamentally depending on their structure and composition.
In this sense, there still remains much to be done by investigators.
In contrast to polyoxometalates as a whole, the number of new
HPAC obtained during the last ten years has changed little. Only
a few new HPAC with the Keggin structure and one HPAC of a
new structural type have been synthesised. Apparently, the main
types of HPAC have already been dis-covered, but the
possibilities for the variation of the composition within the
structural types are still great.

This section presents data on HPAC which exist in the solid
state or at least in the form of a concentrated (not less than 0.1 M)
solution. The properties of HPAC important for their employ-
ment in acid catalysis are listed briefly below: composition and
structure, stability, acidity, and availability.

For the sake of brevity, henceforth abbreviated designations
of HPAC will be used in the text (without H and O atoms),
indicating the composition of the inorganic framework.

1. Heteropolyacids with the Keggin structure
In terms of a number of known compounds, HPAC with the
Keggin structure constitute the most extensive and important
class of polyoxometalates. It has been named after Keggin, the
English investigator who first determined accurately the structure
of the HPA anion of this class (Fig. 1).' Table 1 presents the
compositions and temperatures of the onset of decomposition of
the known HPAC with the Keggin structure, the existence of
which is not open to doubt.

126

Figure 1. The structures of the a- (a) and p-isomers (b) of Keggin HPAC:
12 MO6 octahedra surround the XO4 tetrahedron.

There is no doubt about the existence of the following HPAC
with the Keggin structure:

a-H3PWi2O40-n(O2)M, n = 1 - 4
(not isolated in the solid state) U 3

P-H4SiWi2O40 " 4 p-H4GeWi204o 114

a-H6CoWl2O40 3,123-125

P-H3PMo12O40 "
 127

a-H4GeMoi2O40
 3 I 2 9

a-H4TiMo12O40
 3-130-131

P-H8AsMoi204o '
H3+MPVnW3-nMo904o, n = 1 - 3
H5PV2Wio_nMon04o 3 H,PNb,W.Mo,n . O ^ 137,138
a-H4PWnNbO40

 141'142

H5PWioNb204o 142

H5VWi0V2O40 (not isolated in the solid state) 144

H6SiWioNb2040
 147

H4+nSiWi2_nVnO40 (« = 2-i-^
H4SiMoKW12-nO40

 3-145 *
148
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H7H2WiiCrO39 (not isolated in the solid state) 158-159

The existence of the following HPAC requires further
confirmation (the temperatures of the onset of decomposition
in the solid state in "C are given in brackets):

H 6 H 2 W i i M n O 3 9
 159

H5ASW10V2O40 161

H6ASMO9V3O40 161

163

H6H2W1 2O33(O2)7

H4SiWnAlO39 166

P(C6H5)3O39 167

H6CuWi2O40
 160

H5AsMoioV2040
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H7AsMo8V404o 162

H4CWI2O33(O2)7
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H4SiWHCrO40 ( -300) 165

H5GeWuSnCo(CO)r

The following are the heteropolyanions the existence of which
is not open to doubt:

H4ZrWi2O40
 168

H ^ e W ^ O ^ (47) m-m

H6SeWi0V2O40
 172

(-300) 173.'74

= 4-7

H4TeWi2O40 (200) 169-170

H8SeW8V404o (187) 171

H7TeW9V3O40 173

H8SiMoioSn204o
 177

175, 176
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Table 1. The known HPAC with the Keggin structure.

HPAC

a-HsPW^O*,
a-H4SiW!204o
a-H4SiW,2O40

a -H 6 H 2 W 1 2 O 4 0

a-HsBWuO.40
a-RtGeW^O-io
a.H5GaWi2O40
a-H4CWi2O«
a-HsAlW^O^
*-H6ZnW12O40

aHsFeWnO^
a-HsCoWuO^
a-HjPMo^O^
a-H4SiMoi2O40

OC-H6S1MO12O4O

Ot-HsSlMO^O^
H3PW,2-BMonO40,

n= 1-11
H3 + nPVnWl2-nO40

n= 1-4
a-HsPWnTiOio
a-HsPWuZrO^
a-H5PWiiCeO40

HeZnWeMoeO^
H^Moi ,VO40

H5pMo,oV2040

HsPMogVjO*)
HsSiMonVO^
H6SiMoi0V204o

r/°ca

400
370
370

20
240

-453
380
280

-400
320

-390
-370

300
200
300
370 b

390"
445 b

-490 for n

-300 for n

450
450
150

-300
442
400

-412
-396

110
200

Ref.

3,110-112
3,110,112
3,110,112

3,110
3,110,112
3,115
116,117
118,119
120-122
3,112,121,123

122,123
3,123,124
3,110,112
3,110
112
128

128
128

= 6 3,110,134,135

= 1 110,139,140

143
143
143
149
110,151
140

110,151
110,151
154,155
3,155,156

"The temperature of the onset of decomposition in the solid state.
bAt a heating rate of 300 K per hour.

The diversity of the HPAC is due to the variation of the
central heteroatom X and of the composition of the ligand sphere.
The available information about certain HPC, listed above
(mainly with different X), has not been confirmed by reliable
spectroscopic data and is based solely on the results of chemical
analysis. The existence of these compounds requires further
confirmation. For example, As5+ tends to form HPA of the type
AS2W21 and AS2M018, while HPA of the Keggin type are not
characteristic of this anion. However, the introduction of
vanadium into the ligand sphere sometimes stabilises the
particular HPA structure (instances of stabilisation for
X = V5+ or S6+ have been accurately established) and the
formation of stable HPAC having the composition H3+nAs.
.(W, Mo)i2-nVnO40 is therefore possible.

The existence of zirconium-containing HPAC is doubtful
because Zr4+ is too large to be accommodated in the central
cavity of the Keggin HPA. Furthermore, it does not form
compounds with a coordination number of 4. ZrWn was
synthesised from the fluoride complex. Bearing in mind that
fluorine forms a very stable complex with Zr4+,168 one can
postulate that this compound is in fact a fluorine-containing
HPAC with an unknown structure.

As stated correctly by Pope,' in the study of HPAC with
X = Se4+, Te4+, or As3+ 'one cannot ignore the influence of the
lone pair of the heteroatom'. The compounds PMoi2-«Vn are

stable for n = 1-3 . 1 7 9 In the synthesis of compounds with n > 3
by known methods, the latter undergo partial decomposition
with loss of vanadium, the loss being greater the higher the value
of n. HPAC with n > 3 can be scarcely obtained in a pure
form.142'146> 179 It has been shown by spectroscopic methods that,
on decomposition of PMoi2-nVn, a certain amount of vanadium
passes to the cationic component with simultaneous ejection of
the excess phosphorus in the form of H3PO4.179-18° The
chemical composition of the mixture does not then change, or
the change is much less than the extent of the synthesis of
HPAC. For this reason, the postulated HPAC with n = 4 - 7 are
most probably a mixture of HPAC with n = 1 - 3, H3PO4, and
VO^.

HPAC known not to exist (the corresponding HPA are stable
in nearly neutral media) are sometimes mentioned in patents
devoted to the application of HPAC in catalysis. Such non-
existent HPAC include HnPW9X3.nZvO37 (n = 6 - 7; x = 0, 1;
X3+ = Fe3+, Cr3+, Z2+ = Co2+, Mn2+, Zn2+, Ni2+),181

H6P2Mo5O23, H9CoW6O24, H7ASMO11O39, H9PMO9O34,182

etc. In such cases, it is more correct to speak of catalysts
having the corresponding composition and not of the individual
HPAC. This also applies to SiMoioSn2-

A whole series of HPAC with the Keggin structure have been
obtained by cation exchange — for example, H2W11M0,183

TIM012,184 InMon,185 and the complex HPAC having the
composition X(Mo or W)nZ. M 8 6 ~ 1 9 3 They exist in the form
of dilute solutions. Virtually nothing is known about the
possibility of their existence in the solid state or in the form
of concentrated solutions.

The replacement of W or Mo in the ligand sphere of the
HPAC by V has an unambiguous effect on the stability of the
HPAC. In terms of their stability in aqueous solutions, HPAC can
be arranged in the following sequences:

PMonV > PMo12 > PMo10V2 > PM09V3 194

SiMoi2 > SiMonV > SiMo10V2
 195

PW12, PWnV, PWi0V2 > PW9V3 > PW9V4
 139

VW10V2 > VWnV > VW12 (hypothetical).144

All the vanadium-containing HPAC are in fact mixtures of
HPAC with different values of n.139-144-179'195 Only PMonV and
PWnV have been synthesised relatively easily.

PMo12_nWn,179 PW12_nNbn,142 and apparently all the
remaining mixed-ligand HPAC with n > 1 are also mixtures.

The stabilities of various HPAC in aqueous solution have
been investigated by 17O NMR methods (based on the rate of
isotope exchange with H2

7O) and by observing the formation of
deposits in concentrated solutions (Table 2). The following HPAC
stability series have been constructed on the basis of these data:

SiWi2 > PW12 GeMo i 2

Hence it is seen that the composition of the ligand sphere has a
greater influence on the stability of HPAC than X: HPAC with W
are much more stable than those with Mo. The products of
the hydrolysis of these HPAC have also been investigated. On
hydrolysis of SiMon and GeMoi2, deposits of MOO3, SiO2, and
GeO2 were precipitated from the solutions. MoO3(H2MoO4) was
also precipitated from the PMoi2 solution, the compound P2Moi8
accumulating in the solution in accordance with the postulated
reaction

PMo12 —• PM09 —* P2Mo18.

PWi2 is apparently hydrolysed via a different mechanism:

PW12 — P W n + W O 2 - .

The hydrolysis of PWn does not proceed any further.196 A series
of various tungsten-containing HPAC in terms of their resistance
to acid hydrolysis in concentrated aqueous solutions has been
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Table 2.

HPAC

Hydrolytic properties of HPAC

Temperature/ °C

70 110

in aqueous

200

solutions.

250 270

SiMo12

PMo,2
PW12

P2W18

SiW12

P2M018

Note. The solutions were kept in sealed tubes for 24 h (CHPAC = 0.45 M
(Keggin) and 0.225 M (Dawson).196 Here and henceforth the following
designations have been adopted: o—compound stable (no deposit);
+—compound partly stable (solution turbid but a deposit is not
precipitated); x—compound unstable (appreciable deposit);
* compound almost stable.

constructed on the basis of experiments on ether extraction in the
presence of inorganic acids:

PW12, P2W21, P2W18 > PWnTi > (PWn)2Ce4+

> PW n Ce 4 + , PW n Cr 3 + > PWnZr, PWnBi.

In these experiments, the compound PWnCr3+ was obtained
as a relatively unstable component in a mixture with PW12 and
P2W21 •143 In organic and aqueous organic media, the HPAC are
most stable than in water.uo

The hydrolytic transformations in dilute solutions have been
investigated only in relation to PM012. At a concentration of 0.01 M
and below, PM012 decomposes in water, affording unsaturated
HPA of the type PMon and PM09 apparently via a mechanism
involving alkaline hydrolysis as a result of the decrease in the
acidity of the solution. At a concentration of 0.001 M, there is
virtually no initial HPAC in the solution.197 On the basis of
general data indicating a decrease in the degree of polymerisation
of tungsten and molybdenum following dilution of solutions,198 it
is reasonable to suggest that all the HPAC should hydrolyse in
dilute solutions although to different extents and at different
rates. One should apparently treat with extreme caution all data
concerning dilute (less than 0.01 M) solutions of the HPAC.

Numerous published data on the thermal stabilities of HPAC
(see above) should also be treated with care. The assignment of
the position of the exothermic peak on the differential thermal
analysis curve to the HPAC decomposition temperature is a
source of numerous errors. u o Under these conditions, factors
such as the dependence of the rate of decomposition of the HPAC
on the heating rate and the possibility of structural changes
initiated by the supply of heat are frequently ignored. Thus,
decomposition temperatures which are clearly too high have been
indicated for HPAC such as (the decomposition temperatures are
indicated in brackets in °C) PW12 (620), SiW]2 (530), BW12 (420),
etc.199 In this connection, the study " 2 where the measurements
were accompanied by monitoring involving the 'H NMR method
appears accurate. It was stated in the corresponding communica-
tion that not all the HPAC can be obtained in the anhydrous
state. Thus H2W12, BW12, SiMon, and GeMo^ decompose
during dehydration.

Tsigdinos u o suggested that the thermal stability be estimated
by the method involving a check of the solubility of the HPAC
after heat treatment under isothermal conditions. This method
demonstrated that the HPAC with molybdenum decompose
slowly even at room temperature, the decomposition accelerating
above a certain temperature (350 °C for PM012 and 200 °C for
SiMon). This method was applied also to other HPAC (Table 3).
A HPAC thermal stability series was constructed:

PW12 > PM012 > SiW!2 > GeMon > SiMoi2.

Table 3. Thermal stabilities of HPAC estimated by the Tsigdinos method
(2 g of the HPAC was heated for 3 h in air and then stirred in 50 ml of water
for 30 min).196

HPAC Isothermal heat-treatment temperature/°C

180 250 300 350 370 390 400

SiMo,2

SiW12

PMo,2

PW12

X

+ — X

+ X
+ X
o o

It did not agree with the hydrolytic stability series.196 The
Tsigdinos method makes it possible to estimate to some extent the
thermal stability of the HPAC but does not take into account the
possibility of solid-phase transformations.

The thermal transformations have been investigated in detail
in relation to the following compounds: SiMoi2-«Vn,
PMoi2-nVn, PW12, PWnZ, and PM012. It has been shown
with the aid of the NMR method that a mixture of SiMonV and
SiMoioV2 decomposes smoothly in the temperature range
between 110 and 400 DC.155 SiMonV decomposes fully at
300 °C,200 while SiMoi0V2 is relatively stable up to 200 °C
and its complete decomposition takes place in the temperature
range 300 to 400 °C.156 No structural rearrangements occur
under these conditions.

The heteropolyacids PM0|2-nVn , (n = 1 - 3) become insolu-
ble after heat treatment at 200-400 °C,201 their thermal stability
diminishing with increase in n. The data on the decomposition
temperatures, determined with the aid of derivatographic
measurements and vibrational spectroscopy, are different in
the studies of different authors (Table 4). The observed
tendency151-203 appears correct, but, bearing in mind the
decrease in solubility,201 the values obtained appear too high.
Complete dehydration takes place in the temperature range
between 380 and 410 °C.202 The mechanism of the thermal
decomposition of the vanadium-containing HPAC has been
investigated. It was found that during heat treatment vanadium
and phosphorus are ejected, compounds with a smaller vanadium
content being stabilised under these conditions.204

After heat treatment for 2 - 5 h at 110 - 400 °C, the acid PWi2

fully retains its solubility and the 31P NMR spectrum also
remains unchanged under these conditions ( — 15.0 ppm). After
heat treatment at 500 °C, the HPAC becomes partly soluble
and new lines appear in the 31P NMR spectrum at -12.5 and
-13ppm. Above 600 °C, the PW12 is fully insoluble.205 It has
been established by X-ray diffraction that the HPAC begins to
change at 400 °C. H1 Salt-forming protons begin to be removed at
420 °C without the formation of the WO3 phase. 20f>-207 Different
investigators apply the same term (anhydride) to the phase
formed at 420 °C, but they attribute different structures to it:
PW12O38.5

 20s or PW 1 2 -O-PW 1 2 . 2 0 7 The problem of the real
structure of PWn in the temperature range 400 - 500 °C remains
obscure.

Table 4. Decomposition temperatures of HPAC of the type PMoi2.nVn.

HPAC

PM012
PMonV
PMo10V2

PM09V3
PMo8V4

PMo12-nVn

n

0
1
2
3
4
0 - 3

' decomp/ *—

433
442
412
396
293
460

Ref.

203
151
151
151
203
202
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The thermal stability of complex HPAC of the type PWnZ
(Z = Ti, Zr, Bi, Ce) has been investigated by IR and 31P NMR
spectroscopy after heat treatment under isothermal conditions. It
was found that PWnTi and PWnZr are stable up to 450 °C (the
decomposition to oxide phases takes place in the temperature
range 450-500 °C), while PWaBi decomposes partially at
temperatures above 150 °C and fully at temperatures above
300 °C with formation of the bismuth salt of PWi2. The complex
PWnCe4+ begins to be converted into (PWn)2Ce4+ even at 150 °C
and disappears from the thermolysis products in the temperature
range 300-400 "C depending on the heat treatment time. After
heat treatment, the specimens dissolve incompletely owing to the
formation of Ce3+ salts. Owing to the subsequent decomposition
of (PWn)2Ce4+, PWn, H3PO4, and PWuCe3+ appear in the
thermolysis products. In terms of their thermal stabilities,
cerium-containing HPAC can be arranged in the following
sequence:143

PW u Ce 3 + > (PWu)2Ce4+ > PW,iCe4+ .

Numerous studies have been devoted to the problem of the
thermal stability of PMoi2. Most information has been obtained
by means of a combination of the methods of thermal analysis,
X-ray diffraction, and 31P NMR spectroscopy.197209 The PMoi2

specimens retain their complete solubility after heating to 350 °C.
At 385 °C, the specimens still dissolve almost completely but
more slowly. After heat treatment at 400 °C and above, the
specimens dissolve only partially, the Mo: P ratio in the solutions
differing from 12:1.197 The following scheme has been proposed
for the thermal transformation on the basis of the results:209

200-350 °C 385 °C
H3PM012O401H2O =^ H3PM012O40«H2O 1.5H2O

450 °C

> 400°C

(PMO12O38.5),, + M003 + (MoO2)2P2O7

50%
MOO3

The phase with x = 0.1 — 1.0 is readily soluble in air with a
humidity of 80%-90% and is converted into PMoi2 in 2 - 4 days.
It has been suggested197 that the (PMoi2O38.5)n phase is the
cationic-anionic complex [PMo12O3~9][PMo12O38]

+. The anionic
part of the complex readily interacts with water, while the
cationic component reacts with difficulty but also with
regeneration of the initial HPAC.

The formation of the anhydride (or anhydride phases) is
apparently a common feature of those HPAC which can exist in
the anhydrous state. A partial loss (5%-10%) of protons occurs
even on simple dehydration of the HPAC. 112 A gradual loss of
protons in the temperature range 300 - 450 °C has also been noted
for ZnW6Mo6.149

The decomposition temperatures of the mixed HPAC
SiMoi2_nWn depend directly on n and have intermediate values
between those for SiMo[2 and SiWi2.210

The Keggin heteropolyanions are capable of combining with
electrons reversibly.' The corresponding HPAC also retain this
property. Thus it has been possible to reduce PWi2 , ' SiWi2,
BW12, H2Wi2

 211 (by the addition of 6 e), SiMo,2,128 and
PMoi2

 212 (by the addition of 4 e), fluorine-containing
metatungstic acids213 (by the addition of 6-24 e), and many
other HPAC (by the addition of 1-2 e). The reduction has
different effects on the properties of the HPAC. Thus the
compound ASM010V2 (provided that it exists) loses vanadium
after the addition of two electrons.161 The tungsten-containing
compounds do not undergo a change in composition and
structure on reduction (at least after the addition of 6 e).
The molybdenum-containing HPAC frequently undergo the
isomerisation a-» p. u l 0 > 2 1 2 For example, the following reac-
tions take place on reduction in solution:

a-PMo,2 a-PMoi2(2 )

P-PMoi2(2~) P-PM012 (4 ) + P-PM012

P-PMo,2 (4")

The stable form P-PMoj2 (4 e) is rapidly reconverted into
a-PMoi2 on oxidation in water. In aqueous dioxane, this process
is slower.212 It is believed that oc-SiMoi2 behaves similarly.1110

However, it has been found by X-ray diffraction that the reduced
SiMoi2 (4 e) has the structure of the a-isomer.214

The thermal stability of the reduced HPAC has been
investigated in relation to SiMoi2. It was found that the
specimens of the reduced HPAC are more stable than the
initial SiMoi2. The reduced HPAC P-PMoi2 (4 e) is stable in
aqueous solution up to 180 °C and is much superior in this respect
to a-PMoi2.215

A high acidity is a most important property of the HPAC,
which makes it possible to devise effective acid catalysts based on

Table 5. Acid dissociation constants of the HPAC in various solvents at 25 °C.2"

HPAC

H3PW,2

H4PWi,V
H 5 PW 1 0 V 2

H4SiWi2
H3PM012
H4PM012 (le)
H4PMouV
H4SiMoi2
H4GeW12

H5GeWHV
H6GeWi0V2

HCIO4
HBr
H2SO4
HC1
HNO3

Acetone

ptfi

1.6
1.8
-
2.0
2.0

2.1
2.1
2.1
—
-
-
—
_
—
4.0
—

pK2

3.0
3.2
—
3.61
3.62
3.69
3.73
3.90
—
-
-
—
—
—
—

—

pA"3

3.98
4.37
—
5.3
5.3
5.5
5.6

5.9
—
-
-
—
_
—
—

—

Ethanol

pAT,

1.6
-
-
2.0
1.8

1.9
1.9
-
-
-
-
—
—
—
—
3.57

pK2

3.0
-
-
3.96
3.41
3.77
3.74
-
-
-
-
—
—
—
—

—

pK3

4.1
-
—
6.3

5.1

5.9

5.8
-

-

-

-
—

—

—

—

—

Acetic acid

pKi

4.77
4.74
4.78
4.97
4.70

4.68
4.78
4.25
4.65
4.60
4.87
5.6
7.0
8.4

10.1
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them. A lot of space is always devoted to this property in reviews
concerning the applications of the HPAC. The acidity of the
Keggin HPAC has been investigated by various methods,
which include the indicator method, the measurement of the
diffusion coefficients and ionic conductivities, ion exchange,
thermal desorption of bases, 'H NMR spectroscopy,20 kinetic
methods,1013125 '216 and measurement of dissociation constants
in solutions (Table 5).

It has been shown that all the HPAC investigated are strong
multibasic Bransted acids. In solutions, they are stronger than
inorganic acids such as H2SO4, HBr, HC1, HNO3, and even
HCIO4. This is due to the large size of the HPA (diameter
10-12 A) combined with a relatively low charge. In water, the
Keggin HPAC are fully dissociated and it is impossible to
determine the first three dissociation constants. However, this
can be done in polar organic solvents (see Table 5). The weak
dependence of the strength of the HPAC on their composition is
striking, although here too one can differentiate certain
characteristic features: (1) the tungsten-containing HPAC are
stronger than the molybdenum-containing HPAC; (2) with
increase in the basicity of the HPAC, their acidity diminishes;
(3) the acidity of the HPAC diminishes after reduction.

Some doubts about the measurements of the dissociation
constants arise from the fact that they were made for highly dilute
solutions (~ 10 ~5 M) and the individuality of the HPAC in them
had not been confirmed. However, there are grounds for the
assumption that the correction for the hydrolysis of the HPA may
influence at the same time the dissociation constants of the
HPAC without affecting the general trends observed.

After the introduction of vanadium atoms into the HPAC,
their basicity increases whilst their acidity falls. At the same time,
HPAC such as PM09V3 and PW9V3 are protonated even in their
solutions.218219 Not all the protons are equivalent in the
pentabasic GaWn.2 2 0 The reduced PM012 and SiMoi2 (4 e)
contain protons bound to the heteropolyanion, but they are all
equally strong acids as regards the first 3 -4 protons.221-222 Even
the highly reduced H2W12F (12 e) affords an amorphous brown
powder, having the general composition H19W12O39F, which
retains its acid character.213

The acidity of concentrated solutions of HPAC in water is
greater than the acidity of solutions of sulfuric and perchloric
acids at the same concentration by 1-1.5 units of the Hammett
acidity function Ho.13217 The acidity of concentrated solutions of
HPAC diminishes in the sequence

SiMOl2 > PMO12 > SiW12 ~ PW12 .

This sequence does not agree with that of the dissociation
constants possibly owing to the salt effects or the influence of
hydrolysis.

The acidities of HPAC in nitrobenzene have been estimated
from the formation constants of complexes with chloral hydrate.
The following series was obtained:13

PW1 PM012 > S i M o , 2 ,

PW12 > PM012 n « GeW]2 > SiMo,2 > GeMoi2.

It follows from the data presented that the acidities of different
HPAC in solutions vary in different ways with concentration and
the solvent.

The mixed HPAC of the type XMoi2-nWn also exhibit a high
acidity in solution, the latter increasing with increase in n.135-223

A high acidity is apparently a common feature of all the Keggin
type HPAC.

It has been shown by conductimetric, IR spectroscopic, and
thermal desorption methods that the HPAC retain a high acidity
also in the solid state (higher than that of aluminosilicate).
In anhydrous HPAC, the protons are localised, but their mobility
increases at temperatures above 150 °C for PW12 and SiWi2 and
above 250 °C for PM012 and SiMoi2. The catalytic activities of
the solid HPAC in acid-catalysed reactions usually decrease in the
sequence

which agrees fully with the acidity series in solutions.13

According to adsorption calorimetric data, the proton
centres of PW12 are fairly uniform and have strengths similar
to those in H-mordenite; PW12, which is believed to be the
strongest acid among the HPAC, has acid centres with
Ho < -8 .2 . 2 0 Superacids with Ho = -14.52 and even less can
be obtained by combining the HPAC with SbCl5.224

The distribution of the acid centres of PW12 and SiWn in
terms of strength has been investigated in detail by the indicator
method combined with titration by n-butylamine (Fig. 2). The
largest number of strong acid centres with Ho ^ — 5.6 have been
observed in the HPAC after heat treatment in the temperature
range 300-400 °C, their number diminishing sharply above
400 °C. The compound PW12 has a larger number of acid centres
than SiWn.225 Such behaviour of the HPAC agrees well with
their thermal stability data.

A/mmol g~l

1.5 -

1.0

0.5

A/naaol g ~ '

- 3.0

2.0

1.0

373 473 573 673 773 T/K

Figure 2. Distribution of the acid centres (A) in PW,2 (a) and SiWi2 (b ) as a
function of temperature.225 Theoretical numbers of proton centres: 1.04 for
PW I 2 and 1.39 for SiW,2. Hammett acidity functions: (1)HOH - 5 . 6 :
(2 ) - 5 . 6 < H0 < - 3 . 0 ; (3) - 3 . 0 < Ho < 1.5: (4) 1.5 < Ho< 3.3;
( J ) 3.3 < H0<5.0; ( 6 ) 5.0 <//<>< 6.8; (7 ) Ha ^ 6.8.
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The acidity of the HPAC PMoi2-nVn (« = 0 - 3) has been
investigated by the method involving the thermal desorption of
bases. After the introduction of vanadium into the PM012
molecule, the acid centres become nonuniform and their
strength and number decrease with increase in n.226 After
evacuation at 350 °C, such HPAC acquire the Mo5+ and V4+

centres and the Lewis acidity associated with them.227

HPAC with X = P5+, in particular PW12, PM012, and
PMoi2-nVn, are most important in practice because of their
relatively high stability and availability. It is not fortuitous that all
the examples of the industrial use of HPAC as catalysts known
hitherto are based on the application of precisely these HPAC.
The HPAC PW12 became exceptionally important for acid
catalysis, since it has the highest thermal stability and acidity
and the methods for its synthesis have been developed in fair
detail. In Russia, PM012 is cheaper but has poorer technological
properties (lower resistance to hydrolysis and to the reduction of
the anion by the organic medium).

2. Heteropolyacids with the Dawson structure
The structure of compounds of this type was first determined by
Dawson in 1953 (Fig. 3). The compositions of the known HPAC
with the Dawson structure are presented below (the temperatures
of the onset of decomposition in the solid state are indicated in
brackets):

a-H6P2W18O62 (210) 1.3.110,228

a-H6P2Moi8O62 (> 120) "-no.
a-H6As2W18O62

a2-H6P2W1 7MoO6 2
 23°

The existence of certain HPAC with the Dawson structure
requires confirmation. These include HePAsWisC^231 and
H6+nP2Moi8-nVnO62-232 There are comparatively few com-
pounds of this type. There is also little information about them.

Investigators have not been very active in the synthesis and
study of the HPAC with the Dawson structure. Apart from those
indicated above, X2WnZ, where X = As5+ or P5+ and Z = Sn4+,
Ge4+, Mn3+, Co3+, Fe3+, or Cr3+, have been obtained by cation
exchange in the form of dilute aqueous solutions. ls>°. 233 - 235
Nothing is known about the possibility of their existence in the
solid state or in the form of concentrated solutions. The hetero-
polyacid P2WnCe4+ has not been obtained, while P2Wi7Ti exists
in a concentrated solution (with a content of 43%) only in a
mixture with other HPAC.142 Dawson P-heteropolyacids have
not been obtained. The synthesis of P-P2Wi8 in a concentrated

Figure 3. The structure of the Dawson HPAC (ot-isomer). The two XM9
fragments of the Keggin HPA are joined together to form a dimer.

solution has been reported,231 but it was subsequently found that,
when the solution of the salt is acidified, the HPAC decomposes
to PWi2 and a-P2Wi8.i

42

In highly acid solutions, the HPAC cc-P2Wi8, oc-As2Wi8, and
ot-P2Moi8 are entirely stable and are actually more stable than the
corresponding Keggin HPAC (oc-P2Wi8 is very stable on
hydrolysis in water, although a-P2Moi8 is less stable) (Table 2).
In contrast to these compounds, a-As2Moi8 decomposes slowly
in the presence of strong acids. u o

The thermal stability of OC-P2W18 has been studied in relative
detail. It has been found by differential thermal analysis at a
heating rate of 2.5 K min"1 that <x-P2Wi8 is dehydrated at 350 °C.
Although the DTA curve did not show a distinct exothermic
peak, which is usually identified as the HPAC decomposition
point, it was concluded that 01-P2W18 decomposes at 640 °C.236

Other workers 207 noted that the behaviour of a-P2Wis on heating
is different from that of PW12. They did not detect the anhydride
and postulated (without any evidence) that this HPAC decom-
poses immediately to WO3, but it was not clear what was the
decomposition temperature. It was noted that, after heat
treatment at 400 °C for 2 h, the HPAC ceased to dissolve.
Subsequently, the same workers237 recorded the 31P NMR
spectra of the heat-treated specimen but these did not throw
light on the situation either.

In the most thorough investigation,228 the thermal trans-
formations of a-P2Wi8 were investigated by a set of methods:
differential thermal analysis (DTA) (heating rate 2.5 K min"1),
'H NMR, and IR spectroscopy. It was shown that the anhydrous
HPAC cannot be obtained and that the last phase retaining the
structure of the initial HPAC is H6P2W18O62.2.6H2O and all the
protons in this phase are nonhydrated. The phase is formed in the
temperature range from 225 to 250 °C and on further increase of
temperature the protons are gradually eliminated. The crystal-
lisation of I8WO3.P2O5 begins at a temperature of about 610 °C
(at the selected heating rate), but the deformation of the
structure of the initial HPAC was already noted at 210 °C. It
remained obscure which phases exist in the temperature range
210-610 °C.

The thermal transformations of a-P2Mois were also inves-
tigated combining the DTA and IR and 'H NMR spectroscopic
methods. Four endothermic effects due to the dehydration and
partial decomposition of the HPAC were observed in the
temperature range 120-300 °C. It was discovered that the
phase H6P2Moi8O62-3H2O with non-hydrated protons was
formed at 270 °C. On further heating, a change in the HPAC
structure was observed and the oxide phase crystallised at
530 °C.229 On thermolysis, oc-P2Wi8 and ot-P2Moi8 behave
similarly.

The Dawson heteropolyacids can also be reduced without
change in structure, at least on addition of 6 e ,238 the reduction
occurring more readily than that of the corresponding Keggin
HPAC.n o It has been found238 that stable Dawson HPAC have
been reduced by the addition of an odd number of electrons.

The direct determination of the acid salts of Dawson HPAC
by the indicator method is difficult owing to their colour. It has
only been possible to demonstrate239 that Ho for P2W18 is less
than —3.0. However, according to certain indirect data, it is
possible to infer a high acidity of the Dawson HPAC. Thus all
the protons of P2M018 (2 e) and P2Moi8 (4 e) are titrated (8 and
10 respectively), and only in P2Moi8 (6 e) the last two protons are
not titrated.238 The reduced P2Wi8 (2 e ) is also a strong acid, all
eight of its protons being titrated.240 It has been noted that the
reduced tungsten HPAC are stronger acids than the reduced
molybdenum HPAC.238 In the acid-catalysed conversion of
methanol, P2Wis is almost as active as PW12 even after
preliminary reduction with hydrogen.239 On the other hand,
in the synthesis of tert-butyl methyl ether, the Dawson HPAC
proved actually more active than the Keggin acids,13 which
indicates not only their very high acidity but also the specificity
of their catalytic action. In the decomposition of isobutyl
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propionate, P2Wi8 is less active than the Keggin HPAC,125 but
these data require confirmation, since the question of the thermal
stability of ot-P2Wi8 is not clear—the HPAC may change with the
conditions of their preparation (evacuation for 8 h at 150 °C).125

The methods of synthesis of the Dawson HPAC have been
less thoroughly developed and are more difficult than for the
Keggin HPAC. This in fact accounts also for the small number of
studies in which the HPAC were used as catalysts. Conditions for
the synthesis of <x-P2Wi8 and a-P2Moi8 by electrodialysis in
almost quantitative yields have been discovered recently.142 Only
the ammonium salt of P2W18 is manufactured in Russia, whilst
other Dawson HPAC or their salts are not.

No examples of the practical use of the Dawson HPAC are
known. One may mention only a Japanese patent241 in which it is
stated that P2M018 may be employed in the industrial hydration
of isobutene instead of the unstable PM012.

3. Other heteropolyacids and isopolyacids
The compositions of other isopolyacids and heteropolyacids,
different from the Keggin and Dawson HPAC, the existence of
which has been reliably established are presented below (the
temperatures of the onset of decomposition in the solid state are
indicated in brackets in °C):

H6As2W2iO69 '-142

H8TeMo6O24 (Anderson)
H 9 CrM0 6 O 2 4 3.»0.142.24S
H 5 IMo 6 O 2 4

 3 H 0

H8ThMoi2O42 (125)
H 8 UMoi 2 O 4 2 (120)
H 2 Ln 2 XMo,2O 4 2

 2 4 9

H9NaF6W1 8O56 251

P-H4Mo8O2 6
 252

110,246

H6P2W2 lO7i (150) 242

H9FeMo6O,4
3-1 1 0-2 4 4 '2 4 5

H9CoMo6O2 4
3 '1 1 0-1 4 2 '2 4 5

H8CeMoi2O42

(Dexter-Silverston) 3 U 0

H8NpMo1 2O4 2
 248

H6MnMo9O3 2
 110-250

H10(PWuO39)2Ce (300) 143

H8Mo36On2 253.

The existence of certain HPAC requires confirmation:

H9AlMo6O2 4 (270) uo<254

Hi, (SiWnSnO39)2Co(CO)3
H9GaMo6V6O24 (270) U 0 2 5 4

H9(PWi iSnO39)2PdC3H5
 167.

The structures of many HPAC are unknown:

h-H5BWi2O40 '
H,6S2W16V4O72

 144

H 8 VMo 6 0 2 4
 257

H2W10VO33
 2 5 9

H4SW8V2O34 (225-300) 260

H6As2Mo2Oi2 3

V2O5 I2O5
 3

WO3 «H 2 O 2 (n = 0.4-0.7) 262

Te4+Wi8
 263

Te4+W8V4 (300) 173-174

Se4+W12 (47) 168-171

Se4+W8V4 (187) 171

Se4+W7V3

S b 3 + - W
M - F - W (M = Nb,V,Fe,Al) 267

A s 3 + - W 268

265

266

Hi 0 NiWi 7 F 4 O 5 5
 255

H6V2MO12O44 256

H4V2W8O31
 258

H18W24VO83
 259

10WO3 V2O5 261

H3AsMo3Oi3
 3

BeW9
 u 0

Te4+Wi2 (200) 169-170

Te4+W9V3
 173

W : T e 6 + = 4 - 1 8 2 6 4

Se4+W10V2
 172

Se4+W8V3
 265

Se4+W6V3
 265

A s 5 + - W 266

M - F - M o (M = V,Ti) 267

Heteropolyacids the existence of which is open to doubt:

H8CeMo10O36
 2 6 9

H8CeW12O42
 270

H4CeW8O28
 270 '271

H 6 ThUWi 8 O 6 i 272

H8CeMo8O3 0
 269

H6CeW10O35
 27°

H5CeW8O28

H 8SiW nO 3 9

271

273

The heteropolyacids p-H4Mo8O26, H8Mo26On2, g,
Hi0NiWi7F4O55, H8CeMoi0O36, H8CeMo8O30, H5CeW8O28,
and H6ThUW18O6i have not been isolated in the solid state.
The HPAC belonging to the series with the Anderson structure
are most numerous (Fig. 4). Dilute solutions of GaW6274 and

Figure 4. The structure of the Anderson HPAC. Six MO& octahedra
surround the central XO6 octahedron.

nWn (« = 0 - 6 ) 2 7 5 have been obtained by cation
exchange, but nothing is known about the stability of these
HPAC.

As a rule, the Anderson HPAC (except the HPAC with
X = I7+) are tribasic - tetrabasic, whereas the remaining protons
are rigidly bound to the HPA. The stability of such HPAC is low.
Thus FeMo6 and C0M06 are stable in aqueous solutions for
several weeks,245 but in the solid state all the Anderson HPAC
can be isolated only by evaporation at a low temperature. The
strength of their acid centres is unknown. One can only postulate
that the titratable protons are fairly weakly bound to the HPA.
Examples of the use of such HPAC are also unknown.

The structure of the molybdenum HPAC with heteroatoms
having high coordination numbers was first described correctly
by Dexter and Silverton in 1968 (Fig. 5).' The stability of such
HPAC is low. In aqueous solutions, they decompose gradually,
but their hydrates can be stored for some time.24S'247 On heating,
UMoi2 loses part of the water of crystallisation in the
temperature range from 40 to 120 DC and subsequently the
compound begins to decompose. Its analogues behave sim-
ilarly.247 The minimum degree of hydration of TI1M012
corresponds to ten water molecules. The compound ThO2.
.12MoO3.4H2O undergoes rapid dehydration on heating to
200 °C. It dissolves in water, but is not the initial HPAC.
Slow heating to 125 CC leads to the same compound, but it has
now lost its solubility. In aqueous solutions, these HPAC decom-
pose slowly to complexes of the type XnMoi2 (n = 2 - 3).246 As a
result, it becomes possible to obtain HPAC with a ratio
Mo:X<12, which are in fact mixtures of the initial HPAC
and their complexes. The structure of one of these complexes,
namely H2Nd2(H2O)i2UMoi2O42.12H2O, has been determined
(Fig. 6). This compound is not a salt of a HPAC, since the neo-
dymium atom is bound covalently to the HPA. This is a dibasic

Figure 5. The structure of the Dexter - Silverton HPAC: 12 MoO6

octahedra surround the central XO12 icosahedron.
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Figure 6. The structure of the HPAC H2Ln2XMoOi2O42: two tri-capped
trigonal Ln3+ prisms are joined to the Dexter-Silverton anion.

complex HPAC — a strong acid with respect to both protons. It is
almost insoluble in water (7 x 10~4 M)249-276 and is therefore of
interest for heterogeneous acid catalysis as the only example of an
insoluble HPAC.

Among other similar complex HPAC, dilute aqueous
solutions of acids having the compositions CeMonNb and
CeMoi2Nb2 have been obtained. Their structures have not so
far been established.269

The Dexter-Silverton heteropolyacids are strong acids. Thus
five of the eight protons in NpMon form H3O+ ions,248 while
CeMon is also active in the acid-catalysed synthesis of tert-buty\
methyl ether, like PM012.277 The synthesis of the ether is the only
known attempt to employ HPAC of a similar type as a catalyst,
probably in view of their low availability and low stability.

The HPAC of the type P2W21 has been investigated in
relatively high detail (Fig. 7). It is entirely stable on storage in
solution and in the solid state. In their study of the thermal
stability of P2W21 by the DTA method alone, French inves-
tigators 207 concluded that P2W21 is also stable, like PW12. Later
they found237 that nevertheless P2W21 and PW12 behave
differently on heating. It was found with the aid of IR and
31P NMR spectroscopy that, on heating in the temperature range
150-300 °C, P2W21 is converted into PW12 both in solution and
in the solid state. Measurements of the Hammett acidity
functions Ho of concentrated aqueous solutions showed that,

Figure 8. The structure of the HPAC H6As2W2iO69: the WO5(H2O)
octahedron and two WO5 pyramids connect two AsWq fragments in
which the WC>6 octahedra surround the AsCh pyramids.

at equal concentrations, P2W21 is actually a stronger acid than
PW12, although their acidities are approximately the same when
calculated per proton.242 Examples of the use of P2W21 are
unknown. It has been suggested that the HPAC Asf+W2, exists,
but it has not been isolated. The HPAC As2+W21 has a similar
structure (Fig. 8) but its properties have not been studied.

NaFeWis is extremely resistant to the action of acids and
alkalis (Fig. 9). 251,278 Apparently complex HPAC based on it
exist.251255 The properties of similar HPAC have also not been
investigated; their study is probably held back by the incon-
venient methods of synthesis.

The heteropolyacid (PWn)2Ce4+ (Fig. 10) is entirely stable in
the solid state at moderate temperatures. Above 300 °C, the
following transformations take place:

(PW,,)2Ce4 + PW12 + PW n Ce 3 + + H3PO4.

o H
• F

Figure 7. The structure of the HPAC H6P2W21O71: three WO5(H2O)
octahedra connect two PW9 fragments of the Keggin HPA.

Figure 9. The structure of the HPAC H7H2NaF6Wi8O56: the trigonal Na+

prism and two protons occupy the central cavity of the HPA having a
structure close to that of the Dawson HPA.
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Figure 10. The structure of the HPAC Hio(PWn039)2Ce: the square CeO8

antiprism connects two PWn fragments of the Keggin HPA.

Figure 11. The structure of the HPAC H6XMO9O32: nine MoC>6 octahedra
surround the central XO& octahedron.

The mixtures of thermolysis products always contain also the
initial HPAC. The decomposition to oxide phases is observed in
the temperature range 450 - 500 °C.143 Probably other complex
HPAC with lanthanide and actinide ions exist.

The heteropolyacid Mn4+Mo9 (Fig. 11) can be obtained in the
solid state, but its solutions are relatively unstable.110250 The
stability of the acid H8AS4M012O50, obtained by cation exchange
in the form of a dilute aqueous solution, is also low. It is a strong
acid: the first four hydrogen atoms dissociate fully and a further
four dissociate partially.279

Electrodialysis of a solution containing NaAsC>2 and
Na2WC>4 in molar proportions of 1:11 afforded a concentrated
solution in which 50% of the tungsten was in the form of
H7ASH2WISO60- However, this HPAC was not isolated in the
solid state and its properties were not investigated.142

The heteropolyanions XPsW^oOffo a r e stable in strongly acid
(6 M HC1) aqueous solutions, 28° which suggests the existence of
the corresponding HPAC. However, such HPAC were not
specially isolated and investigated.

As already mentioned above, there are a series of HPAC
about which it is only known that they exist. As regards the type
of their behaviour, one may postulate that these mixed Mo-V
and W - V HPAC have the Keggin structure. However, another
structure of these acids is also possible. It has been suggested (but
not demonstrated) that the S - W - V HPAC has a structure
analogous to that of P2W2o.144 According to 'H NMR data, all
its protons are hydrated,260 i.e. it is a fairly strong acid.

Heteropolyacids containing an X heteroatom with a lone pair
(Se4+, Te4+, Sb3+, As3+) cannot have the Keggin structure
(attributed to them previously) by virtue of the coordination
structure of the XOn polyhedron (usually a trigonal pyramid).
HPA with the following structures are known for them:
X2W21O£9-, H2XWlgOjo-, X 4 W 4 0 0^o , and X,W 2 1 Og-.
Probably the HPAC synthesised with such heteroatoms have

one of the structures presented above or they are mixtures of
HPAC with similar structures. All these HPAC are strong
acids173-263281 with moderate thermal stability (up to 200 °C),
but some of their protons are retained up to 500 °C. 17°

HPAC containing Te6+ are strong acids.264

The structures of the corresponding Keggin HPAC have been
attributed to the acids synthesised in the presence of HF.267

However, experience gained in a number of investiga-
tions126-251255 has shown that it is impossible to ignore the
influence of F~ on the structure of the HPA and to reduce the
effect of HF to the simple effect of an acid. Two versions of the
synthesis of such HPAC are known: from the metatungstate126 or
from NaFeWig.251 In terms of the conditions in their syn-
thesis, 267 the second version is more probable, but this naturally
requires confirmation.

The existence of certain HPAC, indicated in the literature,
may be questioned. Thus the HPAC with a Mo: Ce ratio less than
12 were already mentioned. It is known that the Ce4+ ion does not
form with tungsten HPA having the Dexter - Silverton structure, •
so that there is also no corresponding CeWi2 HPAC. The HPAC
containing W6+ and Ce3+ or Ce4+ do not exist in a strongly acid
medium. '•142 This can also be said about the HPAC UThWi8.
The heteropolyanion SiWn is a precursor of the acid SiWi2 and
does not exist in the form of a free acid.l

Among the isopolyacids, only the Mo6+ acids are known in
solutions. When the solutions are acidified, cation exchange or
electrodialysis affords solutions which are stable for 24 h.142 It
has been suggested that molybdenum is present in these acids in
the form of P-Mos 252 or M036.253 Such solutions are suitable for
the synthesis of MOO3 or deposited MoCVSiC^ catalysts.252

4. Methods of synthesis of heteropolyacids
Several methods of synthesis of HPAC are known. The most
general of these involves the acidification of a solution of a
mixture of the initial reactants.1-3-110-139-250

H 3 PW 1 2 O 4 0Na2WO4 + H3PO4 -

Na2WO4 - ^ - H,

Na2MoO4 + Cr(NO3)3

Na2MoO4 + NaVO3 + H3PO4

The reaction by no means takes place smoothly in all cases and in
conformity with the stoichiometry. Sometimes an excess of the
heteroatom is needed (for example, X = B3+ or Si4+ in the
synthesis of XW12 or X = P5+ or As5+ in the synthesis of X2W18),
or the appropriate temperature must be maintained (low for
relatively unstable HPAC or actual refluxing for X2Wi8), or a
definite order of mixing of the reactants is required. If the
component containing X is sparingly soluble, special measures
must be adopted to transfer it to the solution.267

Acidification can be achieved in several ways. The com-
monest way involves the use of an inorganic acid (usually HC1 or
H2SO4), after which the HPAC is isolated from the solution of the
salts by extraction with ether.1-3110-250 However, this method
of isolation has numerous disadvantages: a narrow range of
extractable HPAC (Keggin and Dawson HPAC and HPAC of the
type X2W2i and NaF6Wi8), among which compounds with low
stabilities may decompose during extraction as a result of the very
high acidity of the solution, the nonquantitative yield of the
HPAC (for example, not more than 80% for PW12 282 and in
reality the yield is even less), fire risk, the need to employ an
extraneous reagent, a large amount of waste water produced,
corrosion of the equipment, and contamination of the products
by the inorganic acid. There is also an advantage: the possibility
of removing from the HPAC the impurities which are not
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extractable by ether (for example unsaturated HPAC) or of
separating mixtures of HPAC extractable under the conditions of
different acidities. Despite the disadvantages, the method has
been used hitherto in industry to synthesise PW12 and SiWn and
also in laboratory practice.

In another procedure, acidification is carried out by cation-
exchange resins.3 '110250 Almost all the known HPAC can be
obtained with its aid. This method can be regarded as the most
universal among all those known. It also has its disadvantages
and advantages. The former include the need to regenerate the
resins, which leads to waste water, and the need to concentrate
dilute solutions of the HPAC; the latter include the absence of
corrosion, a very high yield of the HPAC (100% with respect to W
or Mo), universality, the 'softness' of the acidification, and a high
degree of purification as regards cations. The Dexter - Silverton
heteropolyacids can be obtained only in this way, since ion
exchange makes it possible to remove the cations even from
sparingly soluble HPAC salts. After the cation exchange, dilute
solutions of the HPAC are obtained, from which the product is
isolated either by evaporation or by salting out with an acid.283 A
combination of two methods is also possible — acidification by
an acid and ion-exchange resins.284-285

The third acidification procedure, the most progressive one, is
electrochemical acidification. It consists in the electrochemical
removal of the cations from the initial solution and compensating
for them with protons. The process is carried out in flow-type
electrodialysers (when all the components are in solution) or
dialysers of the nonflow type (solutions with precipitates, as in the
synthesis of S1W12).286 The anodic compartment contains a
solution of the initial components, while the cathodic compart-
ment contains a solution of alkali. The compartments are
separated by a membrane based on a cation-exchange resin.
When a current is passed through the apparatus, the cations pass
through the membrane into the cathodic compartment and the
anolyte is acidified.

Compounds containing tungsten, molybdenum, and hetero-
anions are incapable of passing through the membrane. On
acidification of the anolyte, they interact, forming the HPAC. The
alkali accumulates in the catholyte and can be used again to
prepare the initial solution. The only side products of the
synthesis are gaseous H2 and O2, formed as a result of the
decomposition of water at the electrodes. The advantages of this
method include a high yield of the HPAC (100% with respect to W
and Mo), the absence of solid and liquid waste, and the possibility
of doing without extraneous reagents. The disadvantages are the
use of special equipment, including dangerous equipment
(powerful current sources), the need for the additional removal
of impurities from the HPAC (for example the excess of X or
impurity HPAC), and the need to follow the concentration of the
cation in the anolyte. However, the principal advantages of the
method — the high yield of the HPAC and the absence of
waste — make up for the above disadvantages and therefore the
method is being developed actively at the present time.

Almost all the known most important HPAC such as
S1W12,286'287 BW12 (with additional purification by extraction
with ether),288 PW,2,282-289 P2W21,242 P2Mo18, a-P2Wi8,
PMo6W6, C0M06, PMo12_nVn, PWi2_«Vn, and PWi2_nNbn

(n = 1, 2),142 as well as new HPAC such as PWnTi, PWnZr,
PWnBi, PWuCe, and (PWn)2Ce143 have been obtained by the
electrodialysis method. A mixture of HPAC, 90% of which
comprised As2

+W21 and H2As3+W18, has been obtained in a
system containing As3+ and W6+. Assessment of the possibilities
of electrodialysis led to the conclusion that this method is suitable
for the synthesis of HPAC stable in the form of concentrated
aqueous solutions. On the basis of this principle, it proved
impossible to obtain HPAC of the type P-P2Wi8, NaP5W3O, and
many others. The limitations of the methods have also been
noted. Thus, owing to the chemical processes on slow electro-
chemical acidification, it is impossible to obtain PM012.
Solutions of certain HPAC (for example, those containing

Cr3+) have a high electrical resistance, which prevents cation
exchange through the membrane.142

Apart from the synthesis of HPAC, electrodialysis is used to
obtain H2WO4 with an increased purity290 and metatungstate
salts.291 ~295 The creation of an industrial electrodialyser with an
output of 50-70 tonnes of tungsten per year and an overall
membrane area of 2.5 m2 has been reported.297

We may mention yet another (obsolete) acidification
method — the method involving the decomposition of
salts,3-110 for example in accordance with the reactions3

Ba3H2W,2O40 + 3 H2SO4

Hg5BWi204o + 5HC1

3 BaSO4 + H6H2W1204o.

5 HgCl + H5BW12O40 .

The initial HPAC salts were obtained in their turn with the aid of
inorganic acids. Thus this procedure is a modification of the
method involving the acidification of the initial solutions by
inorganic acids. Previously this method has a preparative value,
but nowadays it has lost it.

The method of synthesis of HPAC next in importance
involves the interaction of simple oxides (oxides or acids).
Thus phosphomolybdic acids can be obtained from H3PO4
and MoO3(H2MoO4).

+H3PO4 PMo,2 (or P2Mo18)

The composition of the product depends on the reaction
conditions: reactant ratio, temperature, and reaction time. For
the molar ratio Mo:P = 12, approximately 70% of the
molybdenum dissolves in the form of PM012 after refluxing
for 3 - 5 h. After evaporation, the product is isolated in the solid
state, but it has to be recrystallised in order to remove the excess
H3PO4. The best version of the synthesis of PMon involves the
use of a fourfold excess of molybdenum. In this case, the pure
acid PM012 is formed immediately, while the excess molybdenum
is used for the succeeding cycles of the synthesis. After refluxing
with an excess of H3PO4 (the optimum ratio is Mo : P = 3) and
allowing the mixture to stand for 15 - 17 days at 20 °C, P2M018 is
formed. It is best to use MOO3, since H2MOO4 is usually
contaminated by ammonia.3 For the ratio Mo : P = 12, it is
possible to attain the complete dissolution of M O O I with
formation of pure PM012, provided that one adds to the
solution an organic solvent (for example tert-b\x\.y\ alcohol) or
a reductant until the attainment of the degree of reduction
corresponding to PM012 (4 e) with subsequent reoxidation.296

For the ratio Mo : P < 12, mixtures of the HPAC P2Moi8,
PM012, PMon, and PM09 are obtained3197 and the attempt to
increase the yield of PMon by employing an excess of H3PO4
(75%-100%) in the synthesis297 must therefore be recognised
as unsuccessful. If the MOO3 is subjected to preliminary
mechanochemical activation, the time required for its dissolu-
tion is shortened to several minutes even without using an excess
of H3PO4 (as happens, for example, in the synthesis of
P2Mois).298

For catalytic purposes it is not always important which of the
P - M o HPAC is present in the solution, since they are all strong
acids. Simple dissolution of MOO3 in a solution with H3PO4 (this
is achieved using the ratio Mo : Po ~ 6) is sometimes sufficient to
obtain an active catalyst.293-300

Certain vanadium-containing HPAC can be obtained in the
same way. Thus PMonV is synthesised in a quantitative yield by
refluxing a suspension of MOO3 and V2O5 in H3PO4 solution
with stoichiometric reactant ratios for 5 -6 h.3O1-302 The
heteropolyacid PM010V2 is more difficult to synthesise: an
excess of V2O5 and a time of the order of 20 days are
required. If hydrothermal conditions are employed, the process
is accelerated and in this case it is actually possible to introduce
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tungsten into the HPAC.302 The duration of the synthesis of
PMoi2-nVn (« = l - 6 ) is reduced to 1-2 days if V2O5 is
dissolved beforehand in a dilute solution of H2O2 at a low
temperature and with the molar ratio H2O2:V2O5 = 1.5-40.3O3

After a suspension of MOO3 has been refluxed in a NasAsCU
solution, a solution of the sodium salt of AS2M018 is formed, from
which the HPAC can be isolated by extraction with ether or by
cation exchange.3'250 The heteropolyacids H3ASMO3O13 and
V2O5.I2O5 with hitherto unknown structures have been syn-
thesised by interaction in solutions of oxides or acids.3

In the synthesis of tungsten-containing HPAC, the method
considered involves considerable difficulties. The reactivities of
the initial reactants H2WO4 and WO3 are very low and these
compounds hardly dissolve in acid solutions. Only H2WO4
freshly precipitated at a temperature below 50 °C reacts with
H3PO4, affording a yield of the HPAC up to 92%.3 Apart from
PW12, other P - W HPAC are formed under these conditions.
These as well as other impurities have to be removed by
extraction with ether.304 The method of synthesis via molybde-
num or tungsten halides is a variety of this method. The halides
hydrolyse rapidly with formation of molybdenum and tungsten
oxy-acids, which immediately react with the heteroatom.258

Thus the method of synthesis of HPAC from the initial acids
and oxides has limitations associated with the low solubilities or
reactivities of the initial compounds. Realistically, one can obtain
with its aid only certain HPAC containing molybdenum and
vanadium, whereas for the purposes of acid catalysis tungsten-
containing HPAC are of greatest interest. In order to facilitate the
synthesis or reduce the amount of waste, it is possible to use a
combination of methods. For example, WO3, MOO3, and V2O5
may be dissolved in solutions of Na2WC>4, Na2MoO4, or NaVC>3
and the latter can then be acidified by some method.142

Another application of this procedure involves the synthesis
of HPAC/carrier catalysts by forming the HPAC directly on the
surface of the carrier.305-306

The third method of synthesis of the HPAC, which can be
regarded as general, involves their preparation via other HPA or
IPA.' This method is almost always used in the synthesis of
complex HPAC, where the starting materials are unsaturated
H p A 1,142,143

SiWn + SiW,,Z

P2W P2W17Z

Bearing in mind the enormous diversity of the ions Z, the
unsaturated HPA, and their combinations, there is no doubt that
a multiplicity of new HPAC can be obtained by this procedure.

The unsaturated heteropolyanion PWn serves as a source for
the synthesis of the acid P2W21.242289 Vanadium-containing
HPAC can be conveniently obtained from a simpler HPAC.307

PM012 + V2O5 + H3PO4

n = 1-3

Keggin P-heteropolyacids can be readily obtained by reducing
(4 e) Keggin oc-HPAC in solutions. 1.110,130.212 H P A C w i t h a

definite composition and definite positions of other atoms in the
structure can be conveniently constructed from polyunsaturated
HPA of the type of PMo9.136

Various HPAC are frequently synthesised from tungsten,
molybdenum, and niobium isopolyanions. Almost all the HPAC
with Anderson, Dexter-Silverton, and Keggin structures, in
which a transition metal ion serves as the heteroatom, have been
obtained in this way. In the synthesis, this ion must be retained in
solution and, in order to achieve this, the latter must be acid. In
such cases, the IPA is the most suitable source of ligands.

H9CrMo6O24

H6ZnWi2O40

H5GaW12O40

Under these conditions, it is also possible to employ isopolyacids
as such.266 In some cases, the use of IPA is particularly
preferable. Thus, in order to avoid the formation of P2W21 in
the synthesis of PW12 by electrodialysis, the PO4" anion should be
added to the acidified solution only after the complete conversion
of the WO4"" ion into the IPA.289 The compound K7HNb6Oi9 is
the only convenient source of niobium in the synthesis of
niobium-containing HPAC. The acids H2Ln2XMoi2O42 are
obtained from Dexter - Silverton HPAC as such.249

Finally, mention should be made of a specific method of
synthesis of the HPAC CW12 and of its peroxo-analogue by
dissolving WC2 in H2O2 . U8'119-164

A method of synthesis of HPAC by the heat treatment of their
ammonium or tetraalkylammonium salts may be encountered in
certain patents.181-3O8-309 However, on thermal elimination of the
ammonium cations, the structure of the HPA is disrupted. Such
methods may be regarded as methods of synthesis of catalysts
whose compositions correspond to those of the initial HPA salts
but not the HPAC.

References
1. M T Pope Heteropoly and Isopoly Oxometalates (Berlin: Springer,

1983)
2. M T Pope, A MuWerAngeu: Chem., Int. Ed. Engl. 30 34 (1991)
3. E A Nikitina Geteropolisoedineniya (Heteropoly Compounds)

(Moscow: Goskhimizdat, 1962)
4. V I Spitsyn, E A Torchenkova, L P Kazanskii, in Neorgani-

cheskaya Khimiya, T. 10 (Ser. Itogi Nauki i Tekhniki) [Inorganic
Chemistry,Vol. 10 (Advances in Science and Engineering Series)]
(Moscow: Izd. VINITI, 1984) p. 65

5. M A Porai-Koshits, L O Atovmyan, in Kristallokhimiya, T. 19
(Ser. Itogi Nauki i Tekhniki) [Crystal Chemistry, Vol. 19
(Advances in Science and Engineering Series)] (Moscow: Izd.
VINITI, 1985) p. 3

6. Q Chen, J Zubieta Coord. Chem. Rev. 114 107 (1992)
7. H Reuter Angew. Chem., Int. Ed. Engl. 31 1185 (1992)
8. M A Fedotov Yadernyi Magnitnyi Rezonans v Rastvorakh

Neorganicheskikh Veshchestv (Nuclear Magnetic Resonance in
Solutions of Inorganic Compounds) (Novosibirsk: Nauka, 1986)

9. E N Yurchenko Melody Molekulyamoi Spektroskopii v Khimii
Koordinatsionnykh Soedinenii i Katalizatorov (Methods of
Molecular Spectroscopy in the Chemistry of Coordination
Compounds and Catalysts) (Novosibirsk: Nauka, 1986)

10. I V Kozhevnikov Kataliz Kislotami i Osnovaniyami (Catalysis by
Acids and Bases) (Novosibirsk: Izd. Novosibirsk. Univ., 1991)

11. Y Izumi, K Urabe, M Onaka Zeolite, Clay, and Heteropoly Acids in
Organic Reactions (Tokyo: Kodansha, 1992)

12. C L Hill (Ed.) Activation andFunctionalization of Alkanes (New
York: Wiley-Interscience, 1989)

13. Y Ono, in Perspectives in Catalysis (A Chemistry for the 21st
Century) (Eds J M Tomas, K I Zamaraev) (Oxford: Blackwell,
1992) p. 431

14. I V Kozhevnikov Usp. Khim. 62 510 (1993) [Russ. Chem. Rev.
62 473 (1993)]

15. G V Prokhorova, E N Dorokhova, O I Gurentsova, E A Osipova
Vestn. Mosk. Univ., Ser. 2: Khim. 33 523 (1992)

16. T Hori, S Himeno Bunseki Kagaku 40 507 (1991)
17. E J Baran Ada Farm. Bonaerense 11 155 (1993)
18. E N Semenovskaya Zh. Anal. Khim. 41 1925 (1986)
19. L I Lebedeva, D N Nikolaeva Probl. Sovr. Anal. Khim. (4) 142

(1983)
20. A Kishimoto, T Kudo Kino Zairyo 12 22 (1992)
21. B Keita, L Nadjo Mater. Chem. Phys. 22 77 (1989)
22. E Papaconstantinou Chem. Soc. Rev. 18 1 (1989)



458 G M Maksimov

23. M Misono, N Nojiri Appl. Catal. 64 1 (1990)
24. R Zheng, E Wang Huaxue Tongbao 12 (1984)
25. Z Chen, C Liu, M Li Xiandai Huagong 10 28 (1990)
26. P Gouzerh, Y Jeannin, A Proust, F Robert, S-G Roh,

in Polyoxometalates: from Platonic Solids to Anti-Retroviral Activity
(Topics in Molecular Organization and Engineering) (Eds M T Pope,
A Muller) (Holland: Kluwer, 1994) Vol. 10, p. 115

27. D C Bradley, M B Hursthouse, P F Rodesiler/. Chem. Soc, Chem.
Commun. 1112(1968)

28. Q Chen, J Zubieta Angew. Chem., Int. Ed. Engl. 32 261 (1993)
29. M I Khan, Y Chang, Q Chen, H Hope, S Parking, D P Goshorn,

J Zubieta Angew. Chem., Int. Ed. Engl. 31 1197 (1992)
30. Q Chen, J Zubieta J. Chem. Soc, Chem. Commun. 1180 (1993)
31. V W Day, W G Klemperer, in Polyoxometalates: from Platonic

Solids to Anti-Retroviral Activity (Topics in Molecular Organization
and Engineering) (Eds M T Pope, A Muller) (Holland: Kluwer,
1994) Vol. 10, p. 87

32. Yu N Saf yanov, E A Kuz'min, N V Belov Dokl. Akad. Nauk
SSSR 242 603 (1978)

33. T Ozeki, H Ichida, Y Sasaki Acta Crystallogr. Sect. C, Cryst.
Struct. Commun. 43 1662 (1987)

34. V Soghomonian, Q Chen, R C Haushalter, J Zubieta,
C J O'Connor Science 259 1596 (1993)

35. H Ichida, K Nagai, Y Sasaki, M T P o p e / Am. Chem. Soc. I l l 586
(1989)

36. D Hou, K S Hagen, C L Hill J. Am. Chem. Soc. 114 5864 (1992)
37. A Muller, K Hovemeier, R Rohlfing^ngew. Chem., Int. Ed. Engl.

31 1192(1992)
38. A Muller Nature (London) 352 115 (1991)
39. A Muller, E Krickemeyer, M Penk, R Rohlfmg, A Armatage,

H Boegge Angew. Chem., Int. Ed. Engl. 30 1674 (1991)
40. A Muller, R Rohlfmg, J Doring, M Penk Angew. Chem., Int. Ed.

Engl. 30588(1991)
41. C Robl, K Haake/ . Chem. Soc, Chem. Commun. 1786(1992)
42. M I Khan, Q Chen, J Zubieta J. Chem. Soc, Chem. Commun.

356(1993)
43. E W Corcoran Jr Inorg. Chem. 29 157 (1990)
44. I Persdottes, L Trysberg, R Stomberg Acta Chem. Scand.. Ser.A

40 1 (1986)
45. C Robl, K Haake J. Chem. Soc, Chem. Commun. 397 (1993)
46. J Martin-Frere, Y Jeannin, F Robert, J Vaissermann Inorg. Chem.

30 3635(1991)
47. M S Grigor'ev, Yu T Struchkov, A M Fedoseev, A B Yusov,

A I Yanovskii Zh. Neorg. Khim. 37 2507 (1992)
48. R C Haushalter, F W Lai Inorg. Chem. 28 2904 (1989)
49. I A Krol', Z A Starikova, V S Sergienko, E O Tolkacheva

Zh. Neorg. Khim. 35 2817 (1990)
50. F Ho, T Ozeki, H Ichida, H Miyamae, Y Sasaki Chem. Lett.

467(1988)
51. H Ichida, A Yagasaki / Chem. Soc, Chem. Commun. 27 (1991)
52. L A Mundi, K G Strohmaier, D P Goshorn, R C Haushalter

J. Am. Chem. Soc. 112 8182 (1990)
53. A Proust, P Gouzerh, F Robert Inorg. Chem. 32 5291 (1993)
54. E K Andersen, J Viladsen Acta Chem. Scand. 47 748 (1993)
55. C Robl, M Frost / Chem. Soc, Chem. Commun. 248 (1992)
56. Y Ozawa, Y Sasaki Chem. Lett. 1733 (1987)
57. L A Meyer, R C Haushalter Inorg. Chem. 32 1579 (1993)
58. L A Mundi, R C Haushalter Inorg. Chem. 31 3050 (1992)
59. G Cao, R C Haushalter, K G Strohmaier Inorg. Chem. 32 127

(1993)
60. H K Chae, W G Klemperer, D E Paez Loyo, V W Day,

T A Eberspacher Inorg. Chem. 31 3187 (1992)
61. T Yamase / Chem. Soc, Dalton Trans. 3055 (1991)
62. A Muller, E Krickemeyer, M Penk.V Wittneben, J Doring Angew.

Chem., Int. Ed. Engl. 29 88 (1990)
63. R C Haushalter, F W Lay Angew. Chem., Int. Ed. Engl. 28 743

(1989)
64. E P Samokhvalova, V N Molchanov, I V Tat'yanina,

E A Torchenkova Vestn. Mosk. Univ., Ser. 2: Khim. 30 108 (1989)
65. S Zhang, D Liao, M Zhao, Y Tang J. Chem. Soc, Chem. Commun.

835(1986)
66. M I Khan, J Zubieta J. Am. Chem. Soc. 114 10058 (1992)
67. A M Fedoseev, M S Grigor'ev, A I Yanovskii, Yu T Struchkov,

V I Spitsyn Dokl. Akad. Nauk SSSR 297 111 (1987)

68. H Hartl, R Palm, J Fuchs Angew. Chem., Int. Ed. Engl. 32 1492
(1993)

69. T Lehmann, J Fuchs Z. Naturforsch., B Chem. Sci. 43 89 (1988)
70. S Zhang, G Huang, M Shao, Y Tang J. Chem. Soc, Chem.

Commun. 37(1993)
71. C Venturello, R D'Aloisio, J C J Bart, M Ricci / Mol. Catal.

32 107(1985)
72. H Hashimoto, T Iwamoto, H Ichida, Y Sasaki Polyhedron 10 649

(1991)
73. M Leyrie, A Teze, G Herve Inorg. Chem. 24 1275 (1985)
74. B Krebs, R Klein, in Polyoxometalates: from Platonic Solids to Anti-

Retroviral Activity (Topics in Molecular Organization and
Engineering) (Eds M T Pope, A Muller) (Holland: Kluwer, 1994)
Vol. 10, p. 41

75. J R Guenter, W Bensch / Solid Slate Chem. 69 202 (1987)
76. J Bas-Serra, I Todorut, G B James, R Acerete, L C W Baker,

in International Chemical Congress of the Pacific Basins Society
(Abstract INOR 776), Honolulu, 1989

77. C J Gomes-Garcia, E Coronado, L Ouahab Angew. Chem., Int. Ed.
Engl. 31 649 (1992)

78. P J Domaille, R L Har low/ Am. Chem. Soc. 108 2108(1986)
79. E N Yurchenko, L P Solov'eva, R F Klevtsova, L G Detusheva,

L A Glinskaya Zh. Strukt. Khim. 26 118 (1985)
80. J Fuchs, R Palm Z. Naturforsch., B. Chem. Sci. 43 1529 (1988)
81. C M Tourne, G F Tourne / Chem. Soc, Dalton Trans. 2411 (1988)
82. J Fuchs, R Palm Z. Naturforsch., B. Chem. Sci. 39 757 (1984)
83. C M Tourne, G F Tourne, T J R Weakley / Chem. Soc, Dalton

Trans. 2237(1986)
84. M H Alizadeh, S P Harmalker, Y Jeannin, J Martin-Frere,

M T Pope / Am. Chem. Soc 107 2662 (1985)
85. R Contant, A Teze Inorg. Chem. 24 4610 (1985)
86. T J R Weakley Polyhedron 6 931 (1987)
87. S H Wasfi, C E Costello, A L Rheingold, B S Haggerty Inorg.

Chem. 30 1788(1991)
88. H Neubert, J Fuchs Z. Naturforsch., B. Chem. Sci. 42 951 (1987)
89. T Yamase, T Ozeki, H Sakamoto, S Nishiya, A Yamoto

Bull. Chem. Soc Jpn. 66 103 (1993)
90. Y Lin, T J R Weakley, B Rapko, R G Finke Inorg. Chem. 32 5095

(1993)
91. T J R Weakley / Chem. Soc, Chem. Commun. 1406 (1984)
92. W J Randall, T J R Weakley, R G Finke Inorg. Chem. 32 1068

(1993)
93. M T Averbuch, A Durit, J C Guitel J. Solid State Chem. 36 381

(1981)
94. J J Hastings, O W Howarth J. Chem. Soc, Dalton Trans. 209 (1992)
95. O W Howarth, L Pettersson, I Andersson / Chem. Soc, Dalton

Trans. 1799(1991)
96. V W Day, W G Klemperer, C Schwartz J. Am. Chem. Soc 109

6030(1987)
97. W H Knoth, P J Domaille, R D Farlee Organometallics 4 62 (1985)
98. Z Wang, N Wu, S Wang Chem. Res. Chin. Univ. 8 343 (1992)
99. M A Fedotov, B Z Pertsikov, D K Danovich Polyhedron 9 1249

(1990)
100. L Qu, Z Niu, J Liu, Y Chen, B Zhao, J Peng Gaodeng Xuexiao

Huaxue Xuebao 12 1434 (1991)
101. Z Niu, L Qu, Y Chen, J Peng, J Liu Yingyong Huaxue 9 46 (1992)
102. H Neubert, J Fuchs Z. Naturforsch., B. Chem. Sci. 42 951 (1987)
103. R Contant, R Thouvenot Can. J. Chem. 69 1498 (1991)
104. R Contant Can. J. Chem. 65 568 (1987)
105. W H Knoth, P J Domaill, R L Harlow Inorg. Chem. 25 1577

(1986)
106. L Qu, S Wang, J Peng, Y Chen, G Wang Polyhedron 11 2645

(1992)
107. J Liu, S Liu, L Qu, M T Pope Transition Met. Chem. (London)

17 314(1992)
108. R G Finke, M G Droege / Am. Chem. Soc. 106 7274 (1984)
109. D J Edlund, R J Saxton, D K Lyon, R G Finke Organometallics 7

1692(1988)
110. G A Tsigdinos Top. Curr. Chem. 76 1 (1978)
111. A A Babad-Zakhryapin Zh. Neorg. Khim. 32313 (1958)
112. V F Chuvaev, V I Spitsyn Dokl. Akad. Nauk SSSR 232 1124

(1977)
113. L I Kuznetsova, R I Maksimovskaya, M A Fedotov, K I Matveev

lzv. Akad. Nauk SSSR, Ser. Khim. 733 (1983)



Advances in the synthesis of polyoxometalates and in the study of heteropolyacids 459

114. C Rocchiccioli-Deltcheff, M Fournier, R Frank, R Thouvenot
Inorg. CAem. 22 207 (1983)

115. W Wilde, C Backer, H J Lunk Z. Chem. 29 346 (1989)
116. Kh I Lunk, M B Varfolomeev, N B Shamrai Zh. Neorg. Khim.

36 2492 (1991)
117. Kh I Lunk, M B Varfolomeev, N B Shamrai, A E Khalilov,

L G Maksimova, L V Tumurova Zh. Neorg. Khim. 35 443 (1990)
118. T Kudo Nature (London) 312 537 (1984)
119. Jpn. P. 60-251 130; Chem. Abslr. 105 9 256 (1986)
120. H J Lunk, M Salmen, H Weiner, C Baeker, W Wilde, D Muller

Z. Anorg. Allg. Chem. 568 171 (1989)
121. K Nomiya, M Misono Polyhedron 2 955 (1983)
122. H J Lunk, H Weiner, M Salmen, C Baeker, in Chem. Ges. (Karl-

Marx-Univ DDR: Akad. Wiss. Leipzig, DDR Zentralinst. Organ.
Chem.) 1988, p. 117

123. D H Brown J. Chem. Soc. 3322 (1962)
124. L C W Baker, T P McCutcheon J. Am. Chem. Soc. 78 4503 (1956)
125. C Hu, M Hashimoto, T Okuhara, M Misono J. Catal. 143 437

(1993)
126. F Chauveau, P Doppelt, J Lefebvre J. Chem. Res. (S) 155 (1981)
127. S Himeno, T Osakai, A Saito Bull. Chem. Soc. Jpn. 62 1335 (1989)
128. J Amiel, P Rabette, D Olivier C. R. Acad. Sci., Ser.Clffl 1703

(1968)
129. R Massart, P Souchay C. R. Hebd. Seances Acad. Sci. 257 1297

(1963)
130. Z F Shakhova, E N Semenovskaya Zh. Neorg. Khim. 7 1084 (1962)
131. A A Davydov, O I Goncharova Usp. Khim. 62 118 (1993)

[Russ. Chem. Rev. 62 105 (1993)]
132. N Ya Volovaya, R I Maksimovskaya, M A Fedotov,

S A Morosanova Zh. Neorg. Khim. 29 1468 (1984)
133. R Hadenbruch, H Hahn Z. Anorg. Allg. Chem. 467 126 (1980)
134. H Orita, T Hayakawa, M Shimizu, K Takehira Appl. Catal. 77 133

(1991)
135. N A Polotebnova, Ya L Neimark Zh. Neorg. Khim. 13 3071 (1968)
136. US P. 4 522 934; Chem. Abstr. 103 76 891 (1985)
137. US P. 3 227 518; Chem. Abstr. 64 9 284 (1966)
138. L Qu, L Ma, J Liu, Y Chen, J Peng, M Yu Gaodeng Xuexiao

Huaxue Xuebao 12 950 (1991)
139. R I Maksimovskaya, L I Kuznetsova, O A Subocheva Izv. Akad.

Nauk SSSR, Ser. Khim. 473 (1987)
140. E Codot, C Marchal, M Fournier, A Teze, G Herve, in

Polyoxometalates: from Platonic Solids to Ami-Retroviral Activity
( Topics in Molecular Organization and Engineering) (Eds M T
Pope, A Muller) (Holland: Kluwer, 1994) Vol. 10, p. 315

141. L Ju, Y Gu J. Fudan Univ. Nat. Sci. 147 (1985)
142. G M Maksimov, R I Maksimovskaya, I V Kozhevnikov

Zh. Neorg. Khim. 39 623 (1994)
143. G M Maksimov, R I Maksimovskaya, I V Kozhevnikov

Zh. Neorg. Khim. 37 2279 (1992)
144. L V Derkach, A Markes Rios, R I Maksimovskaya Zh. Neorg.

Khim. 34 2531 (1989)
145. W Hou, Q Yan Wuji Huaxue Xuebao 7 366 (1991)
146. N A Polotebnova, T R Kaganskaya, V F Lazareva, Z I Sokolova,

in Khimicheskie i Fiziko-Khimicheskie Metody Issledovaniya
Soedinenii ( Voprosy Khimii i Khim. Tekhnologii, Mezhvuzovskii sb.)
[Chemical and Physicochemical Methods of Investigation of
Compounds (Problems of Chemistry and Chemical Technology,
Intercollegiate Collection)] (Kishinev, 1980) p. 118

147. L Ghizdavu, G Marcu Rev. Roum. Chim. 24 569 (1979)
148. I K Latichevskii, N A Polotebnova Zh. Neorg. Khim. 18 3298

(1973)
149. L K Kurmanguzhieva, B A Beremzhanov Prikl. Teor. Khim.

(Alma-Ata) 5 14 (1974)
150. A A Kozlenko, L R Borzenkova, V N Borzenkov, in Khimiya

Koordinatsionnykh Soedinenii. Sorbtsionnye Protsessy (Chemistry
of Coordination Compounds. Sorption Processes) (Kishinev:
Shtiintsa, 1977) p. 39

151. K Bruckman, J Haber, E M Serwicka, E N Yurchenko,
T P Lazarenko Catal. Lett. 4181 (1990)

152. M I Zaboeva, V I Savrulina Izv. Vyssh. Uchebn. Zaved.. Khim.
Khim. Tekhnol. 524(1968)

153. M I Zaboeva, T N Bondareva, Z G Shteiger, V I Savrulina
Zh. Neorg. Khim. 13 127 (1968)

154. R F Klevtsova, L A Glinskaya, E N Yurchenko, V S Sergienko,
M A Porai-Koshits, L G Detusheva, V I Alekseev Zh. Strukt.
Khim. 27 101 (1986)

155. N N Chumachenko, R I Maksimovskaya, D V Tarasova,
E N Yurchenko, I V Yaroslavtseva Kinet. Katal. 25 653 (1984)

156. R I Maksimovskaya, N N Chumachenko, D V Tarasova React.
Kinet. Catal. Lett. 28 111 (1985)

157. Yu F Shkaravskii Ukr. Khim. Zh.l&U 14 (1962)
158. A I Gruba, L A Danileiko, Ya A Moroz, V S Sergienko

Zh. Neorg. Khim. 34 2520 (1982)
159. K Nomiya, M Miwa Polyhedron 3 1161 (1984)
160. D H Brown, J A Mair J. Chem. Soc. 3946 (1962)
161. N A Polotebnova, K K Radul Zh. Vses. Khim. O-va im.

D I Mendeleeva 17227(1972)
162. K K Radul, N A Polotebnova, in Khimiya Koordinatsionnykh

Neorganicheskikh i Organicheskikh Soedinenii (Chemistry of
Inorganic and Organic Coordination Compounds) (Kishinev:
Shtiintsa, 1978) p. 16

163. G C Bhattacharya, Salil Kumar Roy J. Indian Chem. Soc. 50 359
(1973)

164. T Kudo, H Okamoto, K Matsumoto, Y Sasaki Inorg. Chim. Ada
111 L27(1986)

165. V I Spitsyn, I D Kolli, G A Gordeeva Zh. Neorg. Khim. 20 947
(1975)

166. V I Spitsyn, I D Kolli, T I Bogatyreva Zh. Neorg. Khim. 20 2262
(1975)

167. US P. 4 196 136; Chem. Abstr. 93 220 938 (1980)
168. S A Morosanova, E N Semenovskaya, E N Dorokhova, in

Khimiya Soedinenii Mo (VI) i W(VI) [Chemistry of Compounds of
Mo(VI) and W(VI)] (Novosibirsk: Nauka, 1979) p. 85

169. E Sh Ganelina Zh. Neorg. Khim. 7 1570 (1962)
170. L V Derkach, G D Gogotova, V N Shafranskii, E V Arkhipova

Zh. Neorg. Khim. 32 1086 (1987)
171. L V Derkach, T D Gutsul, Yu T Nikiforov, G D Perestan

Izv. Akad. Nauk SSSR, Neorg. Mater. 20 1759 (1984)
172. N A Polotebnova Zh. Neorg. Khim. 10 1498 (1965)
173. L V Derkach, N Lyong, Kh Edel'traut Izv. Vyssh. Uchebn. Zaved.,

Khim. Khim. Tekhnol. 20 962 (1977)
174. L V Derkach, S Ya Polishchuk, G A Kiosse, G D Volodina

Zh. Neorg. Khim. 29 1473 (1984)
175. H Chen, Z Wu, C Chen Fujian Shifan Daxue Xuebao, Ziran

Kexueban395 (\9S1)
176. V P Tret'yakov, L K Volkova, G P Zimtseva, E S Rudakov Kinet.

Katal. 34 183(1993)
177. G Gu, B Zhu, Y Xu Huaxue Shijie 29 529 (1988)
178. M M Godneva, D L Motov Khimiya Podgruppy Titana. Sul'faty i

ikh Rastvory (Chemistry of the Titanium Subgroup. Sulfates and
Their Solutions) (Leningrad: Nauka, 1980)

179. R I Maksimovskaya, in Fiziko-Khimicheskie Osnovy
Prakticheskogo Ispol'zovaniya Izo- i Geteropolisoedinenii
(Physicochemical Foundations of the Practical Application of Iso-
and Heteropoly Compounds) (Dnepropetrovsk, 1983) p. 47

180. L G Detusheva, E N Yurchenko, S V Tkachev Koord. Khim.
91220(1983)

181. US P. 4 898 989; Chem. Abstr. 114 23 420 (1991)
182. US P. 4 792 627; Chem. Abstr. 104 149 613 (1986)
183. P Courtin, J Lefebvre Can. J. Chem. 64 220 (1986)
184. L P Tsyganok, A B Vishnikin, E V Novak Zh. Neorg. Khim.

30 646(1985)
185. L P Tsyganok, S V Malabenskii, G V Mal'tseva Koord. Khim.

10 333 (1984)
186. M Fournier, R Massart C. R. Hebd. Seances Acad. Sci., Ser. C 276

1517(1973)
187. T J R Weakley, S A Malik J. Inorg. Nucl. Chem. 29 2935 (1967)
188. L I Lebedeva, Kam Kyong Zh. Neorg. Khim. 12 3401 (1967)
189. Yu F Shkaravskii Zh. Neorg. Khim. 11 120 (1966)
190. A Shouten, B Cros Polyhedron 1 283 (1982)
191. C Tourne C. R. Hebd. Seances Acad. Sci., Ser. C266 702 (1968)
192. F Zonnevijlle, C M Tourne, G F Tourne Inorg. Chem. 21 2742

(1982)
193. F Zonnevijlle, C M Tourne, G F Tourne Inorg. Chem. 21 2751

(1982)
194. E Wang, Y Liu Huaxue Xuebao 48 801 (1990)



460 G M Maksimov

195. L G Detusheva, E N Yurchenko, M A Fedotov, 238.
I V Yaroslavtseva Koord. Khim. 9 1383 (1983) 239.

196. A Aoshima, T Yamaguchi Nippon Kagaku Kaishi 21Z1 (1985) 240.
197. R I Maksimovskaya, V M Bondareva Zh. Neorg. Khim. 39 1298 241.

(1994) 242.
198. N I Simon, E Gulari Polyhedron 3 1001 (1984)
199. M B Varfolomeev, V V Burlyaev, T A Toporenskaya, H I Lunk, 243.

W Wilde, W Hilmer Z. Anorg. Allg. Chem. 471 185 (1981) 244.
200. N N Chumachenko, D V Tarasova, R I Maksimovskaya,

E N Yurchenko, I V Yaroslavtseva Zh. Neorg. Khim. 29 710 (1984) 245.
201. H Qi,Q Yan,X Fu WujiHuaxueSl (1989)
202. A C Dieu, P Reich, E Schreier, H G Jerschkewitz, G Ohlmann 246.

Z. Anorg. Allg. Chem. B 526 86 (1985)
203. A Bielanski, A Malecka, J Pozniezek J. Therm. Anal. 35 1699 247.

(1989)
204. C Rocchiccioli-Deltcheff, M Fournier J. Chem. Soc, Faraday 248.

Trans. 87 3913 (1991)
205. R I Maksimovskaya, in Khimiya, Stroenie i Primenenie ho- i 249.

Geteropolisoedinenii. Vsesoyuz. Seminar (Tez. Dokl.) (Abstracts of
Reports at the All-Union Seminar on the Chemistry, Structure and 250.
Application of Iso- and Heteropoly Compounds) (Dnepropetrovsk,
1990) p. 11

206. E Ya Rode, M P Sokolova Zh. Neorg. Khim. 3 2323 (1958) 251.
207. A Oulmekki, D Oliver, G Herve, F Lefebvre C. R. Acad. Sci., 252.

Ser. 2 311 619 (1990)
208. J G Highfield, B K Hodnett, J B McMonagle, J B Moffat, in

Proceedings of the 8th International Congress on Catalysis, Berlin 253.
(West), 1984 Vol. 5 (Frankfurt am Main: Dechema, 1984) p. 611

209. V M Bondareva, T V Andrushkevich, R I Maksimovskaya, 254.
L M Plyasova, A V Ziborov, G S Litvak, L G Detusheva
Kinet. Ratal. 35 129 (1994) 255.

210. W Hou, Q Yan Wuji Huaxue Xuebao 7 366 (1991) 256.
211. K Piepgrass, M T Pope J. Am. Chem. Soc. 109 1586 (1987) 257.
212. A Aoshima, T Yamaguchi Nippon Kagaku Kaishi 641 (1986) 258.
213. F Chauveau, P Doppelt, J Lefebvre Bull. Soc. Chim. Fr., Part I

197(1983) 259.
214. E Wang, L Xu, E Shen, Z Wang, Y Lin, S Jin Huaxue Xuebao 260.

50 849 (1992)
215. A Aoshima, T Yamaguchi Nippon Kagaku Kaishi 1161 (1986) 261.
216. M Misono Mater. Chem. Phys. 17 103 (1987) 262.
217. I V Kozhevnikov, K I Matveev Appl. Catal. 5 135 (1983) 263.
218. R I Maksimovskaya, M A Fedotov Zh. Neorg. Khim. 30 103 264.

(1985) 265.
219. O A Kholdeeva, R I Maksimovskaya Zh. Neorg. Khim. 37 1349

(1992)
220. T A Denisova, L G Maksimova, in VI Vsesoyuz. Soveshch. po

Khimii i Tekhnologii Molibdena i Vol'frama (Tez. Dokl.) (Abstracts 266.
of Reports at the Ail-Union Conference on the Chemistry and 267.
Technology of Molybdenum and Tungsten) (Nal'chik, 1988) p. 61 268.

221. H Hahn, G Schmidt Naturwissenschaften 49 513 (1962) 269.
222. H Hahn, W Becker Naturwissenschaften 49 513 (1962)
223. Ya L Neimark, N A Polotebnova Izv. Vyssh. Uchebn. Zaved., 270.

Khim. Khim. Tekhnol. 13 28 (1970)
224. Y Zhou, G Gao, E Wang Shiyou Huagong 15 277 (1986) 271.
225. A K Ghosh, J B Moffat J. Catal. 101 238 (1986) 272.
226. E M Serwicka, K Bruckman, J Haber, E A Paukshtis, 273.

E N Yurchenko Appl. Catal. 73 153 (1991)
227. D Casarini, G Centi, P Jiru, V Lena, Z Tvaruzkeva J. Catal. 274.

143 325(1993) 275.
228. S V Kiselev, V F Chuvaev Zh. Neorg. Khim. 11699 (1982)
229. G K Mailieva, Candidate Thesis in Chemical Sciences, Institute of 276.

Physical Chemistry, Academy of Sciences of USSR, Moscow, 1984
230. R Massart, R Contant, J M Fruchert, J P Ciabrini, M Fournier 277.

Inorg. Chem. 162916(1977)
231. E Vandalen, M G Mellon Anal. Chem. 36 1068 (1964) 278.
232. E B Wang, L H Gao, J F Liu, Z X Liu, D H Yan Huaxue Xuebao 279.

46 757(1986) 280.
233. C M Tourne, G F Tourne, S A Malik, T J R Weakley J. Inorg.

Nucl. Chem. 32 3875 (1970) 281.
234. S A Malik, T J R Weakley / . Chem. Soc. A 2647 (1968)
235. C M Tourne, G F Tourne Bull. Soc. Chim. Fr. 1124 (1969) 282.
236. Kh I Lunk, M B Varfolomeev, V Khil'mer Zh. Neorg. Khim.

28 936(1983) 283.
237. A Oulmekki, F Lefebvre React. Kinet. Catal. Lett. 48 601 (1992)

E Papaconstantinou, M T Pope Inorg. Chem. 6 1152 (1967)
H Hayashi, J B Moffat J. Catal. 11 473 (1982)
M T Pope, E Papaconstantinou Inorg. Chem. 6 1147 (1967)
Jpn. P. 01-14 106; Chem. Abstr. 110 215 689 (1989)
0 M Kulikova, R I Maksimovskaya, S M Kulikov,
1 V Kozhevnikov Izv. Akad. Nauk, Ser. Khim. 494 (1992)
Z F Shakhova, Ku Tkhan' Long Zh. Neorg. Khim. 9 1848 (1964)
H Weiner, H I Lunk, R Stosser, R Luck Z. Anorg. Allg. Chem.
572164(1989)
L C W Baker, B Loev, T P McCutcheon / . Am. Chem. Soc.
72 2374(1950)
E A Torchenkova, P Baidala, V S Smurova, V I Spitsyn Dokl.
Akad. Nauk SSSR 199 120 (1971)
P Baidala, V S Smurova, E A Torchenkova, V I Spitsyn Dokl.
Akad. Nauk SSSR 197 339 (1971)
E A Torchenkova, A M Golubev, A S Saprykin, N N Krot,
V I Spitsyn Dokl. Akad. Nauk SSSR 216 1073 (1974)
E P Samokhvalova, V N Molchanov, I V Tat'yanina,
E A Torchenkova Koord. Khim. 16 1277 (1990)
G Brauer (Ed.) Handbuch der PrdparativenAnorganischen
Chemie Vol. 3 (Stuttgart: Ferdinand Enke, 1981) (Translated into
Russian; Moscow: Mir, 1986, Vol. 6)
T L Jorris, M Kozik, L C W Baker Inorg. Chem. 29 4584 (1990)
N N Chumachenko, D V Tarasova, L G Detusheva,
I P Olen'kova, E N Yurchenko, G N Kryukova, O V Atyushova
Kinet. Katal. 25 425 (\9S4)
K H Tytko, G Baethe, K Mehmke Z. Anorg. Allg. Chem. 555 98
(1987)
B N Ivanov-Emin, L A Filatenko, M F Yushchenko, B E Zaitsev,
V I Ivlieva, A I Ezhov Koord. Khim. 1 1332 (1975)
G Marcu, I Ciogolas, I Todorut Rev. Roum. Chim. 24 715 (1979)
N A Polotebnova, E F Tkach Zh. Neorg. Khim. 14 1040 (1969)
E F Tkach, N A Polotebnova Zh. Neorg. Khim. 16 210 (1971)
P Courtin, J Lefebvre, B Araki, J Livage Nouv. J. Chim. 7 115
(1983)
J Lemerle, J Vandano, J Lefebvre Nouv. J. Chim. 6 19 (1982)
D F Takezhanova, D U Begalieva, A K Il'yasova, A B Bekturov
Dokl. Akad. Nauk SSSR 116 605 (1976)
E F Tkach Uch. Zap. Kishinev. Univ. 85 57 (1965)
Jpn. P. 62-36 008; Chem. Abstr. 106 69 639 (1987)
E Sh Ganelina, V A Borgoyakov Zh. Neorg. Khim. 16 214 (1971)
E Sh Ganelina, L A Bubnova Zh. Neorg. Khim. 19 159 (1974)
L V Derkach, N Lyong, E Khertsberg, in Khimiya
Koordinatsionnykh Soedinenii. Sorbtsionnye Protsessy (Chemistry
of Coordination Compounds. Sorption Processes) (Kishinev:
Shtiintsa, 1977) p. 35
US P. 3 425 794; Chem. Abstr. 70 69 678 (1969)
US P. 3 428 415; Chem. Abstr. 70 79 607 (1969)
US P. 3 446 577; Chem. Abstr. 71 23 322 (1969)
V I Spitzin, E A Torchenkova, Nguen-Djeu, W F Tschuwaew
Allg. Prakt. Chem. 11 55 (1971)
E Wang, S Zhao, Y Zhou, J Liu, R Zheng Gaodeng Xuexiao
Huaxue Xuebao 3 155 (1982)
R Ripan, I Todorut Rev. Roum. Chim. 11 1279 (1966)
R Ripan, I Todorut Rev. Roum. Chim. 16 235 (1971)
E Wang, E Li, Y Duan, Y Zhang, Y Zhou Shiyou Huagong 21 470
(1992)
L P Tsyganok, T V Kleinerman Zh. Neorg. Khim. 21 2741 (1976)
E Matijevic, M Kerker, H Beyer, F Theuberg Inorg. Chem. 2 581
(1963)
E P Samokhvalova, Candidate Thesis in Chemical Sciences,
Moscow State Univ., Moscow, 1989
G M Maksimov, I V Kozhevnikov React. Kinet. Catal. Lett.
39 317(1989)
F Chauveau, P Doppelt, J Lefebvre Inorg. Chem. 19 2803 (1980)
P Souchay, R Contant Bull. Soc. Chim. Fr., Part 1 3287 (1973)
I Creaser, M C Heckel, R J Neitz, M T Pope Inorg. Chem. 32 1573
(1993)
E Sh Ganelina, M B Krasnopol'skaya Zh. Neorg. Khim. 14 3057
(1969)
S M Kulikov, O M Kulikova, R I Maksimovskaya,
I V Kozhevnikov Izv. Akad. Nauk SSSR, Ser. Khim. 1944 (1990)
P Baidala, E A Torchenkova, V I Spitsyn Dokl. Akad. Nauk SSSR
196 1344(1971)



Advances in the synthesis of polyoxometalates and in the study of heteropolyacids 461

284. US P. 3 288 562; Chem. Abstr. 66 30 584 (1967)
285. US P. 3 361 518; Chem. Abstr. 68 61 053 (1968)
286. L Chen, Y Liu, Y Chen J. Solid State Chem. 68 128 (1987)
287. US P. 3 947 332; Chem. Abstr. 85 7 885 (1976)
288. J Peng, E Wang, R Zheng Kexue Tongbao 31 526 (1986)
289. O M Kulikova, R I Maksimovskaya, S M Kulikov,

I V Kozhevnikov /zv. Akad. Nauk SSSR, Ser. Khim. 1726 (1991)
290. E G Tarasova, V P Zolotavin, A Yu Dodobaev, L E Ugryumova

Kompleks. Ispol'z. Miner. Syr'ya 3 53 (1989)
291. D E Collier, C J Couch, D N Hingle Hydrometallics 81,

Proceedings of the Society of Chemistry and Industry Symposia
p. G5/1; Chem. Abstr. 99 126292 (1983)

292. B Yao, Q Zhang, B Du Huaxue Shiji 5 240 (1983)
293. Chin. P. 85 103 826; Chem. Abstr. 109 45 247 (1988)
294. L Chen, Y Liu, Y Chen / . Solid State Chem. 68 132 (1987)
295. R Olah, K Vadasdi, in Membranes and Membrane Separation

Process: Proceedings of the International Symposium, Torun, 1989
p. 365

296. A Aoshima, T Yamaguchi Nippon Kagaku Kaishi 969 (1987)
297. USSR P. 1 039 875; Byull. Izobret. (33) (1983)
298. RF P. 2 019 513; Byull. Izobret. (17) (1994)
299. USSR P. 706 109; Byull. Izobret. (48) 18 (1979)
300. Jpn. P. 82-99 556; Chem. Abstr. 97 183 021 (1982)
301. BRD P. 3 508 649; Chem. Abstr. 106 7 083 (1987)
302. Jpn. P. 55-46 964; Chem. Abstr. 88 137 168 (1978)
303. USSR P. 1 782 934; Byull. Izobret. (47) 86 (1992)
304. Y Gu, M Cui Gaodeng Xuexiao Huaxue Xuebao 6 674 (1985)
305. O I Goncharova, A A Davydov, T M Yurieva, T Kh Shokhireva

React. Kinet. Catal. Lett. 20 119 (1982)
306. A Ogata, A Kazusaka, Y Yamazaki, M Enyo Chem. Lett. 15

(1989)
307. I V Kozhevnikov, K I Matveev, V E Taraban'ko Koord. Khim.

4 952(1978)
308. US P. 4 565 801; Chem. Abstr. 98 216 176 (1983)
309. US P. 4 916 101; Chem. Abstr. 113 12 752 (1991)


